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Chinese researchers have made many exciting discoveries on animal toxins in recent years. The
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researchers who have made significant contributions to the study of animal toxins in China.
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Advanced Research on Animal Venoms in China

Ren Lai * and Qiumin Lu *

Key Laboratory of Animal Models and Human Disease Mechanisms of the Chinese Academy of Sciences/Key
Laboratory of Bioactive Peptides of Yunnan Province, Kunming Institute of Zoology, Kunming 650223, China
* Correspondence: rlai@mail.kiz.ac.cn (R.L.); lvqm@mail.kiz.ac.cn (Q.L.)

For millennia, scientists, researchers, and the general public have been intrigued by
animal venoms due to their potent effects and paradoxical ability to both harm and heal.
Animal venoms are complex cocktails of bioactive molecules produced and delivered by
various animal species, including snakes, spiders, scorpions, toads, cone snails, centipedes,
and even some mammals such as tree shrews and platypi. These molecules are incredibly
diverse and specialized, with unique properties that allow venomous animals to capture
prey, protect themselves, and compete for resources. Furthermore, many of these toxins
have evolved to interact with specific molecular targets (i.e., ion channels) in the nervous,
cardiovascular, and musculoskeletal systems of prey or predators. Due to their high potency
and specificity to molecular targets, animal venoms are valuable tools for researching ion
channel functions and related diseases, which can inform the development of new drugs
and therapeutic strategies.

Recently, Chinese researchers have conducted significant work in animal venom re-
search to comprehend the diversity and complexity of these molecules and their potential
applications in medicine, biotechnology, and as research tools. Advancements in ‘omics’
technologies such as proteomics, genomics, and transcriptomics have empowered Chi-
nese researchers to identify and analyze venom-coded genes and proteins, revealing a
kaleidoscope of novel peptide toxins with diverse functions and activities.

In this Special Issue of Toxins, primary research papers have been assembled that
provide the reader with a comprehensive and up-to-date perspective on some of the most
recent and dynamic contributions of animal toxins research by Chinese researchers. The
purpose of this issue is to provide the latest work by Chinese researchers on the discovery
of animal toxins, the mechanism underlining their actions, the mining of drug leads from
peptide toxins, and the diagnosis and treatment of bites or stings by venomous animals.
Below is a brief synopsis of the 11 papers that make up this Special Issue.

Skin secretions from amphibians contain toxin-like proteins and peptides that play
an important role in their physiological and pathological functions. Qingqing Ye and
colleagues [1] have reported that βγ-CAT, a Chinese red-belly toad-derived pore-forming
toxin-like protein complex, could induce various toxic effects via its membrane perforation
process, including membrane binding, oligomerization, and endocytosis. This research
reveals a hitherto unrecognized toxicological role of a vertebrate-derived pore-forming
toxin-like protein in the nervous system, which causes hippocampus neuronal cells to
undergo pyroptosis, which in turn results in cognitive retardation. Additionally, a study
conducted by Chuanling Yin et al. [2] has focused on the secretions of tree frogs in order
to gain insight into a unique defense mechanism in amphibians. The team has reported
the presence of PAX in the secretions of tree frogs (Hyla japonica). There is a biological
significance to PAX as it inhibits both BKCa and KCNK18 channels, which fire excitatory
currents in sensory neurons, causing predators or competitors to feel tingly and buzzy.
The presence of bifunctional PAX in frog skin secretion may indicate a unique defensive
mechanism that is involved in amphibian adaptation. Moreover, a novel peptide, PM-7,
from the frog Polypedates megacephalus has been identified by Siqi Fu and colleagues [3].
The authors demonstrate that the peptide has the capacity to promote wound healing in
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mice. PM-7 may be a potential candidate in the development of cutting-edge drugs for
treating wounds.

The neurotoxic and myotoxic phospholipase A2 toxins found in the venom of Russell’s
viper (Daboia siamensis) can potentially harm motor nerve terminals irreversibly. Antiven-
oms may only be partially effective against some of these venom components because of the
time interval between envenoming and the delivery of the antivenom. Mimi Lay et al. [4]
have assessed the effectiveness of Chinese D. siamensis antivenom alone and in conjunction
with a PLA2 inhibitor, Varespladib, in restoring the in vitro neuromuscular blockade in
the chick biventer cervicis nerve-muscle preparation. The authors demonstrate that the
antivenom has a shorter window of effectiveness than Varespladib, and that some of the
effects of Chinese D. siamensis venom may be inhibited by small-molecule inhibitors.

Fan Zhao and colleagues [5] have investigated the key factors responsible for the
adverse effects caused by an analgesic-antitumor β-scorpion toxin (AGAP) from scorpion
venom on human voltage-gated sodium channels 1.4 and 1.5. Their research explains the
mechanism by which the tremendous modification of subtype selectivity might result from
the mutation of a single amino acid. This work advances the development of safer and
more effective therapies specifically targeting VGSC subtypes and preventing muscle and
myocardium toxicity.

The peptides derived from scorpion venom have garnered significant interest as
potential anticancer agents due to their unique properties, such as their high specificity
and potency toward cancer cells. The anticancer mechanism of Smp24, a peptide derived
from the venom of Scorpio Maurus palmatus, against HepG2 cells has been described by
Tienthanh Nguyen et al. [6] as being related to cell membrane breakdown and mitochondrial
malfunction, suppressing cell viability by inducing cell death, cycle arrest, and autophagy.
In addition, Ruiyin Guo and colleagues [7] show that the anticancer activity of Smp24, an
antimicrobial peptide derived from Egyptian scorpion Scorpio maurus palmatus, on A549
cells is associated with the development of apoptosis, autophagy, and cell cycle arrest via
dysfunctional mitochondria and ROS buildup. Moreover, Ruiyin Guo et al. [8] have also
reported that the production of membrane defects and cytoskeleton disruption by Smp24,
a peptide from Egyptian scorpion Scorpio maurus palmatus, leads to a strong anticancer
effect in a xenograft mouse model of A549. These reports provided new insights into the
anticancer mechanism of Smp24, which may aid in the future development of therapy for
lung cancer cells.

The transcriptomes of the venom glands of Mesobuthus martensii from various popula-
tions and genders have been analyzed by Zhiyong Di and colleagues [9]. They have also
examined the expression preferences of various toxin gene families as well as the features
of members of toxin gene clusters. Their study will encourage further in-depth research
and utilization of scorpions and their toxic resources, which will be helpful for establish-
ing standardization in Quanxie identification and medicinal applications in traditional
Chinese medicine.

For the first time, Xuekui Nie and colleagues [10] have integrated proteomic and tran-
scriptome methods to examine the variations in venom composition between captive and
wild individuals of Chinese cobras. Under breeding conditions, the venom composition
differs between captive and wild individuals, demonstrating the plasticity of venom com-
position. As a result of this study, we will better understand the mechanism of snakebite
intoxication and ensure the safe preparation and administration of traditional antivenom
and next-generation drugs against snakebites.

As a biocontrol agent, Pyemotes zhonghuajia plays a vital role against pests of the
Isoptera, Homoptera, Hymenoptera, Lepidoptera, and Coleoptera families. P. zhonghuajia
injects toxins into the host (eggs, larvae, pupae, and adults), thereby obtaining nourishment
for reproduction. By providing a genome assembly of P. zhonghuajia, Yanfei Song et al. [11]
have given insights into a detailed description of its toxin-related gene families. Their work
will contribute to improving the parasitism efficiency of these mites and provide a basis for
the development of new biological pesticides.
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Transcriptome Sequencing and Comparison of Venom Glands
Revealed Intraspecific Differentiation and Expression
Characteristics of Toxin and Defensin Genes in
Mesobuthus martensii Populations

Zhiyong Di 1,2,*, Sha Qiao 1,2, Xiaoshuang Liu 1,2, Shuqing Xiao 1, Cheng Lei 1, Yonghao Li 1, Shaobin Li 3

and Feng Zhang 1,2,*

1 Key Laboratory of Zoological Systematics and Application of Hebei Province, College of Life Sciences,
Hebei University, Baoding 071002, China

2 Institute of Life Science and Green Development, Hebei University, Baoding 071002, China
3 College of Life Sciences, Yangtze University, Jingzhou 434025, China
* Correspondence: zydi@ustc.edu.cn (Z.D.); scorpionking@whu.edu.cn (F.Z.)

Abstract: Mesobuthus martensii, a famous and important Traditional Chinese Medicine has a long
medical history and unique functions. It is the first scorpion species whose whole genome was
sequenced worldwide. In addition, it is the most widespread and infamous poisonous animal in
northern China with complex habitats. It possesses several kinds of toxins that can regulate different
ion channels and serve as crucial natural drug resources. Extensive and in-depth studies have been
performed on the structures and functions of toxins of M. martensii. In this research, we compared
the morphology of M. martensii populations from different localities and calculated the COI genetic
distance to determine intraspecific variations. Transcriptome sequencing by RNA-sequencing of the
venom glands of M. martensii from ten localities and M. eupeus from one locality was analyzed. The
results revealed intraspecific variation in the expression of sodium channel toxin genes, potassium
channel toxin genes, calcium channel toxin genes, chloride channel toxin genes, and defensin genes
that could be related to the habitats in which these populations are distributed, except the genetic
relationships. However, it is not the same in different toxin families. M. martensii and M. eupeus exhibit
sexual dimorphism under the expression of toxin genes, which also vary in different toxin families.
The following order was recorded in the difference of expression of sodium channel toxin genes:
interspecific difference; differences among different populations of the same species; differences
between sexes in the same population, whereas the order in the difference of expression of potassium
channel toxin genes was interspecific difference; differences between both sexes of same populations;
differences among the same sex in different populations of the same species. In addition, there
existed fewer expressed genes of calcium channel toxins, chloride channel toxins, and defensins
(no more than four members in each family), and their expression differences were not distinct.
Interestingly, the expression of two calcium channel toxin genes showed a preference for males
and certain populations. We found a difference in the expression of sodium channel toxin genes,
potassium channel toxin genes, and chloride channel toxin genes between M. martensii and M. eupeus.
In most cases, the expression of one member of the toxin gene clusters distributed in series on the
genome were close in different populations and genders, and the members of most clusters expressed
in same population and gender tended to be the different. Twenty-one toxin genes were found with
the MS/MS identification evidence of M. martensii venom. Since scorpions were not subjected to
electrical stimulation or other special treatments before conducting the transcriptome extraction
experiment, the results suggested the presence of intraspecific variation and sexual dimorphism
of toxin components which revealed the expression characteristics of toxin and defensin genes in
M. martensii. We believe this study will promote further in-depth research and use of scorpions and
their toxin resources, which in turn will be helpful in standardizing the identification and medical
applications of Quanxie in traditional Chinese medicine.

Keywords: intraspecific differentiation; Mesobuthus martensii; sexual dimorphism; toxin; transcriptome
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Key Contribution: Mesobuthus martensii is the most widely distributed and medicinal scorpion
species in China. However, its intraspecific differentiation, especially of its toxins, remains a mystery.
In this study, we compared the transcriptomes of venom glands of different populations and different
genders of M. martensii and studied the expression preferences of different toxin gene families in
addition to the expression characteristics of toxin gene cluster members.

1. Introduction

Mesobuthus martensii is the most famous member of the family Buthidae (Arachnida:
Scorpiones) in Asia. It is known for the widest distribution, the most complex habitats, and
the largest biomass among scorpion species from China, as well as its extensive applications
in traditional Chinese medicine. The species is distributed to latitude south of 43◦ N and
the north sides of the Yangtze River, with its distribution bordered by the Helan Mountain
and the Tengger Desert and Mo Us Desert in the west and north and limited by the sea
in the east [1]. In the Chinese medicinal materials market, M. martensii is the primary
component as one of the most famous animal-derived Chinese herbs, named “Quanxie”,
which is the same as the stipulation of “Chinese Pharmacopoeia”.

Traditional Chinese medicine has played an important role during the outbreak of
COVID-19. Quanxie was reported to have antiviral properties. “Xiang-su-hua-zhu Particle”
created by Diangui Li, a great master of traditional Chinese medicine, was approved by the
Hebei Drug Administration. Similarly, “Niu-huang-qing-nao-kai-qiao-wan” launched by
Sihuan Aokang Pharmaceutical Co., Ltd. added Quanxie as a prescription for COVID-19.
During the outbreak of SARS in 2003, the Nanshan Zhong medical team added Quanxie
to both Kangyan II recipe and Kangyan III recipe (traditional Chinese medicine), with
the following results: the days of hospitalization for 71 patients with SARS were 9 to
78 days (mean 27.1 ± 14.4 days). Seventy patients were healed (the healing rate was 98.6%),
and one patient died; the mortality rate was 1.4% [2]. Some prescriptions of traditional
Chinese medicine for treating plague, such as “Hui-sheng-zhi-bao-dan” in the “Xian-Nian-
Ji” published in the Qing Dynasty, “Ji-jiu-wan” and “Bao-ying-duo-ming-dan” in the
“National Formulary of Traditional Chinese Medicine”, contained Quanxie [3]. Since 1954,
Keming Guo, a famous doctor of traditional Chinese medicine, used Quanxie and heat
clearing and detoxifying herbs to save 34 patients with severe epidemic encephalitis type B
patients. Quanxie has often been used to treat several viral diseases, with curative effects on
children’s pneumonia and mumps, and inhibitory effects on influenza A virus H1N1, hand-
foot-mouth disease of EV71 virus, and other viruses [4–8]. During the clinical application
of Traditional Chinese Medicine in the treatment of viral infections, it is impossible to
accurately judge the medicinal value of Quanxie as double-blind trials were not conducted;
however, there is no doubt that it has long been valued by traditional Chinese medicine in
such diseases.

Previous research suggested that the morphology and venom of M. martensii show
intraspecific variations. Qi et al. (2004) reported differences in the body colors of the
populations of M. martensii obtained from different localities [9]. For example, specimens
collected from the Longhua County in Hebei Province were dark brown tergites, whereas
those obtained from Baligou in Henan Province had dark red-brown tergites [9]. In other
localities, M. martensii could have yellowish or pale yellow tergites [9]. Zhang & Zhu
(2009) analyzed the intraspecific morphological differences of M. martensii from different
localities in China; however, these differences were under subspecies level [10]. The
results based on a few specimens with no gender information provided by Zhang & Zhu
(2009) [10]. In addition, the LD50 values of M. martensii venom from different localities
in mice were different: compared with the venom of populations obtained from Henan,
Liaoning and Shandong Provinces, the LD50 value of venom of the population procured
from Shanxi Province in mice was the smallest [11]. Shi et al. (2013) constructed a Bayesian
evolutionary tree for species of Mesobuthus in China using COI and three nuclear genes,
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including 28 populations of M. martensii. The study revealed that M. martensii formed four
branches in China: east China subclade, central north China subclade, isolated east China
subclade, and widespread subclade [12]. In addition, Wang et al. (2019) analyzed the
relationship between metabolic rate and the environment in 21 localities of M. martensii
in China and revealed significant differences in the resting metabolic rate between sexes
from the same locality and among different populations [13]. Similarly, Gao et al. (2021)
reported differences in the expression patterns of toxin genes in different populations from
four localities (Hebei, Henan, Shandong, and Shanxi Provinces) and genders (from Gansu
Province) of M. martensii [14,15]. There exist certain cases of intraspecific variations of
other species belonging to the genus Mesobuthus. For example, M. eupeus, which is a closely
related species to M. martensii, has been divided into 23 subspecies [16].

A study of intraspecific variations can reveal the diversity of scorpion toxins. For
instance, Abdel-Rahman et al. (2009) used polyacrylamide gel electrophoresis (SDS-PAGE)
to analyze the venom of Scorpio maurus palmatus collected from four geographically iso-
lated localities in Egypt [17]. The results showed differences in the expression of toxins
obtained from different localities. Zhao et al. (2010) comprehensively analyzed venom
transcriptomes (cDNA library) of the scorpion Lychas mucronatus from Hainan and Yunnan
Provinces [18], revealing that the venom peptides and proteins of the same scorpion species
from different geographical regions are highly diverse. Furthermore, scorpions evolved
to adapt to new environments by altering the primary structure and abundance of their
venom peptides and proteins. Carcamo-Noriega et al. (2018) investigated the venom
collected from two distinct populations of the scorpion Centruroides sculpturatus that inhabit
different regions of Arizona. The study reported intraspecific variations between venoms
mostly in the composition and proportion of the two toxins (CsEv1 and CsEv2) [19].

The study on intraspecific variations in the transcriptome of M. martensii has a ge-
nomics foundation and a proteomics foundation. Cao et al. (2013) published the whole
genome draft of M. martensii [20], which is the first sequenced whole genome of the or-
der Scorpiones worldwide. Furthermore, the authors predicted the existence of at least
32,016 protein-coding genes, including 116 neurotoxin genes: 61 NaTx (toxins for sodium
channels), 46 KTx (toxins for potassium channels), 5 ClTx (toxins for chloride channels),
and 4 CaTx (toxins for ryanodine receptors) genes. Among these, 51 sodium channel toxin
genes and potassium channel toxin genes were found to be clustered on 17 scaffold genes.
In addition, six defensin genes were discovered by Cao et al. (2013) [20]. Subsequently,
153 fractions were isolated from the M. martensii venom by 2-DE, SDS-PAGE, and RP-HPLC,
whereas 227 non-redundant protein sequences were unambiguously identified, consisting
of 134 previously known and 93 unknown proteins [21]. Among 134 previously known pro-
teins, 115 proteins were first confirmed from the M. martensii crude venom, and 19 toxins
were confirmed once again, including 43 typical toxins, 7 atypical toxins, 12 venom en-
zymes, and 72 cell-associated proteins [21]. Li et al. (2016) comprehensively reviewed the
diversity of toxin types, structures, and functions of M. martensii followed by a study on
the genome and proteome of this species, and potential importance of scorpion toxins in
medicine, including chronic pain relief, antitumor properties, anti-infection characteristics,
and treatment of autoimmune diseases [22–25].

2. Results

2.1. Morphological Intraspecific Differentiation of Mesobuthus martensii
2.1.1. Color

As the color of specimens changed gradually after soaking in alcohol, we observed
the live scorpions and fresh specimens obtained from different localities (Figure S1). Pop-
ulations from arid areas were lighter than those from sub-arid and sub-wet areas. These
differences were particularly significant in the carapace, tergites, and segments of metasoma.
Most individuals from Luoyang and Baoding had black or black-brown carapace and ter-
gites, whereas individuals from Lanzhou and Helan were yellow-brown in the same parts,
which was identical in both sexes, but especially remarkable in females (Figures 1, 2 and S1).
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In addition, specimens from Luoyang and Baoding had yellow metasoma, yellowish brown
carina, and yellowish appendages, whereas specimens from Lanzhou and Helan were
lighter (Figure 2). This is consistent with the finding reported by Qi et al. (2004) [9]. Under
the background of different annual precipitation and annual temperature in the eastern
and western regions, different habitats were formed in these locations, thus promoting
different physiological traits linked with evolutionary fitness among populations.

 

Figure 1. The distribution of populations of Mesobuthus martensii and M. eupeus from sub-wet areas,
sub-arid areas, and arid areas in this study. M. martensii: 1, BD, Baoding; 2, HL, Helan Mountain
(Helan); LY, Luoyang (3, LYF, females from Luoyang; same as 3′, LYM, males from Luoyang); LZ,
Lanzhou (4, LZF, females from Lanzhou); 5, SD, Suide; SZ, Shuozhou (6, SZF, females from Shuozhou;
same as 6′-SZM, males from Shuozhou); 7, TS, Tianshui; WN, Weinan (8, WNF, females from Weinan;
same as 8′-WNM, males from Weinan); WZ, Wuzhong (9, WZF, females from Wuzhong); 10, YC,
Yuncheng. M. eupeus: ME, from Yinchuan (11, MEF, females of from Yinchuan; same as 11′, MEM,
males from Yinchuan, overlapping with the locality of 2 (HL, Helan)). EA, Extreme arid; A, Arid; SA,
Sub-arid; SW, Sub-wet; W, Wet; EW, Extreme wet.

2.1.2. Body Size

Adult individuals from arid and sub-arid areas were smaller than those from sub-wet
areas (Figure 3a,b). For example, the average body length of females from Baoding and
Weinan was 63.3 mm (10 adults) and 60.7 mm (10 adults), respectively, whereas the average
body length of females from Helan and Wuzhong was 54.0 mm (10 adults) and 56.2 mm
(10 adults), respectively. The average body length of specimens from Helan, Lanzhou,
Suide, and Wuzhong was similar but smaller than populations from wetter or warmer
areas. As an exception, females from Tianshui, although living in the sub-wet area, had
the smallest average size (average was 52.2 mm in 10 adults) which could be related to
lower temperatures and lower humidity as well as a more barren habitat in Tianshui as
compared to the other four populations from sub-wet areas (Baoding, Luoyang, Weinan
and Yuncheng) (Figure 3a,b).
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Figure 2. Color differences in Mesobuthus martensii populations from Luoyang (sub-wet area), Suide
(sub-arid area), and Helan (arid area). (a,b) Females and males from Luoyang; (c,d) females and
males from Suide; and (e,f) females and males from Helan.

 

Figure 3. Differences in body length and pectinal teeth number among Mesobuthus martensii popula-
tions from sub-wet (WN, LY, BD, YC, TS), sub-arid (SZ, SD, LZ), and arid (WZ, HL) areas in China
(Tables S1 and S2, means ± SD, p < 0.001 using a Kruskal–Wallis H test). (a) Body length in males;
(b) body length in females; (c) pectinal teeth number in males; and (d) pectinal teeth number in
females. BD, Baoding; HL, Helan; LY, Luoyang; LZ, Lanzhou; SD, Suide; SZ, Shuozhou; TS, Tianshui;
WN, Weinan; WZ, Wuzhong; YC, Yuncheng.
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2.1.3. Pectinal Teeth

Pectinal teeth constitute an important taxonomic feature of the order Scorpiones,
especially in the genus Mesobuthus. Sun & Sun (2011) reported the difference in the number
of pectinal teeth between the two subspecies, M. caucasicus intermedius (20–25 in females
and 26–30 in males) and M. caucasicus przewalskii (15–19 in females and 19–23 in males) [26].
Qi et al. (2004) recorded the pectinal teeth count in M. martensii: 21–26 in males and 17–22 in
females [9], which could be the common range in populations from Hebei Province, Henan
Province, Inner Mongolia Autonomous Region, Liaoning Province, and Shanxi Province.

In this study, the number of pectinal teeth (PTN) was highly diverse among different
populations (Figures 3c,d and 4a–d). In males from Helan, PTN was 21–29 (average was
24.8 in 36 pectines), whereas in females, PTN was 18–22 (average was 20.2 in 42 pectines). In
males from Wuzhong, PTN was 21–27 (average was 24.5 in 22 pectines) and 18–22 (average
was 20.0 in 54 pectines) in females. In males from Yuncheng, PTN was 23–29 (average
was 26.5 in 34 pectines) and 19–23 (average was 21.2 in 57 pectines) in females. In males
from Weinan, PTN was 22–28 (average was 25.1 in 66 pectines) and 19–22 (average was
20.7 in 46 pectines) in females. Statistically, it indicates that the number of pectinal teeth in
arid areas was slightly less than those in sub-wet areas, whereas Baoding is an exception,
implying the intraspecific variation in pectines in M. martensii (Figures 3c,d and 4a–d).

2.1.4. Large Granules of Fingers

The number of oblique rows of movable finger teeth is another important identification
characteristic of Mesobuthus. Qi et al. (2004) described movable and fixed fingers in both
males and females of M. martensii composed of 12 oblique rows of granules [9]. Sun &
Sun (2011) reported this characteristic in M. caucasicus intermedius (dentate margins of
movable and fixed fingers with 12 and 11 oblique rows of granules, respectively) and M.
caucasicus przewalskii (dentate margins of movable and fixed fingers with 11 and 10 oblique
rows of granules, respectively) [26]. We found that slightly different teeth row shapes of
M. martensii affected the calculation of number of teeth row by researchers. For example,
individuals from Weinan and Helan (Figure 4e–l) showed differences in the shape of their
oblique teeth rows that affected accurate recording of the number of teeth rows. Instead,
we recorded the number of large granules in the lateral sides of movable fingers and fixed
fingers (GMN & GFN, Figure 5).

In this study, the number of GMN and GFN in males was 12–14 (average was 12.78 in
36 specimens) and 10–12 (average was 10.75 in 36 specimens) in individuals from Helan,
whereas this number was 12–14 (average was 12.95 in 42 specimens) and 10–12 (average
was 11.02 in 41 specimens) in females, respectively. In the individuals from Wuzhong, the
number of GMN and GFN in males was 12–14 (average was 12.68 in 22 specimens) and
10–11 (average was 10.64 in 22 specimens), but 11–14 (average was 12.76 in 54 specimens)
and 10–12 (average was 10.70 in 54 specimens) in females. In individuals from Yuncheng,
the number of GMN and GFN in males was 12–15 (average was 13.59 in 34 specimens) and
10–13 (average was 11.59 in 34 specimens), 12–14 (average was 13.44 in 55 specimens) and
10–12 (average was 11.53 in 57 specimens) in females. In individuals from Luoyang, the
number of GMN and GFN in males was 11–15 (average was 13.73 in 44 specimens) and
11–12 (average was 11.43 in 44 specimens), 12–14 (average was 13.60 in 48 specimens) and
10–12 (average was 11.29 in 48 specimens) in females. This indicated that the number of
large granules in the lateral sides of movable and fixed fingers in arid areas was slightly
less than that in sub-wet areas and was similar to pectinal teeth Tianshui is an exception.
The difference was significant, and it implies intraspecific variation in M. martensii.
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Figure 4. The pectines, moveable fingers, and fixed fingers of Mesobuthus martensii from Weinan and
Helan. (a) Pectines of a male from Weinan; (b) pectines of a male from Helan; (c) pectines of a female
from Weinan; (d) pectines of a female from Helan; (e) moveable finger of a male from Weinan showing
14 large granules, the numbers “1, 8, 14” are the serial numbers of large granules; (f) moveable finger
of a male from Helan showing 12 large granules, the numbers “1, 8, 12” are the serial numbers of large
granules; (g) moveable finger of a female from Weinan showing large granules; (h) moveable finger
of a female from Helan showing large granules; (i) fixed finger of a male from Weinan showing large
granules; (j) fixed finger of a male from Helan showing large granules; (k) fixed finger of a female
from Weinan showing large granules; (l) fixed finger of a female from Helan showing large granules.
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Figure 5. Differences in the number of large granules in the lateral sides of movable and fixed fingers
among different Mesobuthus martensii populations from sub-wet (WN, LY, BD, YC, TS), sub-arid
(SZ, SD, LZ), and arid (WZ, HL) areas in China (Tables S1 and S2: means ± SD, p < 0.001 using a
Kruskal-Wallis H test). (a) The number of large granules in the lateral sides of movable fingers in
males; (b) number of large granules in the lateral sides of fixed fingers in males; (c) the number of
large granules in the lateral sides of movable fingers in females; (d) number of large granules in the
lateral sides of fixed fingers in females. BD, Baoding; HL, Helan; LY, Luoyang; LZ, Lanzhou; SD,
Suide; SZ, Shuozhou; TS, Tianshui; WN, Weinan; WZ, Wuzhong; YC, Yuncheng.

2.2. Genetic Distance Revealed That All Populations from the Reported Distribution Range Belong
to Mesobuthus martensii

Mirshamsi et al. (2010) reported that the intraspecific genetic distance of M. eupeus, the
geographical closest relative of M. martensii, ranged from 4% to 7% [27]. We analyzed the
genetic distance of COI sequences of M. martensii from 44 localities and the result was 0.2%
to 6.2% (Supplementary Information S1). These 44 localities covered the representative
localities of the distribution area of M. martensii, supporting that the 10 populations of wild
M. martensii in this research belonged to the same species.

2.3. Comparison of Venom Gland Transcriptomes Revealed Intraspecific Variations in the
Expression of Toxin Genes in Mesobuthus martensii

To reveal the difference in venoms collected from different populations of M. martensii
from different localities, we sequenced the transcriptomes of mixed venom glands of
both sexes from five wild populations (Baoding, Yuncheng, Tianshui, Suide, and Helan).
Supplementary Information S2 includes the FPKM of toxin genes of different populations
of M. martensii and M. eupeus.

2.3.1. Expression of Sodium Channel Toxin Genes in Different Populations

Sodium channel scorpion toxins exist widely in the order Scorpiones. It belongs to the
long-chain scorpion neurotoxin, which contains 58 to 76 amino acid residues [22,23]. It is
a molecular weapon that plays a major role in scorpion venom. When a scorpion injects
its venom into its prey, sodium channel toxins make its prey produce spasms or undergo
paralysis. The difference in the expression of 30 sodium channel toxin genes (including four
putative new members: MMa12627 (BmKNaTx62), MMa29116 (BmKNaTx63), MMa34629
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(BmKNaTx64) and MMa38588 (BmKNaTx65)) from different populations showed intraspe-
cific variations (Figure 6a).

 

Figure 6. Population and gender differences in the expression of sodium channel toxin genes and
potassium channel toxin genes of Mesobuthus martensii in China. (a,b) Heat map showing the
difference in the gene expression of sodium channel toxin genes and potassium channel toxin genes
among the populations of M. martensii; (c,d) heat map showing the difference in the gene expression
of sodium channel toxin genes and potassium channel toxin genes between sexes of M. martensii
and M. eupeus. Populations of M. martensii present in X axis: 1, BD, Baoding; 2, HL, Helan; LY,
Luoyang (3, LYF, females from Luoyang; 3′, LYM, males from Luoyang); LZ, Lanzhou (4, LZF, females
from Lanzhou); 5, SD, Suide; SZ, Shuozhou (6, SZF, females from Shuozhou; 6′, SZM, the males
from Shuozhou); 7, TS, Tianshui; WN, Weinan (8, WNF, females from Weinan; 8′, WNM, males
from Weinan); WZ, Wuzhong (9, WZF, females from Wuzhong); 10, YC, Yuncheng. The population
of M. eupeus present in X axis: ME, Yinchuan (11, YCF, females of from Yinchuan; 11′, YCM, the
males from Yinchuan). Numbers on Y axis represent gene names, (a,b) BmKNaTx; (c,d) BmKaKTx,
bK-BmKbKTx, rK-BmKrKTx, K-BmKKTx. Please see Supplementary Information S2 for more details.
The expression level was presented as log2(FPKM+1).

The expression (FPKM value) of MMa23370 (BmKNaTx44) in Helan and Tianshui was
16.08 and 89, respectively, whereas the expression in Yuncheng, Suide and Baoding was
320.37, 792.47, and 3300.75, respectively. The difference in the expression between Baoding
and Helan differed by 205 times. The expression between Helan and Tianshui was close, and
that between Yuncheng and Suide was close. The expression of MMa38588 (BmKNaTx65)
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in Helan and Tianshui was 153.82 and 188.08 and Suide was 2.89. The difference between
the maximum and the minimum expression was 65 times. The expression of MMa53032
(BmKNaTx29) in Baoding, Suide, and Tianshui was 0.14, 6.26, and 7.69, respectively, and
Helan and Yuncheng was 42.87 and 44.66. The expression of MMa20191 (BmKNaTx42)
in Tianshui, Yuncheng, and Helan was 3.62, 3.9, and 7.06, respectively; whereas in Suide
and Baoding, the expression was 11.58 and 46.72 respectively. The difference between
the maximum and the minimum expression was 13 times. In addition to the intraspecific
differentiation in the expression of toxin genes, the heat map of gene expression of sodium
channel toxins showed that the closer the localities of populations, the higher the similarity:
Helan and Tianshui were present in one subclade, while Baoding, Yuncheng and Suide
were together (Figure 6a). This may suggest a link to the relatedness of populations in
M. martensii.

2.3.2. Expression of Potassium Channel Toxin Genes in Different Populations

Potassium channel scorpion toxins act on the potassium channel protein of the cell
membrane. They act on different types of potassium channels and exert various biological
functions [22,23]. The difference in the expression of 24 potassium channel toxin genes
from different populations showed intraspecific variations too (Figure 6b).

The expression of MMa16285 (BmKaKTx1) in Helan and Suide was 0, in Tianshui it
was 2.48, 3.72 in Yuncheng, and in Baoding it was 133.1. The expression of MMa16284
(BmKaKTx2) in Helan and Suide was 0.33 and 0.66 respectively, in Tianshui it was 22.11,
in Yuncheng it was 27.83, and in Baoding it was 175.59. The expression of MMa35044
(BmKaKTx10) in Helan and Suide was 4.42 and 0.37, respectively. In Tianshui it was 16.67,
in Yuncheng it was 66.96, and in Baoding it was 109.7. The expression of MMa35043
(BmKaKTx12) in Helan and Suide was 0; in Yuncheng it was 7.66; in Tianshui it was 15.89;
and in Baoding it was 27.89. The expression of MMa05343 (BmKaKTx23) in Helan and
Suide was 0, in Yuncheng was 16.99, in Tianshui was 218.82, and in Baoding was 2490.09.
The expression of MMa34788 (BmKaKTx33) in Yuncheng was 4.28, in Baoding was 29.87, in
Tianshui was 37.86, in Suide was 71.39, and in Helan was 169. In addition to the intraspecific
differences in the expression of toxin genes, similar to sodium channel toxin genes, the heat
map of gene expression of potassium channel toxins showed that the closer the localities
of populations, the higher the similarity. The difference in the gene expression of sodium
channel toxin genes was sorted by regions: Helan and Suide, one arid and one sub-arid
area with average annual temperature below 10 ◦C, present in one subclade, and Baoding,
Tianshui and Yuncheng, three sub-wet areas with average annual temperature above 10 ◦C
in another subclade (Figure 6b). Interestingly, it also seems to be related to the humidity
and temperature of the localities (Figure 1).

2.3.3. Expression of Calcium Channel Toxin Genes, Chloride Channel Toxin Genes, and
Defensin Genes in Different Populations

The structure and function of calcium channel scorpion toxins and chloride channel
scorpion toxins have not been widely studied, except for CTX [22,23]. There were just
2–4 expressed genes available for comparison in every gene family. Similar to sodium chan-
nel and potassium channel toxin genes, differences in their gene expression and defensin
genes also showed intraspecific variations (Figure 7a–c). The expression of MMa44674
(BmKClTx2) in Helan, Suide, and Tianshui was 0, in Yuncheng was 86.45, and in Baod-
ing was 61.93. The expression of MMa15573 (BmKCaTx1) in Helan and Suide was 0, in
Yuncheng was 85.4, in Tianshui was 128.08, and in Baoding was 238.5. The expression of
MMa48745 (BmKCaTx2) in Helan and Suide was 0, in Yuncheng was 3.42, in Tianshui was
1.68, and in Baoding was 9.12. Six defensin genes of M. martensii were reported [20]. Two
new defensin genes MMa09285 (BmKDfsin7) and MMa39355 (BmKDfsin8) were putative
(Supplementary Information S3). The expression of MMa09285 (BmKDfsin7) in Helan and
Tianshui was 0.15 and 0.51, in Yuncheng was 22.73, in Suide was 124.08, and in Baoding
was 489.35. Unlike the sodium channel and potassium channel toxin genes, the heat map
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of gene expression of these genes did not gather according to the distribution of popula-
tions conformably; however, it suggests a relationship between clustering and humidity:
Helan and Suide or Tianshui gathered in one subclade (Figure 7a,c), and Baoding and
Yuncheng, or Baoding, Tianshui, and Yuncheng gathered in another subclade (Figure 7a,b).
It is important to note that fewer genes may not reflect true intraspecific differentiation in
M. martensii.

 

Figure 7. Populations and gender differences in the gene expression of calcium channel toxin genes,
chloride channel toxin genes, and defensin genes of M. martensii in China. (a–c) Heat maps of
expression differences of calcium channel toxin genes, chloride channel toxin genes, and defensin
genes in different populations of M. martensii; (d–f) heat maps of expression differences of calcium
channel toxin genes, chloride channel toxin genes, and defensin genes in different sexes of M. martensii
and M. eupeus. Populations of M. martensii present in X axis: 1, BD, Baoding; 2, HL, Helan; LY,
Luoyang (3, LYF, females from Luoyang; 3′, LYM, males from Luoyang); LZ, Lanzhou (4, LZF, females
from Lanzhou); 5, SD, Suide; SZ, Shuozhou (6, SZF, females from Shuozhou; 6′, SZM, males from
Shuozhou); 7, TS, Tianshui; WN, Weinan (8, WNF, females from Weinan; 8′, WNM, males from
Weinan); WZ, Wuzhong (9, WZF, females from Wuzhong); 10, YC, Yuncheng. The population of
M. eupeus present in X axis: ME, Yinchuan (11, YCF, females of from Yinchuan; 11′ YCM, males from
Yinchuan). Numbers on Y axis represent gene names, (a,d) BmKCaTx; (b,e) BmKClTx; (c,f) BmKDfsin.
Please see Supplementary Information S2 for more details. The expression level was presented as
log2(FPKM+1).

2.4. Expression of Toxin Genes Indicated Sexual Dimorphism of Venom in Mesobuthus martensii

To reveal the difference in venoms of different sexes, we sequenced the transcriptomes
of both sexes of populations from Luoyang, Shuozhou, and Weinan of M. martensii and
M. eupeus from Yinchuan and the females of M. martensii from Wuzhong and Lanzhou.
Supplementary Information S2 includes the FPKM of toxin genes of different sexes in the
gene expression of M. martensii and M. eupeus.

2.4.1. Expression Differences of Sodium Channel Toxin Genes in Different Populations Are
More than That in Different Sexes from the Same Population

By clustering with the differences in the expression of toxin genes of both sexes of
M. eupeus, it was found that the difference in the expression of sodium channel toxin
genes showed the following trend: interspecific difference > differences among different
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populations of the same species > differences between the sexes of the same population
(Figure 6c).

The expression of MMa17864 (BmKNaTx5) in males from Luoyang was 413.1, and in
females from Luoyang it was 2134.35, a difference that was five times larger in females than
males. The expression of MMa29117 (BmKNaTx11) in males from Shuozhou was 1184.93,
and in females from Shuozhou it was 4641.17, a difference that was four times larger in
females than in males. In males from Weinan it was 974.72, and in females from Weinan
it was 3305.2, a difference that was three times larger in females than males. Therefore,
the expression of these sodium channel toxin genes of females was higher than that in
males. The expression of MMa35303 (BmKNaTx18) in females from Shuozhou was 3.89,
and in males from Shuozhou it was 47.85, a difference that was 12 times larger in males
than females. In females from Luoyang it was 8.97, and in males from Luoyang it was 17.6,
a difference that was two times larger in males than females. This is an example for the
expression of sodium channel toxin genes of males was higher than that of females. Some
similar examples are as follows. The expression of MMa53032 (BmKNaTx29) in females
from Weinan was 2.18, and in males from Weinan it was 81.24, a difference that was 37 times
larger in males as compared to females. The expression of MMa20191 (BmKNaTx42) in
males from Luoyang was 0, and in females from Luoyang it was 11.43. The expression of
MMa38588 (BmKNaTx65) in males from Weinan was 8.8, and in females from Weinan it
was 55.85, the difference was six times larger in females than in males. In females from
Luoyang, the expression was 4.42, and in males from Luoyang it was 16.73, a difference that
was four times larger in males than in females. The expression of MMa14634 (BmKNaTx61)
in males from Weinan was 0, and in females from Weinan it was 20.93. For males from
Shuozhou it was 12.04, and for females from Shuozhou it was 52.42; the difference was
four times larger in females than in males. In females from Luoyang gene expression was
6.05, and in males from Luoyang it was 16.06; the difference was three times larger in males
than in females. The expression of MMa29116 (BmKNaTx63) in males from Shuozhou was
58.95, and in females from Shuozhou was 394.8, the difference was seven times larger in
females than in males. In males from Weinan gene expression was 35.93, and in females
from Weinan it was 144.83; the difference was four times larger in females than males.

In addition to the intraspecific differentiation in the expression of toxin genes, the
heat map of gene expression of sodium channel toxins in different sexes from the different
populations and species also showed that the closer the localities of populations, the higher
the similarity: Lanzhou (sub-arid area) and Wuzhong (arid area) were present in one
subclade, while Luoyang and Shuozhou (two sub-wet areas) were together (Figure 6c). It
is important to note that although Weinan (sub-wet area) is closer to Shuozhou, the gene
expression of its population is clustered with that of Wuzhong and Lanzhou. This may
suggest a link to the relatedness of populations in M. martensii.

2.4.2. Expression Differences of Potassium Channel Toxin Genes in the Same Sexes from
Different Populations of the Same Species Are Less than That in Different Sexes from the
Same Population

The expression of potassium channel toxin genes also showed intraspecific sexual
dimorphism. Clustering with the expression difference of potassium channel toxin genes
of M. eupeus: interspecific difference > differences between both sexes of same popula-
tions > same-sex of different populations of same species (Figure 6d).

The expression of MMa16285 (BmKaKTx1) in females from Weinan was 0, and in
males it was 15.44. There was no expression of MMa16285 (BmKaKTx1) in males and
females of M. eupeus. The expression of MMa16284 (BmKaKTx2) in females from Luoyang
was 0, in males was 112.96; in females from Weinan was 0.66, in males was 158.65; in
females from Shuozhou was 0, in males was 316.69; in females, the expression was very
low or no expression; in males, the expression was high. There was no expression of
MMa16284 (BmKaKTx2) in males and females of M. eupeus. The expression of MMa35044
(BmKaKTx10) in females from Luoyang was 9.18, and in males it was 321.87, the difference
was 35 times; that in females from Shuozhou was 8, and in males was 271.67, the difference
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was 34 times; in females from Weinan it was 2.09, in males was 120.26, the difference
was 58 times; in females, the expression was low; in males, the expression was high. In
M. eupeus females, the expression of MMa35044 (BmKaKTx10) was 370.92; in males, it was
2481.21. The expression of MMa35043 (BmKaKTx12) in females from Luoyang was 0, in
males was 57.88; that in females from Shuozhou was 0, in males was 52.03; in females from
Weinan was 0, in males was 137.46; the potassium channel toxin gene of female M. martensii
was not expressed; in males, it was highly expressed. In M. eupeus females, the expression
was 18.76; in males, it was 61.07. The expression of MMa05343 (BmKaKTx23) in females
from Luoyang was 0; in males, it was 2424.3; in females from Shuozhou, it was 0; in males,
it was 6707.88; in females, from Weinan it was 0; in males, it was 2095.2; the potassium
channel toxin gene of female M. martensii was not expressed; but in males, it was highly
expressed. In M. eupeus females, the expression of MMa05343 (BmKaKTx23) was 9.11 and
in males, it was 368.02.

Although both sexes of one population gathered in different subclades, but same sex
of Luoyang and Shuozhou (two close sub-wet areas) together respectively (Figure 6d). It
may suggest a link to the relatedness or habitats of populations in M. martensii.

2.4.3. Expression Differences of Calcium Channel Toxin Genes, Chloride Channel Toxin
Genes, and Defensin Genes in Sexes from Different Populations

The expression of calcium channel toxin genes suggested a population difference
(Figure 7a) and sexual dimorphism (Figure 7d). Clustering with the expression difference
of calcium channel toxin genes of M. eupeus showed male preference, all females of different
populations of M. martensii and both sexes of M. eupeus showed low expression (Figure 7d).
Clustering with the expression difference of toxin genes of both sexes of M. eupeus showed
a difference in the expression of chloride channel toxin genes in different populations
(Figure 7b) and different sexes (Figure 7e) of M. martensii; however, no difference was
observed in both sexes of M. eupeus: interspecific difference > intraspecific differences,
whereas neither of the same sex of different populations or both sexes of the same popu-
lation of M. martensii showed more similarity (Figure 7e). All four chloride channel toxin
genes showed no expression in M. eupeus, suggesting significant interspecific differences
with M. martensii, whereas the two chloride channel toxin genes showed low expression
in the latter. There is no logical explanation for the heat map showing the differences in
the expression of defensin genes, except that both sexes from Shuozhou gathered in one
subclade (Figure 7f). The expression of MMa44674 (BmKClTx2) in males from Weinan was
0; in females, it was 75.28; in males and females from Luoyang and Shuozhou, it was 0.
The expression of MMa00982 (BmKClTx3) in males from Luoyang was 69.34; in females, it
was 483.25, the difference was seven times. The expression of MMa15573 (BmKCaTx1) in
females from Luoyang was 0, whereas in males, it was 337.25; in females, it was 0.8 from
Shuozhou, whereas in males, it was 880.28; in females from Weinan, it was 0.83, whereas
in males, it was 434.7; in females of M. martensii, the expression was extremely low or no
expression; in males, it was high. In M. eupeus, the females did not show expression. This
indicated that calcium channel toxin genes were not expressed in females. The expression
of MMa48745 (BmKCaTx2) in females from Luoyang was 0, whereas in males, was 5.25; in
females from Shuozhou, it was 0, whereas in males, it was 63.44; in females from Weinan, it
was 0, whereas in males, it was 76.54; in females of M. martensii, it was not expressed; in
males, it was low or high. In M. eupeus, the females did not express it. This indicated that
calcium channel toxin genes were not expressed in females. The expression of MMa09285
(BmKDfsin7) in males from Luoyang was 1.01; in females, it was 18.12; the difference was
18 times. The expression of MMa09285 (BmKDfsin7) in males from Weinan was 27.12; in
females, the expression was 0.33.

2.5. Expression of Toxin Genes in the Same Cluster of Mesobuthus martensii Genome

Nine of 17 toxin gene clusters reported in the genome sequencing of M. martensii
showed expression [20,28]. The expression of one gene in the cluster was close in different
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populations and genders whereas it is not same in different members in the same popu-
lations and genders (Figure 8a–c,e,f,i). In the case of selective expression in members of
the same cluster, certain members did not express in the normal state but were expressed
either as silent or low in different populations or genders (Figure 8a,d,g,h). In addition,
there are several cases in which the members of certain gene clusters were not expressed,
and it is unclear why they are or are not expressed. (1) BmKNaTx1 was absent; and
BmKNaTx3 was relatively highly expressed, whereas BmKNaTx2 was lowly expressed in
M. martensii (Figure 8a). (2) The expression of BmKaKTx1 and BmKaKTx2 in females was
very low or even not present in M. martensii, except the population from Baoding; however,
the expression was relatively high in males (Figure 8d). (3) The expression difference of
BmKNaTx4, BmKNaTx8, BmKNaTx5, and BmKNaTx7, and BmKNaTx6 in M. martensii
was large (Figure 8h). (4) The expression of BmKNaTx9 was high relatively, whereas the
expression of BmKaKTx5 and BmKaKTx3 was absent and BmKaKTx4 was low (Figure 8e).
(5) The expression of and BmKaKTx8 was relatively high, whereas the expression of BmK-
NaTx10 was low in M. martensii (Figure 8b). (6) The expression of BmKNaTx15 was high
relatively and BmKNaTx17 was low, whereas BmKNaTx16, BmKNaTx14, and BmKNaTx13
were not expressed in M. martensii; the order of this cluster is BmKNaTx16, BmKNaTx15,
BmKNaTx14, BmKNaTx13, and BmKNaTx17 (Figure 8f). (7) The expression of BmKaKTx12
and BmKaKTx10 in females was very low or no expression in M. martensii, whereas the
expression was relatively high in males. BmKaKTx13 was highly expressed relatively in
different populations and genders, whereas BmKaKTx11 and BmKaKTx9 were not ex-
pressed in M. martensii. The order of this cluster is BmKaKTx11, BmKaKTx12, BmKaKTx10,
BmKaKTx9, and BmKaKTx13 (Figure 8g). (8) The expression of BmKaKTx17 was high rela-
tively, that of BmKrKTx1, BmKaKTx14, and BmKaKTx16 was low, and that of BmKbKTx1
was high; whereas BmKaKTx18, BmKaKTx15 were not expressed. The order of this cluster
was BmKaKTx18, BmKaKTx17, BmKrKTx1, BmKaKTx14, BmKaKTx15, BmKaKTx16, and
BmKbKTx1 (Figure 8i). (9) The expression of BmKNaTx24 and BmKNaTx23 was the same
in same population (Figure 8c).

2.6. The Protein Evidences of Expressed Toxin Genes in Mesobuthus martensii

The protein evidences of expressed toxin genes, the multiple sequence alignment
of four putative new toxin genes named following Cao et al., (2013) [20] (MMa12627
(BmKNaTx62), MMa29116 (BmKNaTx63), MMa34629 (BmKNaTx64) and MMa38588 (BmK-
NaTx65)), and the peptide sequences from M. martensii venom samples were provided
(Supplementary Information S3). Twenty-one expressed genes with the MS/MS identifi-
cation evidences of the M. martensii venom samples separated by 2-DE, SDS-PAGE, and
RP-HPLCa by Xu et al., (2014) [21]. Five genes with yellow shadow have the inconclusive
evidences due to the inconsistency of an amino acid residue between the multiple align-
ment sequences of putative toxin genes and the peptide sequences from Xu et al. (2014) [21]
(Supplementary Information S3).

2.7. Validation of RNA-Seq Data by RT-qPCR Analysis

Two expressed genes namely MMa05343 (BmKaKTx23) and MMa35043 (BmKaKTx12)
with |log2((♂-FPKM+1)/(♀-FPKM+1))| ≥ 5 from Shuozhou and Weinan populations,
and eight expressed genes, namely, MMa29117 (BmKNaTx11), MMa34788 (BmKaKTx33),
MMa17863 (BmKNaTx8), MMa17863-1 (BmKNaTx8-1), MMa17863-2 (BmKNaTx8-2),
MMa21265 (BmKaKTx4), MMa21265-1 (BmKaKTx4-1), and MMa21265-2 (BmKaKTx4-2)
from Helan (HL) and Baoding (BD) populations with |log2((HL-FPKM+1) /(BD-FPKM+1))|
≥ 2 were selected. Among them, -1 and -2 indicate that the gene had multiple different
transcripts. The transcriptome data were verified by RT-qPCR analysis.
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Figure 8. Expression of toxin gene cluster members in the Mesobuthus martensii genome, shows that
the expression of one gene in the cluster was close in different populations and genders, and the
members of most clusters expressed in same population and gender tended to be the different. The
silent genes (with shadow in the schematic diagram of the sequence of genes on DNA) was the
same in different populations and genders. The populations of M. martensii present in X axis: 1, BD,
Baoding; 2, HL, Helan; LY, Luoyang (3, LYF, females from Luoyang; 3′, LYM, males from Luoyang);
LZ, Lanzhou (4, LZF, females from Lanzhou); 5, SD, Suide; SZ, Shuozhou (6, SZF, females from
Shuozhou; 6′, SZM, males from Shuozhou); 7, TS, Tianshui; WN, Weinan (8, WNF, females from
Weinan; 8′, WNM, males from Weinan); WZ, Wuzhong (9, WZF, females from Wuzhong); 10, YC,
Yuncheng. Population of M. eupeus present in X axis: ME, Yinchuan (11, MEF, females from Yinchuan;
11′, MEM, males from Yinchuan). Numbers the Y axis represents gene names, (a,c,f,h) BmKNaTx;
(d,g) BmKaKTx; (b,e,i) Na-BmKNaTx, aK-BmKaKTx, bK-BmKbKTx, and rK-BmKrKTx. Please see
Supplementary Information S2 for more details. The expression level was presented as log2(FPKM+1).

In this study, we compared the expression data obtained by RT-qPCR (blue col-
umn) and RNA-seq (red column). The ♂/♀expression level ratio of gene MMa05343
(BmKaKTx23) from Shuozhou (SZ) by RT-qPCR was 10.22, and the value in FPKM by RNA-
seq was 12.71 (Figure 9a). The ♂/♀expression level ratio of gene MMa35043 (BmKaKTx12)
from Shuozhou by RT-qPCR was 8.66, and the value in FPKM by RNA-seq was 5.73
(Figure 9a). The ♂/♀expression level ratio of gene MMa05343 (BmKaKTx23) from Weinan
(WN) ♂/♀by RT-qPCR was 8.56, and the value in FPKM by RNA-seq was 11.03 (Figure 9b).
The ♂/♀expression level ratio of gene MMa35043 (BmKaKTx12) from Weinan by RT-
qPCR was 11.27, and the value in FPKM by RNA-seq was 7.11 (Figure 9b). The Helan
(HL)/Baoding (BD) expression level ratio of gene MMa29117 (BmKNaTx11) by RT-qPCR
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was 0.87, and the value in FPKM by RNA-seq was 2.43 (Figure 9c). The HL/BD expression
level ratio of gene MMa34788 (BmKaKTx33) by RT-qPCR was 1.30, and the value in FPKM
by RNA-seq was 2.46. The HL/BD expression level ratio of gene MMa17863 (BmKNaTx8)
by RT-qPCR was 1.68, and the value in FPKM by RNA-seq was 2.71. The HL/BD expression
level ratio of gene MMa17863-1 (BmKNaTx8-1) by RT-qPCR was 1.90, while the HL/BD
expression level ratio of gene MMa17863-2 (BmKNaTx8-2) by RT-qPCR was 1.26 (Figure 9c).
The HL/BD expression level ratio of gene MMa21265 (BmKaKTx4) by RT-qPCR was 1.18,
and the value in FPKM by RNA-seq was 2.10. The HL/BD expression level ratio of gene
MMa21265-1 (BmKaKTx4-1) by RT-qPCR was 0.15, while the HL/BD expression level ratio
of gene MMa21265-2 (BmKaKTx4-2) by RT-qPCR was 0.39.

 

Figure 9. Comparison of gene expression data obtained by RT-qPCR and RNA-seq. (a) Differential
expression multiple of RT-qPCR and RNA-seq in both sexes of Shuozhou population; (b) differ-
ential expression multiple of RT-qPCR and RNA-seq in both sexes of Weinan population; (c) dif-
ferential expression multiple of RT-qPCR and RNA-seq in Baoding and Helan populations. BD,
Baoding; HL, Helan; SZ, Shuozhou; WN, Weinan. Y asix represents the expression level of genes,
obtained by RT-qPCR was presented as: |log2(♂-RE/♀-RE)|; obtained by RNA-seq was presented as:
(a,b) value = |log2((♂-FPKM+1)/(♀-FPKM+1))|, (c) value = |log2((HL-FPKM+1)/(BD-FPKM+1))|.
RE, relative expression level.

The analysis revealed that the expression trend of the selected expressed genes was ba-
sically the same as that of RNA-seq; however, the expression multiples were slightly differ-
ent, indicating that the results of RNA-seq in this study had good accuracy and credibility.

3. Discussion

M. martensii is widely distributed in the vast and complex habitats of northern China.
Intraspecific variation majorly contributes to their survival and adaptation. The results
revealed differences in intraspecific variations in the morphology, color, toxin gene ex-
pression, and defensin gene expression in M. martensii. In response to the complex living
environment, different populations are subjected to variable ecological factors and dual
selection pressures from biological and abiotic factors.
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M. martensii is an important component of traditional Chinese medicine, with a long
medical history and unique functions. It has several kinds of toxins that can regulate
manifold ion channels specifically and can serve as a crucial natural drug resources. In
addition, its defensins play an important role in its survival and adaptation.

In recent years, intemperance in excessive collection and difficulty in artificial repro-
duction have led to severe destruction of natural resources and a decline in the population
of M. martensii. Fake medicines containing other species belonging to the same genus and
even different families or genera are considerably common in traditional Chinese medicinal
materials. Closely related species of M. martensii from the same genus are widespread and
similar to each other, whereas genuine medicinal materials of M. martensii have a large
region of distribution. Intraspecific differentiation without accurate identification criteria
has led to complicated medicinal material sources of Quanxie. It has severely affected accu-
rate clinical prescription and medical research in the area of traditional Chinese medicine.
Investigating its medicinal material resources and revealing its intraspecific differentiation,
defensin gene and toxin gene resources will promote further in-depth research for the use
of scorpions and their defensive toxins which in turn will be helpful in standardizing the
identification and medical applications of Quanxie in traditional Chinese medicine.

Scorpions, as cold-blooded animals, rely on their own behavior to regulate body heat
emission or absorb heat from the external environment to raise their body temperature.
So the ambient temperature affects their metabolism. Therefore, it’s likely that their body
size (directly proportional to body weight) is also influenced by ambient temperature. In
addition, it is limited by the situation of prey (richness and size, etc.). The color of their
body is similar to the surrounding environment which is more conducive to the “waiting”
hunting method, whereas the surrounding environment is closely related to temperature
and humidity. For pectinal teeth, we speculate that the habitat in high humidity areas
are more complex, whereas it is desolate and simple in low humidity areas. The size and
number of pectinal teeth are related to chemical sensors. Since the airflow in complex areas
is less than that in the open and desolate areas, scorpion species require a better sense of
smell. However, variations in the number of large granules in the lateral sides of moveable
and fixed fingers are difficult to contact with external factors. It could only be related to the
size of the body as the number of large granules in the lateral sides of the moveable and
fixed fingers corresponds to the number of pectinal teeth and the size of the body.

Under normal conditions, we could identify only 60 toxin genes in different popu-
lations, accounting for only about 50% of the known toxin gene members in the genome.
There exist certain differences among different populations. It is not known why only these
toxin genes were expressed and what is the biological significances of the difference in the
expression. It is a new mystery and interesting subject. We found 21 toxin genes using
MS/MS of M. martensii venom samples separated by 2-DE, SDS-PAGE, and RP-HPLCa by
Xu et al. (2014) [21]. This suggests the biological significance of the differential expression
of toxin genes.

We found that the difference in the expression of sodium channel toxin genes (Figure 6c)
among different populations was conserved (populations conservation), suggesting that
the expression characteristics of toxins are related to the geographical distribution and
genetic relationship, whereas the expression difference in potassium channel toxin genes
(Figure 6d) and calcium channel toxin genes (Figure 7d) between the two sexes was con-
served (gender conservation), revealing the sexual dimorphism of toxin expression. In
addition, sexual dimorphism of toxin gene expression was observed in the sexual venom
gland transcriptomes of M. eupeus (Figure 6c,d and Figure 7d,f), suggesting that sexual
dimorphism of toxin gene expression could be a common feature of species belonging to
the order Scorpiones. Heat maps showed differences in the gene expression of calcium
channel toxin genes, chloride channel toxin genes, and defensin genes in different sexes
of M. martensii and M. eupeus, although there were too few genes (2–4) available for com-
parison. Hierarchical clustering did not reflect accurate results about the relationship of
interspecific and intraspecific differences such as those of the toxin genes encoding for
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sodium channels and potassium channels. Interestingly, the expression of two calcium
channel toxin genes showed preference for males and certain populations.

It was reported that 51 toxin genes encoding for sodium and potassium channels of
M. martensii were linked into up to 17 gene clusters [20,28]. In this study, eight clusters
of toxin genes were found to be not expressed under normal conditions and nine clusters
were expressed. Among these, the expression of a member of one gene cluster is consistent
in different populations or genders. In addition, the level of expression of each member
of the same gene cluster was generally inconsistent, including certain members was not
expressed. The expression characters of potassium channel toxin gene clusters and sodium
channel toxin gene clusters are the same approximately; however, certain gene members
vary in different sexes. This revealed selective silencing, low expression, or high expression
among gene cluster members.

It is worth noting that it is not uncertain whether the expression level data of toxin
genes and antimicrobial peptide gene families of different populations or sexes of M. martensii
from different localities are significant, which may be the major weakness of this paper
to accurately reveal intraspecific differentiation. The data of gene expression levels used
for hierarchical clustering of the different populations or sexes did not yield significantly
different results in the t-test, even if the standardization process was performed in advance.
This may be due to excessive differences in expression levels among the genes in each
population or each sex of one population (Supplementary Information S2). However, as we
have observed, the difference of color characters among some populations is noticeable
and the sexual dimorphism of morphological structures in each population is apparent.
The body length of adult individuals from arid and sub-arid areas are smaller than those
from sub-wet areas, and the average values of the number of pectinal teeth and the number
of large granules in the lateral sides of the pedipalp chela fingers were smaller in the for-
mer. By Kruskal–Wallis H test (KW test), there were significant differences in body length,
number of pectinal teeth, and number of large granules in the lateral sides of movable and
fixed fingers between males or females of M. martensii from different localities (p < 0.001;
Tables S1 and S2). Therefore, in terms of morphological characteristics, the populations we
selected are significantly different. Due to the wide distribution range and complex habitat
of this species, a more extensive sampling is clearly needed for rigorously examining in-
traspecific diversification and evolution in M. martensii [12]. Intraspecific resting metabolic
rate, a key physiological trait linked with evolutionary fitness, shows that variation exists
in between sexes and among populations of M. martensii that is closely related to the local
mean temperature and mean annual days of rainfall [13]. Our findings in the expression
differences of toxin gene families between genders and among populations of M. martensii
suggest a similar case to the relevance to the environment to resting metabolic rate.

4. Materials and Methods

4.1. Collection of Mesobuthus martensii

The specimens of wild M. martensii were collected from the Gansu Province, Hebei
Province, Henan Province, Ningxia Hui Autonomous Region, Shaanxi Province, and Shanxi
Province. The localities of specimens were in the sub-wet zone (light green area), sub-arid
zone (light yellow area), and arid zone (yellow area) (Figures 1, 10 and S1) and were kept
in 75% alcohol. Specimens were deposited in the Museum of Hebei University (MHBU),
Baoding, China. The living specimens were raised in the laboratory at room temperature
(about 25 ◦C) temporarily. Geographical names and their abbreviations are also used to
represent populations, except when introducing geographical locations and explaining
distance relationships between localities.
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Figure 10. Mesobuthus martensii from Nan yang, Henan Province, China; the small picture is its
venom gland and venom.

4.2. Morphological Study

Measurements were taken using the Motic-K700 microscope (Motic China Group Co.,
Ltd., Xiamen, China, with accurate micrometric ocular). All materials were randomly
selected from healthy adult individuals. All measurements were in millimeters. The
terminology followed was described by Hjelle (1990) [29]. The measurement methods
followed were those described by Sissom et al. (1990) [30]. Photographs were acquired by
the macro camera Canon 650D (with a microlens). The Division map of arid and wet areas
in China is based on Zhang et al. (2016) [31]. The dry humidity division of China followed
the procedure described by the National Meteorological Information Center [32].

The body length, number of pectinal teeth, and number of large granules in the
lateral sides of the pedipalp chela fingers of randomly selected adult individuals were
measured. Kruskal–Wallis H test in SPSS24.0 (IBM, New York, NY, USA) software was
used to analyze the overall differences of the characteristics of the scorpions from different
localities according to the characteristic values of the scorpions.

4.3. Genetic Distance Calculation

We downloaded the COI sequence of wild M. martensii from 44 localities uploaded by
Shi et al. (2013) in NCBI [12,33]. The coverage area of these localities included the collection
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sites of M. martensii. Next, sequence alignment was performed using ClustalX1.83 (Bioedit
Company, IN, USA), and genetic distance was analyzed using MEGA6.0 (Tamura et al.,
2013) [34].

4.4. Transcriptome Extraction, Sequencing, Annotation, and Gene Analysis

We used pooled scorpion venom glands for the study rather than replicates of in-
dividuals or replicates of pools. The number of adult individuals used for each pool
(transcriptome) was as followed: M. martensii: 1-BD, 4 females and 4 males from Baoding;
2-HL, 2 females and 1 male from Helan; 3-LYF, 9 females from Luoyang; 3′-LYM, 9 males
from Luoyang; 4-LZF, 7 females from Lanzhou; 5-SD, 8 females and 3 males from Suide;
6-SZF, 9 females from Shuozhou; 6′-SZM, 9 males from Shuozhou; 7-TS, 5 females and
3 males from Tianshui; 8-WNF, 9 females from Weinan; 8′-WNM, 7 males from Weinan;
9-WZF, 11 females from Wuzhong; 10-YC, 5 females and 5 males from Yuncheng. M. eupeus:
11-MEF, 9 females from Yinchuan; 11′-MEM, 10 males from Yinchuan. The relevant results
of expression of toxin genes in the following text are mean toxin gene expression.

The transcriptomes were extracted by the Trizol method, and the quality of the ex-
tracted nucleic acid was determined. Sequencing and splicing were performed using the
BGISEQ-500 analysis platform of BGI (Beijing Genomics Institute, Beijing, China), whereas
its annotation was done by referring to the genome of M. martensii [35]. We defined ex-
pressed genes using the following criteria: FPKM ≥ 10 in any one population (FPKM not
less than 10 in at least one population). Unless otherwise stated, the unit of expression
level in our analyses is FPKM. Online BLAST annotated possible new genes and named
them according to the discovery and verification information of M. martensii toxin genes
provided by Cao et al. (2013) [20]. The heat maps were produced online by BGI. Based
on the results of the detection of differential genes, a hierarchical cluster analysis was
performed on concatenated differential genes, using the heatmap in R [36]. The gene cluster
analysis was based on the method described by Cao et al. (2013) [20].

4.5. Proteomic Identification of Expressed Toxin Genes

The peptide sequence of expressed toxin genes was aligned with the MS/MS identifi-
cation protein evidence of M. martensii venom samples separated by 2-DE, SDS-PAGE, and
RP-HPLC [21,24] by ClustalX1.83, as well as the local blast.

4.6. RT-qPCR Analysis

RT-qPCR analysis was performed to detect the expression of 10 genes in scorpion
venom gland tissues. The RT-qPCR primers were synthesized at the Invitrogen Company
(Beijing, China). Scorpion GAPDH was used as the housekeeping gene. PCR amplification
was conducted in an ABI 7500 real-time PCR system using the following program: 30 s
at 95 ◦C; 40 cycles (95 ◦C for 5 s, 60 ◦C for 40 s [collecting fluorescence]). To establish the
melting curve of PCR products, amplification of the product was done at 95 ◦C for 10 s,
60 ◦C for 60 s, 95 ◦C for 15 s. They were subsequently slowly heated from 60 ◦C to 99 ◦C
(ramp rate is 0.05 ◦C/s). Data were analyzed using Ct values and the 2−ΔΔCT method [37].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14090630/s1, Figure S1: The Mesobuthus martensii populations
and its relatives from sub-wet area, sub-arid area, and arid area. The populations of M. martensii: 1 &
1’, the females and males from Baoding; 2&2’, the females and males from Helan; 3&3’, the females
and males from Luoyang; 4&4’, the females and males from Lanzhou; 5&5’, the females and males
from Suide; 6&6’, the females and males from Shuozhou; 7&7’, the females and males from Tianshui;
8&8’, the females and males from Weinan; 9&9’, the females and males from Wuzhong; 10&10, the
females and males from Yuncheng. The populations of M. eupeus: 11&11’, the females and males from
Yinchuan; 12&12’, the females and males from Zhongwei (between Lanzhou and Yinchuan). Table S1:
Measurement data of the male Mesobuthus martensii (means ± SD, **: p < 0.001, Kruskal-Wallis H
test (KW test)) Body length (BL), number of adult individuals (NI), number of pectinal teeth (NP),
number of large granules in the lateral sides of movable fingers (NM), number of large granules in
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the lateral sides of fixed fingers (NF). BD, Baoding; HL, Helan; LY, Luoyang; LZ, Lanzhou; SD, Suide;
SZ, Shuozhou; TS, Tianshui; WN, Weinan; WZ, Wuzhong; YC, Yuncheng. Table S2: Measurement
data of the female Mesobuthus martensii (means ± SD, **: p < 0.001, Kruskal-Wallis H test (KW test))
Body length (BL), number of adult individuals (NI), number of pectinal teeth (NP), number of large
granules in the lateral sides of movable fingers (NM), number of large granules in the lateral sides of
fixed fingers (NF). BD, Baoding; HL, Helan; LY, Luoyang; LZ, Lanzhou; SD, Suide; SZ, Shuozhou;
TS, Tianshui; WN, Weinan; WZ, Wuzhong; YC, Yuncheng. Supplementary information S1: The
genetic distance of COI sequences of 44 populations of Mesobuthus martensii in China is 0.2% to 6.2%.
These 44 localities cover the representative sites of the distribution area of M. martensii in China [12],
so it supports that the wild populations in this study of M. martensii belong to the same species.
Supplementary information S2: The FPKM of toxin and defensin genes of different populations and
sexes in the gene expression of Mesobuthus martensii (MM) and Mesobuthus eupeus (ME) in China.
The populations of M. martensii: 1-BD, Baoding; 2-HL, Helan; LY, Luoyang (3-LYF, the females from
Luoyang; 3’-LYM, the males from Luoyang); LZ, Lanzhou (4-LZF, the females from Lanzhou); 5-SD,
Suide; SZ, Shuozhou (6-SZF, the females from Shuozhou; 6’-SZM, the males from Shuozhou); 7-TS,
Tianshui; WN, Weinan (8-WNF, the females from Weinan; 8’-WNM, the males from Weinan); WZ,
Wuzhong (9-WZF, the females from Wuzhong); 10-YC, Yuncheng. The population of M. eupeus: ME,
Yinchuan (11-YCF, the females of from Yinchuan; 11’-YCM, the males from Yinchuan). The genes with
green shadow are that have the MS/MS identification evidences of the M. martensii venom samples
separated by 2-DE, SDS-PAGE and RP-HPLCa by Xu et al. (2014) [21]. Supplementary information S3:
S3.1 The multiple sequence alignment of four putative new toxin genes (MMa12627 (BmKNaTx62),
MMa29116 (BmKNaTx63), MMa34629 (BmKNaTx64) and MMa38588 (BmKNaTx65)), two predicted
defensin genes (MMa09285 (BmKDfsin7) and MMa39355 (BmKDfsin8)) and their homologous genes;
S3.2 The protein evidences of expressed toxin genes; S3.3 The peptide sequences with serial numbers
in S3.2 from MS/MS identification of the M. martensii venom samples separated by 2-DE, SDS-PAGE
and RP-HPLCa (the original data was from Xu et al. (2014)) [21].
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Abstract: Voltage-gated sodium channels (VGSCs, or Nav) are important determinants of action
potential generation and propagation. Efforts are underway to develop medicines targeting different
channel subtypes for the treatment of related channelopathies. However, a high degree of conserva-
tion across its nine subtypes could lead to the off-target adverse effects on skeletal and cardiac muscles
due to acting on primary skeletal muscle sodium channel Nav1.4 and cardiac muscle sodium channel
Nav1.5, respectively. For a long evolutionary process, some peptide toxins from venoms have been
found to be highly potent yet selective on ion channel subtypes and, therefore, hold the promising
potential to be developed into therapeutic agents. In this research, all-atom molecular dynamic
methods were used to elucidate the selective mechanisms of an analgesic-antitumor β-scorpion toxin
(AGAP) with human Nav1.4 and Nav1.5 in order to unravel the primary reason for the production
of its adverse reactions on the skeletal and cardiac muscles. Our results suggest that the rational
distribution of residues with ring structures near position 38 and positive residues in the C-terminal
on AGAP are critical factors to ensure its analgesic efficacy. Moreover, the substitution for residues
with benzene is beneficial to reduce its side effects.

Keywords: voltage-gated sodium channel; Nav1.4; Nav1.5; analgesic-antitumor peptide; subtype
selectivity; adverse drug reaction; molecular dynamics

Key Contribution: The pivotal components associated with the subtype selectivity of AGAP to
human Nav1.4 and Nav1.5 were excavated to provide detailed information on the rational design of
high-efficiency and safety peptide medicines targeting voltage-gated sodium channels.

1. Introduction

Voltage-gated sodium channels (VGSCs) play important roles in membrane excitability
transduction [1]. Mammals express nine subtypes of VGSCs (Nav1.1–1.9) according to
their different tissue distributions and functions. Modification of each subtype yields
different biological responses [2,3]. Among these VGSCs, Nav1.4 is mainly responsible for
generating action potentials in skeletal muscles. When this subtype is activated, the action
potential rapidly conveys excitement through the skeletal muscle fibers and regulates
the release of Ca2+ from myofibrils to drive the contraction and relaxation of skeletal
muscle. Clinical and electromyographical features reveal that mutations in the encoding
gene SCN4A of Nav1.4 can trigger hyperkalemic periodic paralysis and paramyotonia
congenital, while sodium channel myotonias may produce gain-of-function changes [4],
but loss-of-function mutations may induce hypokalamic periodic paralysis and myasthenic
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weakness [5]. Encoded by the gene SCN5A, Nav1.5 is the primary segment within the
intercalated disks in atrial and ventricular myocytes [6]. Gain-of-function mutations in this
gene are related to the disruption of fast inactivation, persistent sodium current generation,
and ventricular action potential prolongation [7]. However, loss-of-function mutations in
SCN5A disrupt the membrane trafficking of the channel protein. In addition, the majority
of patients carrying these mutations are diagnosed with cardiac diseases such as LQT3,
Brugada syndrome, and sick sinus syndrome [8,9].

In previous comprehensive studies, by inhibiting human Nav1.7 (hNav1.7) with
potential analgesic effects, a kind of β-Scorpion Toxin (β-ScTx) was found and named
analgesic-antitumor peptide (AGAP, Figure 1) [10,11]. Based on the genetic evidence that
gain-of-function and loss-of-function mutations of this sodium channel coding gene may
cause painful syndromes and pain insensitivity, Nav1.7 has emerged as a promising and
well-validated pain target [12–15]. Therefore, it is reasonable to believe that this VGSC sub-
type, which is distributed primarily in the peripheral nervous system, is an ideal target for
developing non-addictive therapeutics for pain. However, it is alarming that the off-target
effects of the analgesic on Nav1.4 and Nav1.5 could contribute to the possible side effects on
the skeletal and cardiac muscles, which may be due to the relatively high conservation of
different VGSC subtypes. Unrestricted VGSC blockage could cause heart failure, paralysis,
and respiratory failure because it impairs the activity of Nav1.4 and Nav1.5, which are
the primary sodium channels in the skeletal and cardiac muscles, respectively. In fact, a
part of analgesic targeting hNav1.7 has to be abandoned in its clinical trials for the above
reasons [16–18].

Figure 1. 3D structure of β-ScTxs. (a) The crystal structure of a toxin from the scorpion Centruroides
noxius Hoffmann (2YC1); (b) The structure model of AGAP. Residues forming four disulfide bonds
are orange; α-helices and β-sheets are colored red and blue, respectively. Naming notations of
secondary structures are labeled in (a).

The usage of animal venom to develop novel medicines and serve as pharmacolog-
ical instruments for monitoring voltage-gated sodium channel function has long been
recognized. Among them, the scorpion toxins acting on VGSC can be divided into α- and
β-Scorpion Toxins (ScTx) based on their differences in electrophysiological properties and
binding sites. The α-ScTx binding on site 3 in VGSC is believed to trap the S4 segment on
DIV in an inward position, which prevents it from moving normally in response to depo-
larization and prolongs action potentials. Meanwhile, β-ScTx can reduce the amplitude of
the peak currents and potentiate the activation of the Na+ channels by binding to site 4 in
VGSCs (Figure 2) [19,20]. For instance, Huang et al. found that an α-like scorpion toxin,
OD-1, had an agonistic effect on VGSC and served as a new excitotoxicity and seizure model
to explore the underlying mechanism of a novel third-generation antiepileptic drug [21,22].
Unlike that, AGAP from Buthus martensii Karsch (Bmk) is a 66-amino acid neurotoxin
that belongs to β-ScTx [23]. The outcomes of our earlier electrophysiological studies on
AGAP were exactly consistent with this characteristic. In the whole-cell patch clamp tests
on different VGSC subtypes, compared to the control, the peak current was significantly
suppressed. The analysis of the current–voltage relationship displayed a negative shift in
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the voltage dependence of activation following priming depolarizations after exposure to
100 nM AGAP. In contrast, no significant action on V1/2 values of inactivation was observed,
and the duration of the recovery process stayed mainly unchanged. As a result, this peptide
is defined as a kind of β-ScTx by this current–voltage relationship for AGAP-modified
sodium currents [24]. Four homologous domains (DI–DIV) form the α-subunit of VGSC
(Figure 2). Site 4 is formed by the extracellular loops connecting transmembrane helices
S1–S2 and S3–S4 at DII. Likewise, the extracellular loops S1–S2 and S3–S4 are also the
principal components of site 3, but this binding site is located on DIV [25]. After activation
by a strong depolarization, i.e., the toxin trapped into the VGSC active conformation, the
residues of S4 on the voltage sensing domain (VSD) of DII targeted by β-ScTx will be
exposed [26]. Cumulatively, subsequent activation and repetitive action potential firing will
be enhanced [27]. Therefore, β-ScTx can alert the action potential of VGSCs in the activated
state. Extensive experimental and computational studies have provided further insights
into the interaction mechanism between β-ScTx and VGSCs. These results identified that
substitution of E779 and P782 at DII/S1-S2 or A841, N842, V843, E844, G845, and L846 at
DII/S3-S4 reduced the bioactivity of Css4 (a kind of β-ScTx from Centruroides suffusus) on
rNav1.2. Furthermore, the replacement of DII in this channel with the counterpart DmNav1
domain from Drosophila melanogaster inverted the insensitivity of AahIT (a kind of β-ScTx
from Androctonus australis) to rNav1.2 [28,29].

Figure 2. Location of nine receptor sites on mammalian VGSC α subunits. (a) Topology of mammalian
VGSC α subunits indicating binding sites. Representative inhibitors of sites 1–7 and 9 and the PF
site on VGSC are indicated with arrows pointing to the general location of their respective primary
receptor sites and colored; (b) Side view of the human Nav1.7 subunit complex structure (6J8G) in
part with the VSD of DI and PM of DII removed for clarity. The representative inhibitors of site
8 (pyrethroids) are synthetic analogs of pyrethrins and are, therefore, not shown here. The PDB
codes for peptide toxins are μ-conotoxin (1TCG), α-scorpion toxin (2ASC), β-scorpion toxins (2YC1),
δ-conotoxin (1G1P), and μO§-conotoxin GVIIJ (2N8H).
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With IC50 values of 3.25 × 10−8 M, 2.19 × 10−8 M, and 1.41 × 10−8 M, respectively,
the similar biological activity of AGAP to hNav1.7, hNav1.4 and hNav1.5 is the most likely
reason for the occurrence of their adverse effects on the skeletal and cardiac muscles.
This possibility was confirmed in subsequent animal experiments. The measurement of
heart rate, creatine kinase (CK), and lactic dehydrogenase (LDH) in mice after intravenous
injection of AGAP verified the acute toxicity of this peptide to cardiac muscle and could
not survive more than six days, even at a low dose of AGAP-treated group. It also led to
the absence of motor function tests because no eligible mice survived in this group [30]. To
address this problem, we conducted multiple cellular and molecular studies, and the results
primarily identified the importance of W38 on AGAP in the specificity of different VGSC
subtypes and screened two effective mutants (AGAPW38G/AGAPW38F). The whole-cell
clamp patch test and in vivo experiments indicated that there were no significant effects
on skeletal and cardiac muscles after intravenously injecting AGAPW38G compared with
the saline-treated group [24,31]. To date, there has not been enough evidence to provide
a panoramic mechanistic understanding of how AGAP interacts with different VGSC
subtypes. In light of our previous results on the binding modes of AGAP and hNav1.7 [32],
we herein elucidated the detailed mechanism of AGAP mutants with hNav1.4 and hNav1.5
through dynamic simulations, revealing the reason why the mutation of one single amino
acid can bring about the remarkable alteration of subtype selectivity. We believe these
findings are not only beneficial to avoid toxicity to the muscles and myocardium but also
helpful to promote progress in developing safer and more effective treatments aimed at
VGSC subtypes.

2. Results

For ease of presentation in this paper, the amino acid residues on VGSCs were indicated
by three-letter abbreviations and on peptides by single-letter abbreviations. The other
abbreviations were listed in the Supplementary Materials as well (Table S3).

2.1. Differences in 3D Structures of VSD2hNav1.4 and VSD2hNav1.5 in Comparison
with VSD2hNav1.7

MD simulations were carried out to clarify the effects of receptor structure differences
on the selectivity of AGAP. The RMSDs of VSD2s on hNav1.4, hNav1.5, and hNav1.7
during MD simulations were 0.39 nm, 0.39 nm, and 0.37 nm, respectively, indicating the
similar stability of these three systems (Figure 3). As the major binding site for β-ScTx,
the extracellular loops connecting DII/S1–S2 and DII/S3–S4 displayed significant primary
sequence alignment identity differences with the transmembrane helices (S1–S4) (Figure 4).
The different residues in S1–S3 may interact with conserved negatively charged residues in
S4 to form different salt bridges (Figure 5). Specifically, R114 and R117 on S4 directly engage
E40 on S1 and E98 on S3 of VSD2hNav1.7 through salt-bridge interactions so that the distances
between these three helices were shortened. Similar trends were observed for R114 and
E40 of VSD2hNav1.5 but not for VSD2hNav1.4. As a result, the binding site of β-ScTxs, the
gap between the two extracellular loops on S1–S2 and S3–S4 of VSD2hNav1.7, is much more
compact than the gap of VSD2hNav1.4 and VSD2hNav1.5. The discrepancy between the spatial
structures of the active pockets may further explain the different bonding strengths of the
same types of inhibitors. However, when the IC50 values were identified by patch clamp
to detect the different subtype selectivity of AGAP, the results were similar [24,31]. It
is, therefore, still necessary to further explore the interaction mechanism of AGAP with
hNav1.4, hNav1.5, and hNav1.7.
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Figure 3. RMSD curves of systems of VSD2s on hNav1.4, hNav1.5, and hNav1.7.

Figure 4. Sequence alignment for VSD2s on hNav1.4, hNav1.5, and hNav1.7. “*” means the residues
in this location are identical in three VGSC isoforms; “:” means similar, and “.” means a little similar.
Dashed lines in green indicate the extracellular loops connecting S1–S2 and S3–S4 on VSD2s.

Figure 5. 3D structures of VSD2s on hNav1.4, hNav1.5, and hNav1.7. (a) VSD2hNav1.4; (b) VSD2hNav1.5;
(c) VSD2hNav1.7. Dashed lines in orange indicate salt bridges; in red are widths of the active pockets
formed by loops between DII S1–2 and DII S3–4; amino acid residues formed by salt bridges are
in sticks.
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2.2. Analysis of the Binding Modes of AGAP and the W38G/W38F Mutant with VSD2hNav1.4

and VSD2hNav1.5

From 100 ns MD simulations, the static binding poses of AGAP and its two mutants
AGAPW38G/W38F with VSD2hNav1.4 and VSD2hNav1.5 were obtained. Similar to hNav1.7, the
major interaction regions were located on the β-turn and C-terminal in the AGAP peptides.

2.2.1. A Structural Model for the β-ScTx-hNav1.4 Complex

Six residues in the β-turn (W38, A39, V41, Y42, G43 and N44) participate in the combi-
nation of AGAP with VSD2hNav1.4 (Figure 6a). Among these residues, W38, A39, V41, and
N44 are well positioned to interact with the bond DII/S1-S2 loop, and V41, Y42, and G43
interact with the DII/S3–S4 loop. Moreover, W38 and V41 have wide ranges of interactions
with VSD2hNav1.4. Specifically, W38 contacts Met37/His41/Pro43/Leu52 in the DII/S1–S2
loop, while V41 contacts Met39/Thr53 in the DII/S1–S2 loop and Arg111/Arg114 in the
DII/S3-S4 loop. Additionally, K62, C63, N64, and G65 in the AGAP C-terminal are also
active in binding with VSD2hNav1.4. They interact with Leu107/Ser108 in DII/S3–S4 except
for K62, which interacts with Glu40 in the DII/S1–S2 loop. Apart from residues in these
two regions, Y5, Y14, F15, and Y35 in wild type (WT) contributed to the bindings as well.

Figure 6. Final binding poses of AGAP (a), AGAPW38G (b), and AGAPW38F (c) with VSD2 on hNav1.4.
The interacting residues on the AGAP peptide are represented by sticks: purple (residues 37–44),
magenta (residues 58–66), and yellow (all others). The distances between the C-terminus and DII S4
were measured. The width of the active pocket on VSD2hNav1.4 is labeled in deep red in the upper
insets, which represent the top views of the complex. The interaction surfaces of the β-turn and
C-terminal on AGAP/AGAPW38G/AGAPW38F with VSD2hNav1.4 are labeled purple and magenta,
respectively, in the bottom insets.

When W38 is substituted in WT by G38, the number of residues with direct contact
decreases dramatically (Figure 6b). In the wild-type W38 β-turn, all residues bound to
VSD2hNav1.4 pointed toward the DII/S1–S2 loop. AGAPW38G failed to continue to form
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multiple interactions with VSD2hNav1.4. Meanwhile, V59 and C62 in the AGAPW38G C-
terminus, respectively, bind to Tyr42 and Gln105 in VSD2hNav1.4. In addition, F15 also
contributes significantly to binding by interacting with Arg114.

When W38 is substituted in WT by F38, six residues in the β-turn (Q37, F38, A39,
V41, Y42, and N44) participate in the combination of AGAP with VSD2hNav1.4 (Figure 6c).
Among these residues, Q37, F38, and A39 were positioned to interact with the DII/S1–S2
loop, while V41, Y42, and N44 interacted with the DII/S3–S4 loop. Similar to the WT, V41
in AGAP can directly contact these two extracellular loops. R58 and G61 in the AGAPW38F

C-terminus combined with Tyr42 and Arg111, respectively, in VSD2hNav1.4. The interactions
between D8/C12/F15 with Gln105, Y21 with Pro102, Y35/W47 with Asp49 and Met44
were also important in AGAP binding on VSD2hNav1.4.

Evidently, the binding modes of WT and AGAPW38F to hNav1.4 bear more striking
resemblances compared to AGAPW38G, suggesting that the ring structure at position 38 has
a critical effect on its combination with the DII/S3–S4 loop. In contrast, the interactions of
the peptides with the DII/S1–S2 loop were more stable. Although the active pocket will
naturally converge if the peptide contacts both extracellular loops, the inherent spacious
active pocket characteristic of VSD2hNav1.4 is destined to affect the affinity of AGAP.

2.2.2. A Structural Model for the β-ScTx-hNav1.5 Complex

Seven residues in the β-turn of WT (Q37, W38, A39, G40, V41, Y42, and N44) interact
directly with VSD2hNav1.5 (Figure 7a). Most of the residues were positioned to combine with
the bound DII/S3–S4 loop except for Q37 and G40. Multiple interactions were observed
between W38 and Glu98/Arg111/Arg114 and between N44 and Glu98/Ser102/Met104.
Multiple residues in the C-terminal segments participated in the combination of the WT
to DII/S3–S4 loop in VSD2hNav1.5. Moreover, Y5 and W47 in WT also contributed to the
interactions with Asn43 in the DII/S1–S2 loop. On the whole, the ligand was biased to the
side of the DII/S3–S4 loop.

When W38 was substituted in WT by G38, the binding of this residue to VSD2hNav1.5

was abolished. Unlike VSD2hNav1.4, the number of residues in the β-turn that interacted
with the receptor was equal to the number of residues in the β-turn that interacted with
the receptor in the WT (Figure 7b). In contrast, almost all interactions between the AGAP
C-terminus and VSD2hNav1.5 disappeared except for the contact between C63 and Asn106.
Overall, AGAPW38G binds to the middle of the active pocket, with approximately equal
distance to both of the extracellular loops.

When W38 was substituted in WT by F38, the role of this residue in combination with
VSD2hNav1.5 was retained (Figure 7c). The ligand bonded with the receptor was biased to
the side of the DII/S1–S2 loop due to the weakening interaction between AGAPW38F and
the DII/S3-S4 loop. The function of the C-terminus is similar to the function of the WT.
However, Y5, N19, Y35, and W47 are also important in peptide binding to hNav1.5. Among
these residues, Y5 on β-sheet I and W47 on β-sheet II in the VSD are adjacent in space
and close to Q37. These three residues may form a signature binding region to hNav1.5
compared to the other two VGSC subtypes.

The comparison of the binding modes of AGAP and the W38G/W38F mutant with
hNav1.4, hNav1.5, and hNav1.7 shows that Q37, 38th, G40, V41, Y42, and N44 in the
β-turn comprise a crucial binding region of the peptide when it interacts with VGSCs.
Among these binding modes, Q37 is preferentially bound by DII/S1-S2 in VSD2hNav1.5,
while N44 always contributes significantly to the binding of the three VGSC isoforms. The
ring structure at position 38 critically affects its combination with the VGSC. Alternatively,
the functions of the C-terminus in combinations with hNav1.4 and hNav1.5 are roughly
identical and far less powerful than those of the C-terminus in combinations with hNav1.7.
Another interesting difference is that C63 in this segment is always bound with Asn106 in
VSD2hNav1.5 or the residue at position 105 in VSD2hNav1.4 and VSD2hNav1.7, which seems
to indicate that the residues at this position in the different receptors have important

35



Toxins 2023, 15, 33

implications for the subtype selectivity of the toxins. In addition, F15 and Y5/W47 are also
important for the binding of VSD2hNav1.4 and VSD2hNav1.5, respectively.

Figure 7. Final binding poses of AGAP (a), AGAPW38G (b), and AGAPW38F (c) with VSD2 on hNav1.5.
The interacting residues on the AGAP peptide are represented by sticks: purple (residues 37–44),
magenta (residues 58–66), and yellow (all others). The distances between the C-terminus and DII S4
were measured. The width of the active pocket on VSD2hNav1.4 is labeled deep red in the upper
insets, which represent the top views of the complex. The interaction surfaces of the β-turn and
C-terminal on AGAP/AGAPW38G/AGAPW38F with VSD2hNav1.4 are labeled purple and magenta,
respectively, in the bottom insets.

2.3. Analysis of Dissociation Pathways of the AGAP/AGAPW38G/W38F Mutant with VSD2hNav1.4

and VSD2hNav1.5 by SMD Simulations and PMF Calculations
2.3.1. Differences in Conformations of AGAP and the W38G/W38F Mutant with
VSD2hNav1.4 and VSD2hNav1.5

Based on the SMD method, the specific modes and interactions of critical residues
are depicted precisely by analyzing the dissociation of the peptides from the three VGSC
isoforms. The results show that AGAP, AGAPW38G, and AGAPW38F are separated com-
pletely from VSD2hNav1.4 after 3680 ps, 2950 ps, and 3360 ps (Figure 8a), as is VSD2hNav1.5

after 2880 ps, 2920 ps, and 3070 ps (Figure 8b). PMF indicates that the binding free en-
ergy of AGAP, AGAPW38G, and AGAPW38F are 190.64 kJ·mol−1, 175.68 kJ·mol−1, and
150.53 kJ·mol−1 to hNav1.4 (Figure 9a), as well as 164.81 kJ·mol−1, 146.19 kJ·mol−1, and
149.48 kJ·mol−1 to hNav1.5 (Figure 9b). Apparently, WT has a higher affinity for hNav1.4
and hNav1.5 than the two mutants. Moreover, the same change trend is expressed between
dissociation time and binding affinity. Overall, the simulation and previous patch clamp
experimental results are consistent with each other. Furthermore, the proportion of elec-
trostatic and VDW interactions in AGAP binding with hNav1.5 were found not as regular
as it was with hNav1.4 and hNav1.7, which were dominated by only one single type of
interaction (see Sections 2.3.2 and 2.3.3 for details).
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Figure 8. Total energy of AGAP and its mutants with VSD2s on hNav1.4 (a) and hNav1.5 (b).

Figure 9. PMF curves of AGAP and its mutants with VSD2s on hNav1.4 (a) and hNav1.5 (b).
ζ represents the reaction coordinate generated by the configurations.

According to the comparison between the conformations of the peptides about dissoci-
ation from the receptors (Figure 10) with binding modes (Figures 6 and 7), the interactions
of W38 in the β-turn with DII/S1-S2 and K62 in the C-terminal with negatively charged
residues in DII/S4 contribute significantly to the combination of WT to hNav1.4 and
hNav1.7, but not to hNav1.5. However, mutations of position 38 can partially decrease the
direct connection between G38/F38 and DII/S1–S2 but completely destroy it between the
C-terminal and II/S4. Moreover, a broad binding region of β-turns to the three VGSC sub-
types ensures stable and strong contact between the toxins and receptors. The interactions
of the more flexible C-terminal to the VGSCs are easily reformed.

2.3.2. Specific Types of Interactions of Important Residues in the β-ScTx-hNav1.4 Complex

The decompositions of the binding free energy of ligand–residue pair interactions
are employed to investigate how critical components influence the affinity and selectivity
of the peptides of different VGSC subtypes. The calculation results show that the av-
erage energy contributions in van der Waals (VDW) during the dissociations of AGAP,
AGAPW38G, and AGAPW38F from VSD2hNav

1.4 are −215.77 kJ·mol−1, −135.54 kJ·mol−1, and
−187.15 kJ·mol−1, respectively, whereas in electrostatic interactions, they are−185.63 kJ·mol−1,
−100.74 kJ·mol−1, and −178.81 kJ·mol−1, respectively. It follows that VDWs bear greater
responsibility than electrostatic interactions to the combinations. In contrast, our previ-
ous study indicated that the latter interaction type is the dominant factor leading to the
differences in the binding free energy of the three peptides to VSD2hNav1.7.
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Figure 10. Representative conformations of AGAP (a,d), AGAPW38G (b,e), and AGAPW38F (c,f) with
VSD2s on hNav1.4 (a–c) and hNav1.5 (d–f) during the dissociation process. These conformations
reflected the state of the receptor and the ligand just prior to complete separation. The ligands in
translucency are conformations before pulling. The insets depict the interaction between the receptor
and the ligand when they were to be separated. Ligand residues on the β-turn are purple, and those
at the C-terminal are magenta; key residues at the interface are marked black. VSD2 hNav1.5 residues
are orange and are highlighted in red characters.

In particular, four residues (W/G/F38, A39, N42, and N44) in the β-turn play vital
roles in VSD2hNav1.4 trapping (Table 1, Figure S1 and Table S1). In accordance with hNav1.7,
substitution W38G strongly diminished the toxin binding affinity due to steric hindrance
and H-bond repulsion between this residue and DII/S1–S2. Y42 in WT accepts a π-cation
contact from Arg111 in DII/S4, which in mutants is H-bonded with DII/S3–S4 for identical
contribution. N44 in WT forms weak H-bonds with the two extracellular loops, which are
strong with one loop in mutants. A residue located on the loop between α-helix and β-sheet
I, F15, also significantly contributes by forming a π-cation contact with the highly conserved
Arg114 in DII/S4. Interestingly, the important function of F15 is to work only when the
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toxins are bound with hNav1.4. Therefore, we deduced that this particularity is attributed
to the discrepancy in the 3D structures of the three VGSC subtypes. Additionally, unlike
hNav1.7, residues in the C-terminus lack powerful interactions with hNav1.4, although
they are involved in the combination of the receptor and toxins.

Table 1. Average total-residue interaction of AGAP and its mutants with VSD2s on hNav1.4 during
the dissociation process.

Region Residue
Total Interaction (kJ·mol−1)

AGAP AGAPW38G AGAPW38F

β-sheet I
Y5 −0.99 - -
D8 - - −22.96

loop between
α-helix and
β-sheet I

C12 - - −2.87
Y14 −2.55 - -

F15 * 1 −23.10 −20.44 −40.96
α-helix Y21 - - −2.60

β-sheet III Y35 −3.16 - −40.40

β-turn

Q37 - −19.97 −48.43
W38 −38.99 - -
G38 - −16.60 -
F38 - - −38.59
A39 −10.16 −12.59 −7.65
G40 - −27.39 -
V41 −37.54 - −38.77

Y42 * −25.09 −18.10 −23.06
G43 −24.60 - -

N44 * −15.78 −28.25 −24.74
β-sheet II W47 - - −7.25

C-terminal

R58 - - −2.75
V59 - −2.47 -
G61 - - −14.15
K62 −68.51 - -
C63 −17.33 −10.14 -
N64 −19.85 - -
G65 −25.08 - -

1 The characters in “*” played important roles in all three systems.

2.3.3. Specific Types of Interactions of Important Residues in the β-ScTx-hNav1.5 Complex

The calculation results show that the average energy contributions in van der Waals
(VDW) during the dissociations of AGAP, AGAPW38G, and AGAPW38F from VSD2hNav1.5 are
−169.03 kJ·mol−1, −167.40 kJ·mol−1, and −218.49 kJ·mol−1, respectively, whereas in elec-
trostatic interactions, they are −267.36 kJ·mol−1, −158.96 kJ·mol−1, and −174.17 kJ·mol−1,
respectively.

Specifically, seven residues (Q37, A39, G40, V41, N42, G43, and N44) in the β-turn have
significant contributions to electrostatic interactions in all complexes (Table 2, Figure S2 and
Table S2). Of these, N44 can always accept connection with DII/S3-S4. Similar to hNav1.4
and hNav1.7, the ring structure at position 38 still has a critical effect on the combination
with hNav1.5. Notably, Y5 and W47, which are adjacent to each other and Q37 in space,
always keep in direct contact with Asn43 in DII/S1–S2. Moreover, the residues in the
DII/S1-S2 contact with Q37 in the peptide are also close to Asn43. Therefore, we inferred
that the interaction surface formed by Y5, Q37, and W47 reacts with the new characteristics
of the binding pose of the toxins with hNav1.5. Further analysis reveals that the production
of the feature residues is derived from the opposite distribution of the hydrophobicity of
the extracellular loop in DII/S1-S2 on hNav1.5 and hNav1.4/hNav1.7 (Figure 11). Because
it is located in the middle of this loop on VSD2hNav1.5, hydrophilic Asn43 is able to directly
contact Y5 and W47 on AGAP through electrostatic interactions. Likewise, the roles of
residues in the C-terminus are limited in the combination of VSD2hNav1. 5 and toxins.
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Although the negatively charged R58 in this region can contact the positively charged
Asn43 in DII/S1–S2, the contribution is small due to the remote distance between them.

Table 2. Average total-residue interaction of AGAP and its mutants with VSD2s on hNav1.5 during
the dissociation process.

Region Residue
Total Interaction (kJ·mol−1)

AGAP AGAPW38G AGAPW38F

β-sheet I Y5 * 1 −17.07 −15.63 −28.23
loop between

α-helix and β-sheet I
R18 - −2.83 -
N19 - - −35.77

β-sheet III
Y35 −11.30 - −48.22
C36 - - −8.85

β-turn

Q37 * −37.77 −44.46 −38.32
W38 −83.59 - -
G38 - - -
F38 - - −29.71

A39 * −10.93 −10.09 −11.77
G40 * −25.21 −31.28 −29.44
V41 * −16.80 −36.36 −25.75
Y42 * −23.21 −38.87 −16.02
N44 * −64.25 −24.25 −45.47

β-sheet II W47 * −31.40 −23.19 −19.55

C-terminal

R58 −19.23 - −8.82
V59 −5.30 −2.39 −2.30
K62 −33.93 - -
C63 −21.27 −14.85 −1.11

1 The characters in “*” played important roles in all three systems.

Figure 11. Hydrophobicity of the loop between S1-S2 on VSD2s on VGSCs. (a) hNav1.4; (b) hNav1.5;
(c) hNav1.7. The default color spectrum used is blue–white–brown. Surfaces in blue correspond to
hydrophilic residues, whereas surfaces in brown correspond to hydrophobic residues. Residues at
positions 40–46 on VSD2s are shown on the surface.

3. Discussion

Combined with our previous study [32] and this research, two major factors are highly
related to the selectivity of AGAP and its mutants to hNav1.4, hNav1.5, and hNav1.7.
First, there are progressive dissimilarities in the 3D structures of AGAP bound, in which
VSD2hNav1.7 is the narrowest, VSD2hNav1.5 is wider, and VSD2hNav1.4 is the widest. These
differences in the binding poses established the feature residues of AGAP binding. Second,
the affinity of WT AGAP to VGSCs is always higher than the affinity of the two mutants,
according to the binding energy calculated by simulations and the IC50 values detected by
experiments. This evidence fully demonstrates that the residue at position 38 on AGAP is
one of the dominant factors affecting the selectivity of AGAP to the three VGSC subtypes.
Moreover, the results indicate that the ring structure of this position is presented as the
hinge structure, which provides a significant contribution when it contacts the channels
through VDW interactions. Similarly, K62 is also the pivotal residue in the AGAP C-
terminal, which may offer an impressive energy contribution to the negatively charged
residue on VGSCs when salt bridges form. Benefiting from the narrow active pocket of
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AGAP binding to VSD2hNav1.7, K62 can contact negatively charged Asp103 and Glu105 in
the DII/S3-S4 loop through powerful electrostatic interactions.

Additionally, a significant correlation was found between W38 and K62. For inter-
molecular interactions, these two residues displayed a synergistic effect to determine the
selectivity of AGAP to different VGSC subtypes. For instance, although the affinity of W38
and F38 is similar to the affinity of hNav1.4, the binding free energy of WT AGAP is much
higher than that of AGAPW38F because of the formation of a salt bridge between K62 on
WT and Glu40 on VSD2hNav1.4. In contrast to AGAPW38F, the contribution of position 38 on
AGAPW38G is minimal, while the contribution of K62 is still considerable when the toxin
contacts VSD2hNav1.7. Finally, the affinities of the two mutants to hNav1.7 are equivalent.
For intramolecular interactions, the function of K62 is affected by the substitution of residue
at position 38 as well. The electrostatic interactions between K62/C63 and the negatively
charged residues in the DII/S3–S4 loop on VSD2hNav1.7 were discovered to arise from the
existence of the internal reaction chain on WT (C63-C12-D8-N11-R58-Y42), which limits the
swing of the C-terminus. On AGAPW38F, this chain is broken because of the abolition of the
interaction between Y42 and R58 by A39. In WT and AGAPW38G, the group of A39 interact-
ing with Y42 is occupied by the combination with the receptor. Likewise, the formation of
the salt bridge between K62 and the negatively charged residue in the DII/S1-S2 loop on
VSD2hNav1.4 comes from a similar internal chain on WT (C63-C12-D8-N11-G61-Y42). After
the mutation, the electrostatic interaction between Y42 and G61 is distributed because the
reaction group in the former is occupied by A13 and Y14. The reason is the swerve of the
benzene on Y42 because of the interactions between it and Gln105/Arg111 on VSD2hNav1.4.
In the meantime, the shortage of the internal reaction chain to restrict the direction of the
C-terminal on AGAP results in the modest energy contribution of this region when it is
bound with hNav1.5.

However, there is still a sensitive difference in the affinity of the residue at position
38 to hNav1.5 on WT, AGAPW38G, and AGAPW38F. This result highlights that a single factor
is not enough to determine the selectivity of AGAP to the three VGSC subtypes.

Additionally, some limitations of this study should not be omitted. Firstly, following
the change of membrane potential, there are three different statuses: open, inactive, and
closed state. Herein, the structures in an open state were selected to explore the interactions
between AGAP and different VGSC subtypes. However, the combination of toxins and
sodium channels should be dynamically regulated. For β-ScTx, a voltage sensor trapping
model is universally accepted. In this model, the toxin first attaches to its receptor site
on VGSC in its inactive state, leading to a concentration-dependent decrease of the peak
current. As the channel is activated by a strong depolarization, a new binding site on the
channel to β-ScTx is exposed due to the change of conformation of VGSC. Finally, the
tightly bound toxin traps the activated conformation of the sodium channel in a process
independent of unimolecular concentration [27,33]. This could possibly be the reason for
parts of the studies exploring β-ScTx with activated state VGSC through computational
and/or experimental approaches [34,35]. For this work, as mentioned above, the outcoming
of the patch clamp test manifested that there was little effect of AGAP on the inactivation
process [24]. In this way, AGAP appears to suppress the sodium channels, mainly in the
open state. Therefore, the interactions between this peptide and activated VGSC were
explored in our study. Nevertheless, it does not mean that the complete dynamic process
of the toxin binding to the channels is fully considered. These variables should be taken
into account in our further studies. Secondly, AGAP draws our attention because of its
analgesic effect targeting hNav1.7. Furthermore, its potential skeletal and cardiac muscle
toxicity, as well as the similar biological activity to hNav1.7, hNav1.4, and hNav1.5, led us
to pay more attention to the interactions between AGAP and these three VGSC subtypes.
After intravenous injection of AGAP, central nervous system diseases such as epilepsy and
migraine were not observed in mice, so the combinations of AGAP with the VGSC subtypes
mainly distributed in this region (Nav1.1, Nav1.2, Nav1.3, and Nav1.6) were not examined
in this study. On the other hand, Nav1.7, Nav1.8, and Nav1.9 are primarily expressed in
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the peripheral nervous system, and all have the potential to be a non-addictive analgesic
target. Our previous studies by whole-cell clamp patch indicated that AGAP could only
suppress the activity of hNav1.8 with a 25% reduction in peak current while hNav1.7 with a
reduction in 68% [24]. Limited by the experimental materials, the inhibiting effect of AGAP
on hNav1.9 were not discussed in our research. In future investigations, the mechanism of
this toxin and other VGSC subtypes should be complemented through both computational
simulation and experimental methods. Thirdly, the rational design scheme of AGAP
proposed in this paper still needs to be tested with additional experiments. In the sequel of
our study, the new mutants will be obtained by genetic engineering. Their actual effects on
different VGSC subtypes should be illustrated through whole-cell clamp patch or animal
experiments, such as forced swimming test, rota-rod test, and mouse-twisting model.

4. Conclusions

Overall, the in-depth simulation analysis revealed several significant commonalities
and differences in AGAP binding on the three VGSC subtypes. In general, retaining the ring
structure of the amino acid residue at or near position 38, as well as increasing the rational
distribution of basic residues in the C-terminal on AGAP, are indicated to be advantageous
for improving the affinity of hNav1.7, which was disclosed in our previous studies [32]. In
contrast, disruption of the ring structure of F15 and Y5/W47 on AGAP effectively reduced
its binding activity for hNav1.4 and hNav1.5.

To elucidate these findings more specifically, from the perspective of AGAP: (i) β-turn
is the essential region of AGAP to combine with the VGSC because the majority of the
binding residues (at position 37–44) are located within it; (ii) the conserved N44 in the
β-turn is always H-bonded to the DII/S3-S4 on the three VGSCs with a prominent energy
contribution; (iii) the deficiency of the carbonyl in the R group at position 105 on the DII/S3-
S4 loop of hNav1.4 and hNav1.5 may dramatically decrease its electrostatic contacts with
Y42 in the β-turn or K62 in the C-terminal on the AGAP; (iv) the unique residues on AGAP
may function vitally when combined with different VGSC subtypes, for example, F15 for
hNav1.4 and Y5, Q37 and W47 for hNav1.5. From the perspective of three VGSC subtypes:
(i) The charged residue at position 49 on VSD2 always accepts a π-cation contact with the
residues bearing ring structure (Y35, W38, and Y42) in the β-turn of AGAP; (ii) The highly
conserved negatively charged residues in DII/S4 (Arg111 and/or Arg114) participate in
the combination with the peptides by forming H-bond or π-cation interactions with G40
and/or V41 in the AGAP β-turns. This response is in accordance with the voltage sensor
trapping model, whereby the activated conformation of VSD2, in which DII/S4 moves
outward, is trapped by β-ScTxs through strong binding with it. Further research should
be undertaken to verify the above results based on experimental methods such as animal
toxicity test, western blotting, blood assays, and clamp patch.

We believe that the enlargement of the study of the interaction mechanism of AGAP
with hNav1.4, hNav1.5, and hNav1.7 will shed more light on elaborating the selectiv-
ity of scorpion toxins to different VGSC subtypes. Furthermore, this research provides
more abundant theoretical knowledge and references for developing selective medicines
targeting VGSCs.

5. Materials and Methods

5.1. Homology Modeling and Molecular Docking

The theoretical model of hNav1.4 was obtained from the Protein Data Bank (PDB ID:
6AGF). Five hundred conformations of hNav1.5 and AGAP were built through Modeler
9.9 [36] due to the protein sequences obtained from UniProt (accession numbers were
Q15858 and Q95P69, respectively) [37]. Crystal structures of cardiac sodium channel from
Rattus norvegicus (PDD ID: 6UZ0) and α-Tx11 from Buthus martensii (PDB: 2KBH) were
selected as the templates for homology modeling because of their high sequence identity
with hNav1.5 and AGAP, respectively. Models with the least discrete optimized protein
energy (DOPE) score were validated by Ramachandran plots and profile-3D and chosen as
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the best ones. Two mutants of AGAP (AGAPW38G/AGAPW38F) were obtained by modeler
site-directed mutagenesis. To accurately predict the three-dimensional structures of the
target sequences in a real physiological environment, molecular dynamics (MD) simulations
were applied. The parameters used here are described in Section 5.2.

The optimized structures of AGAP and its mutants were docked into the binding sites
on VSD2hNav1.4 and VSD2hNav1.5 by ZDOCK, which is suitable for studying the interactions
between biomacromolecules [38]. The active pockets were restricted in the extracellular
region of VSD2. The matching algorithms are used to carry out the process of docking.
In accordance with the RMSD cutoff, 2000 poses were divided into 60 clusters with an
angular step size of 6◦. The small angular step size ensures that the most possible binding
modes can be considered in the docking. The cluster containing the largest number of
docking poses usually figures out the binding site that the ligand is most likely to combine.
Furthermore, the configurations with the lowest binding energy in the largest cluster were
screened out for further simulations after excluding those in direct conflict with the position
of the membrane and published research results about the binding site of β-ScTx with
VGSC [20,28,29]. However, the molecular docking was carried out in a vacuum, which is
insufficient to reflect the realistic conformations of AGAP with VGSCs. Therefore, molecular
dynamic simulations were needed to optimize these conformations.

5.2. Molecular Dynamics

The prediction structures and docking complexes were carried out on 100 ns time scale
molecular dynamics simulations utilizing the GROMACS 2018 package [39]. A 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer model was used with a united-atom
force field [40] to describe the phospholipid bilayer of hNav1.4 and hNav1.5, and GROMOS-
53a6 force-field parameters were assigned to the other parts in the systems. InflateGro
methodology [41] was performed to accurately embed these two channels into the lipids.
The SPC water model [42] was introduced as the solvation, and counterions were added to
neutralize the systems. The steepest descent algorithm and conjugate gradient algorithm
were used to minimize the energy and remove the bad contacts first. Subsequently, the
simulation conditions were heated to 310 K using a modified Berendsen thermostat [43]
with non-hydrogen solute atoms restrained. Simulation in the NPT ensemble follows
this desired temperature and 1 atm constant pressure for 1 ns. The equilibration systems
were subjected to a 100 ns MD simulation with no constraints applied. Moreover, the
particle mesh Ewald (PME) method [44] and LINear Constraint Solver (LINCS) [45] were
performed to assess the long-range electrostatic interactions and redress the lengths of
all the bonds. The MD trajectory and snapshots were saved every 10 ps and analyzed by
the tools of the Gromacs package, PyMol [46], and VMD [47]. The equilibrated trajectory
was extracted to perform cluster analysis using the Gromos clustering algorithm with a
tolerance of 0.15 nm for root–mean–square deviation (RMSD) [48].

5.3. Steered Molecular Dynamics and PMF Calculations

Steered molecular dynamics (SMD) simulations were carried out on the equilibrated
model after MD [49]. With a biasing force constant of 500 kJ·mol−1·nm−2 and a pulling
velocity of 0.001 nm·ps−1, a force pulled AGAP/AGAPW38G/AGAPW38F away from the
binding surface of VSD2hNav1.4 and VSD2hNav1.5 along the z-dimension in the 5 ns simu-
lation runs at 310 K and 1 atm. Herein, with respect to the atoms of VSD2s, the β-ScTxs
were taken to be static. Snapshots of the model were captured every 10 ns. The umbrella
sampling method, weighted histogram analysis method [50], and PMF (potential of mean
force) curves for this process were calculated to describe the binding free energy between
the ligand and receptor.
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Abstract: Scorpion-venom-derived peptides have become a promising anticancer agent due to their
cytotoxicity against tumor cells via multiple mechanisms. The suppressive effect of the cationic
antimicrobial peptide Smp24, which is derived from the venom of Scorpio Maurus palmatus, on the
proliferation of the hepatoma cell line HepG2 has been reported earlier. However, its mode of action
against HepG2 hepatoma cells remains unclear. In the current research, Smp24 was discovered to
suppress the viability of HepG2 cells while having a minor effect on normal LO2 cells. Moreover,
endocytosis and pore formation were demonstrated to be involved in the uptake of Smp24 into
HepG2 cells, which subsequently interacted with the mitochondrial membrane and caused the
decrease in its potential, cytoskeleton reorganization, ROS accumulation, mitochondrial dysfunction,
and alteration of apoptosis- and autophagy-related signaling pathways. The protecting activity of
Smp24 in the HepG2 xenograft mice model was also demonstrated. Therefore, our data suggest
that the antitumor effect of Smp24 is closely related to the induction of cell apoptosis, cycle arrest,
and autophagy via cell membrane disruption and mitochondrial dysfunction, suggesting a potential
alternative in hepatocellular carcinoma treatment.

Keywords: antitumor peptide; membrane disruption; mitochondrial dysfunction; apoptosis; cell
cycle arrest; autophagy

Key Contribution: The antitumor mechanism of Smp24 against HepG2 cells was demonstrated to
be associated with the disruption of cell membrane and mitochondrial dysfunction, leading to the
suppression of cell viability by induction of cell apoptosis, cycle arrest, and autophagy.

1. Introduction

Scorpions and their venom have a long history of serving people as traditional
medicine against multiple conditions. Specially, scorpion-derived peptides are proved to
become a promising remedy against severe diseases such as cancer and immune-related
disease [1,2]. The active peptides from scorpions generally belong to disulfide-bridged
peptides (DBPs) and non-disulfide-bridged peptides (NDBPs). As the important com-
ponents of scorpion venom, DBPs are associated with neurotoxicity, while NDBPs are
multiple functional cationic peptides possessing antibacterial, antiviral, anticancer, and
immune-modulatory activities [3]. These peptides may serve as potential candidates for
drug development with a broad range of applications [4]. Due to the need for novel anti-
cancer drugs with low cytotoxicity and treatment resistance, antimicrobial peptides (AMPs)
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can represent a potential therapy by selectively targeting tumor cells through binding the
negative-charged phosphatidylserine and syndecans on their surface, causing cell death
by multiple mechanisms [5]. For instance, MSP-4, an AMP identified from the Nile tilapia
(Oreochromis niloticus), has been described to decrease the viability of the human osteosar-
coma cell line MG-63 through induction of cell cycle arrest and apoptosis by activating
a Fas/FasL- and mitochondria-mediated pathway [6]. The cationic AMP reported from
the hemocyanin of Litopenaeus vannamei, LvHemB1, inhibits the viability of various cancer
cell lines while not affecting the normal liver cell lines [7]. Moreover, LvHemB1 exerts its
antitumor effect by causing mitochondrial membrane potential loss, increasing reactive
oxygen species (ROS) production and apoptotic proteins. We previously reported Smp24
(IWSFLIKAATKLLPSLFGGGKKDS), a cationic AMP identified from the venom of Scorpio
Maurus palmatus with a wide antimicrobial spectrum against various bacteria and fungi [8].
The cytotoxicity of Smp24 against two acute leukemia cell lines (KG1-a and CCRF-CEM),
as well as four lung cancer cell lines (A549, H3122, PC-9, and H460) and nontumor cell
lines (HRECs, CD34+, MCR-5, and HaCaT) has been described in further studies [9–11].
Smp24 also has cytotoxic effects against HepG2 hepatoma cells, as presented in ATP release
assays; nevertheless, its mode of action against HepG2 hepatoma cells remains unclear. In
this study, we explored the cytotoxicity of Smp24 and its impacts on the cell membrane,
cell cycle distribution, apoptosis, and autophagy of HepG2 cells. Our results reveal that
the antitumor activity of Smp24 is related to membrane disruption and mitochondrial
dysfunction, inducing cell cycle arrest, apoptosis, and autophagy.

2. Results

2.1. Smp24 Inhibits the Proliferation of Hepatoma Cells

The cytotoxicity of Smp24 against both human hepatoma cell HepG2 and normal
hepatic cell LO2 was evaluated. While compared with the minor effects on LO2 cells,
Smp24 presented a remarkable inhibitory effect on the proliferation of HepG2 (Figure 1A).
In detail, after 24 h incubation, the IC50 values of Smp24 against HepG2 and LO2 cells
were approximately 5.524 μM and 16.68 μM, respectively. Moreover, as exhibited in
Figure 1B, Smp24 decreased the viability of HepG2 hepatoma cells in concentration- and
time-dependent manners. Consistently, in comparison with control group, the fluorescence
of EdU-labeled cells was gradually decreased with the increasing Smp24 concentrations
(Figure 1C). The morphological changes of HepG2 cells were visible after 24 h incubation
with Smp24 (Figure 1D). Cells treated with Smp24 changed to a spherical shape with the
appearance of cellular debris and floating cells, while it had an epithelial-like morphology
with smooth surfaces in the control group. All these data indicated that Smp24 suppresses
the viability of HepG2 cells in a dosage-dependent manner.

2.2. Smp24 Enters into HepG2 Cells through Endocytosis and Pore Formation

The surface charge was calculated due to the fact that the interaction between cancer
cells and cationic peptide plays a crucial role in its inhibitory effect. As presented in
Figure 2A, the zeta potential of HepG2 cells incubated with Smp24 (2.5, 5, and 10 μM) was
increased from −14.67 mV to −8.11 mV in a concentration-dependent manner. Therefore,
Smp24 could react with the HepG2 cell surface or cross the cell membrane, subsequently
culminating in alterations of cell surface charge. To further evaluate the potential in-
ternalization activity of Smp24, the fluorescence of FITC-labeled Smp24 was observed.
Smp24 was able to enter the HepG2 cells after 6 h of incubation, followed by the pen-
etration into the nucleus in 24 h, as presented by the increase in fluorescence while
compared with the control group (Figure 2B). Moreover, flow cytometry suggested that
Smp24 also dose-dependently accomplished its internalization activity (Figure 2C). As a
crucial component involved in the interaction between membrane and cell-penetrating
peptide [12], the impact of heparan sulfate on the cellular internalization of Smp24 was
assessed. Pretreatment with heparan sulfate (5, 10, and 20 μg/mL) led to the decreas-
ing fluorescence of FITC-labeled Smp24 by approximately 1.56%, 48.12%, and 66.82%,
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respectively. Furthermore, treatment with ammonium chloride significantly reduced the
cellular uptake of Smp24. The internalization effect of Smp24 in different temperatures
was further analyzed. The cellular internalization of Smp24 at 37 ◦C was approximately
45.89% higher than that at 4 ◦C, showing that Smp24 penetrated HepG2 cell membrane
in an energy-dependent and thermosensitive manner. These findings suggested the
internalization of Smp24 into HepG2 cells via pore formation and endocytosis.

 

Figure 1. Smp24 suppressed the proliferation of HepG2 cells. (A) Effect of Smp24 on the viability
of HepG2 and LO2 cells. After treatment with Smp24 (0–20 μM) for 24 h, MTT assays were used
to determine cell viabilities. (B) Cytotoxicity of different concentrations of Smp24 against HepG2
cells after 12, 24, and 48 h of treatment and their IC50 values were detected by MTT assay. (C) EdU
cell proliferation assay. Photographs were captured at 400× magnification. Panels a–d present cells
stained with EdU while panels a’–d’ present the merge images of cells stained by EdU and DAPI.
Panels a and a’: control cells; panels b–d and b’–d’: cells treated with 2.5, 5, and 10 μM Smp24 for
24 h, respectively. (D) Changes in cell morphology in the presence of Smp24. Photographs were
taken at 100× magnification. Panel a: control group; panels b–f: cells treated with 1.25, 2.5, 5, 10, and
20 μM of Smp24 for 24 h, respectively. The data are shown as the mean ± SEM (n = 3). ** p < 0.01 and
*** p < 0.001 are regarded to be statistically significant in comparison with the control group.
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Figure 2. Uptake mechanism of Smp24 into HepG2 cells. (A) Zeta potential assay. Changes of cell
membrane surface potential after Smp24 (0, 2.5, 5, and 10 μM) was co-incubated with HepG2 cells for
5 min with PBS as the control; (B) fluorescence microscope detection of Smp24 entering HepG2 cells.
The upper panel depicts FITC-labeled Smp24-stained cells, the lower panel depicts cells stained by
FITC-labeled Smp24 and DAPI, panels a and a’: the control groups, panels b–d and b’–d’: the 6, 12,
and 24 h Smp24 administration groups, respectively; photographs were taken at 400× magnification.
(C) Flow cytometry measurement of Smp24 entering HepG2 cells in the absence and presence of
ammonium chloride, heparan sulfate (5, 10, and 20 μg/mL) or different temperatures for 1 h. The
data are shown as the means ± SEM (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 are regarded to be
statistically significant in comparison with control group without Smp24 treatment.

2.3. Smp24 Changes Cell Cytoskeleton Conformation

Actin-forming microfilaments in the cytoskeleton are involved in many cellular pro-
cesses, such as cell signaling, division, motility, cytokinesis, the building-up and mainte-
nance of cell junctions, and shape [13]. Accordingly, filamentous (F)-actin was stained with
rhodamine–phalloidin to identify the effect of Smp24 on the cytoskeleton. In comparison
with the control cells, which had flat microfilament bundles and sharp boundaries, treat-
ment with Smp24 resulted in the reorganization of intracellular actin filaments together
with the demolition of F-actin, leading to the structural dissociation of HepG2 cells. Fur-
thermore, this phenomenon was aggravated by increasing Smp24 concentration (Figure 3).
The results revealed the effect of Smp24 on the cytoskeleton in HepG2 cells by affecting the
F-actin network.

2.4. Smp24 Destroys the Cellular and Mitochondrial Membrane of HepG2 Cells

The LDH-release assay is a common cell death/cytotoxicity assay used to assess
plasma membrane damage to a cell population. As shown in Figure 4A, LDH release
from HepG2 cells was increased with treatment of Smp24 in concentration- and time-
dependent manners. SEM imaging was carried out to confirm the impact of Smp24 on the
cell membrane of HepG2. Compared with the well-defined cell membrane of control cells,
Smp24 treatment led to visible changes in morphology, with unclear boundaries of cell
membrane together with leakage of cellular contents (Figure 4B). Consequently, the leaked
calcein from HepG2 cells was measured to evaluate the impact of Smp24 on cell membrane
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permeability. As showed by the changing fluorescence intensity in Figure 2C, the calcein
leakage from HepG2 cells was gradually increased by the administration of Smp24. Thus,
the membrane integrity of HepG2 cells could be disrupted by Smp24. Furtherly, CoCl2
is a calcein fluorescence quencher in cytoplasm rather than in mitochondria. The calcein
leakage fluorescence in the presence of CoCl2 was concentration-dependently decreased
by Smp24 in comparison with the control group. Additionally, there was no statistically
noteworthy change in the fluorescence intensity of cells incubated with both NAC and CsA.
These findings indicate that Smp24 affects both the mitochondrial and cellular membranes
of HepG2 cells in a nonspecific manner.

 

Figure 3. The changes in the cytoskeleton of HepG2 cells in the presence of Smp24. After being
treated with Smp24 (2.5, 5, and 10 μM) for 24 h, HepG2 cells were subsequently dyed by rhodamine–
phalloidin and DAPI and were examined under fluorescence microscopy with 400× magnification.
White arrows indicate disorganized microfilament bundles. Scale bar, 20 μm.

2.5. Smp24 Declines Mitochondrial Membrane Potential but Promotes ROS Production

The disruption of the mitochondrial membrane may result in the dysfunction of
mitochondria, loss of mitochondrial membrane potential, as well as a high level of ROS [14],
which finally cause metabolic cell death. Thus, the changes in membrane potential of
Smp24-treated cells were assessed with JC-1 staining, which formed red fluorescence at a
high mitochondrial membrane potential while forming green fluorescence at a low one. In
comparison with the control group, Smp24 concentration-dependently increased the green
fluorescence while declining the red fluorescence (Figure 5A), indicating that Smp24 could
decrease the mitochondrial membrane potential.

DCFH-DA can be hydrolyzed by intracellular esterase to produce DCFH which does
not permeate cell membranes and can be oxidized to generate fluorescent DCF. Consistent
with the result in the JC-1 staining assay, Smp24 dose-dependently induced ROS production
in HepG2 cells (Figure 5B), compared with the control cells. In addition, co-treatment with
NAC notably ameliorated all the abnormal phenomena caused by Smp24. All these findings
revealed that Smp24 is responsible for the loss of mitochondrial membrane potential and
increase in ROS production, implying a damaged mitochondrial membrane and function.
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Figure 4. Cellular and mitochondrial membrane damage stimulated by Smp24 in HepG2 cells.
(A) Levels of LDH release from Smp24-treated HepG2 cells for 12, 24, and 48 h. (B) The morphological
structure changes of HepG2 cells under SEM. Panels a–d: HepG2 cells in the presence of 0, 2.5, 5, and
10 μM of Smp24, respectively. Scale bar: 10 μm. (C) Flow cytometry analysis of calcein fluorescence
with (top panels) and without CoCl2 (bottom panels). After pre-incubation with NAC (2 mM) or
CsA (1 μM), cells were subsequently treated by 5 μM Smp24 for 24 h, followed by incubation with
1 μM calcein AM or 1 μM calcein AM + 1 mM CoCl2 at 37 ◦C for 30 min. Panels a–d and Panels
a’–d’: HepG2 cells sequentially treated with 0, 2.5, 5, and 10 μM of Smp24, respectively; panels e and
e’: HepG2 cells treated by 2 mM NAC; panels f and f’: HepG2 cells treated by 2 mM NAC + 5 μM
Smp24; panels g and g’: HepG2 cells treated by 1 μM CsA; panels h and h’: HepG2 cells treated
by 1 μM CsA + 5 μM Smp24. The data are displayed as the means ± SEM (n = 3). *** p < 0.001 are
considered statistically significant in comparison with the control group without peptide.
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Figure 5. Impacts of Smp24 on mitochondrial membrane potential and ROS accumulation of HepG2
cells. (A) Mitochondrial membrane potential changes in HepG2 cells induced by Smp24. Cells
were incubated with 0–10 μM Smp24, 2 mM NAC, or with 2 mM NAC + 5 μM Smp24 for 12 h, as
described in Material and Methods, and then fluorescent images were taken under fluorescence
microscope at 400× magnification. (B) ROS levels in HepG2 cells. HepG2 cells were incubated with
0–10 μM Smp24 for 12 h, followed by DCFH-DA staining at 37 ◦C for 30 min before detection by
fluorescence microscope.

2.6. Smp24 Activates Mitochondrion-Mediated Intrinsic Pathway and Induces Apoptosis in
HepG2 Cells

The variations in mitochondrial outer membrane permeability contribute to the apop-
totic cascade in cell death pathways [15]. Thus, HepG2 cell apoptosis induced by Smp24
was investigated using DAPI and annexin V-FITC/PI staining assays. As presented in
Figure 6A, typical apoptotic features, such as chromatin condensation and the appearance
of apoptotic bodies, were obvious in HepG2 cells incubated with Smp24. The apoptotic cell
rate measured using an annexin V-FITC/PI staining assay was also significantly increased
from 8.64% to 46.8% after exposure to Smp24 (Figure 6B). Additionally, co-treatment with
antioxidant NAC remarkably reduced the pro-apoptotic effect of Smp24, in which the
apoptotic cell proportion decreased from 28.76% to 18.80%.

Due to their important role in the process of apoptosis, the mitochondria/cytochrome
C mediated apoptotic pathways were examined to further explore the underlining mecha-
nism of the apoptosis-induced activity of Smp24 in HepG2 cells [16,17]. Under our condi-
tion, treatment with Smp24 concentration-dependently upregulated the expression of cy-
tochrome C (Figure 6C,D). What is more, Smp24 significantly increased the levels of cleaved
caspase-3, caspase-9, and PARP, while its precursors were declined in a concentration-
dependent manner. Simultaneously, compared with normal cells, Smp24-treated HepG2
cells possessed a remarkable increase in the expression of Bax while possessing a significant
decrease in that of Bcl-1.
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Figure 6. Apoptosis of HepG2 cells induced by Smp24. (A) DAPI staining images of apoptotic cells.
HepG2 cells were incubated with 2.5, 5, and 10 μM Smp24 for 24 h, followed by DAPI staining. The
apoptotic bodies were marked by yellow triangles. Panels a–d: HepG2 cells sequentially treated by 0,
2.5, 5, and 10 μM of Smp24. (B) Flow cytometry of apoptotic cells. HepG2 cells were incubated with
2.5, 5, and 10 μM of Smp24, and subsequently dyed with annexin V-FITC/PI. Panels a–d: HepG2
cells sequentially incubated with 0, 2.5, 5, and 10 μM of Smp24; panels e–f: HepG2 cells sequentially
incubated with 2 mM NAC and 2 mM NAC + 5 μM Smp24; panels g–h: HepG2 cells sequentially
incubated with 1 μM CsA and 1 μM CsA + 5 μM Smp24, respectively. (C) Representative Western
blots of the apoptotic pathway induced by Smp24 in HepG2 cells. (D) Quantification analysis of
band densities in (C). Bars mean the relative expression of the target protein to the control. Image J
software (64-bit, National Institutes of Health, MD, USA) was applied to analyze the band, and the
data are displayed as mean ± SEM (n = 3). ** p < 0.01 and *** p < 0.001 are regarded to be statistically
significant in comparison with the control group.
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2.7. Smp24 Regulates the Expression of G2/M Phase-Related Proteins and Induces Cell
Cycle Arrest

Mitochondrial damage is known to be related to the occurrence of cell-cycle accumula-
tion, leading to apoptosis in cancer cells [18]. Therefore, flow cytometry was conducted
to investigate the cell cycle change induced by Smp24 in HepG2 cells. After 24 h of treat-
ment, the proportion of HepG2 cells arrested in the S phase was increased by Smp24 (2.5,
5, and 10 μM) from 12.87% to approximately 15.95%, 18.85%, and 20.85%, respectively,
while those in the G2/M phase were also raised from 6.83% to 7.83%, 9.83%, and 14.83%.
Moreover, the proportion of cells in phase G0/G1 was obviously dropped by Smp24 in a
concentration-dependent manner (Figure 7A). In line with the changes in cell cycle, treat-
ment with Smp24 upregulated the expression of cyclin A, cyclin B, p21Wafl/Cip1, as well as
p53, while dose-dependently depressed the expression of CDK2 and cyclin E (Figure 7B,C).

 
Figure 7. Cycle arrest of HepG2 cells induced by Smp24. (A) Cell cycle analysis by flow cytometry.
Panels a–d: 0, 2.5, 5, and 10 μM Smp24-treated groups, respectively. (B) Western blot images of
HepG2 cells treated by Smp24 (2.5, 5, and 10 μM) for 24 h. (C) Statistical analysis of (B). Bars mean
the relative expression of the target protein to the control. Image J software was applied to analyze
the band, and the data are shown as mean ± SEM (n = 3). *** p < 0.001 is regarded to be statistically
significant in comparison with the control group.

2.8. Smp24 Regulates Autophagy-Related Signaling Pathways

Autophagy is a catabolic pathway essential for organismal homeostasis; together with
apoptosis, it might be considered as a potential cancer cellular control [19,20]. Hence, the
effect of Smp24 on autophagy-regulated signaling pathways was explored. As displayed
in Figure 8A, when compared to the control cells, Smp24 markedly reduced the contents
of phosphorylated mTOR, PI3K, as well as AKT, in a dose-dependent manner. Further-
more, treatment with Smp24 dose-dependently suppressed the expression of microtubule-

55



Toxins 2022, 14, 717

associated protein LC3A/B-I and p62 while enhancing the levels of autophagosome forma-
tion marker LC3A/B-II [21].

Figure 8. Autophagy and signaling pathways regulated by Smp24. (A,C) Representative Western blot
images of proteins belonging to PI3K/Akt/mTOR and MAPK signaling pathways. HepG2 cells were
exposed to 2.5, 5, and 10 μM Smp24 for 24 h, with PBS as the negative control. (B,D) Quantification
analysis of band densities in (A,C). Bars mean the relative expression of the target protein to the
control group. Data are shown as mean ± SEM (n = 3). *** p < 0.001 is regarded to be statistically
significant in comparison with the control group.

The MAPK pathway may become a promising target in cancer therapy owing to
the important role in multiple cell process, especially in autophagy, apoptosis, and cell
cycle arrest [22,23]. Under our conditions, Smp24 significantly decreased the expression
of phosphorylated-JNK, ERK, and p38, while it did not affect its total protein expression
(Figure 8C,D). These results suggested that Smp24 induced autophagy in HepG2 cells by
regulating autophagy-regulated signaling pathways.

2.9. Smp24 Shows Antitumor Effects In Vivo

The in vivo antihepatoma effect of Smp24 was evaluated in HepG2 xenograft mice. As
presented in Figure 9B–D, Smp24 significantly reduced tumors in both weight and volume
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by approximately 55.4% and 56.3%, respectively, in comparison with the control group at
the end of experiment. Furthermore, Smp24 did not cause notable changes in body weight
and crucial organs including liver, heart, lung, spleen, and kidney in the xenograft mice
(Figure 9E,F). Consistent with the above results, histopathological examination indicated
the antitumor effect of Smp24 by the appearance of abnormal changes in cancer cells, such
as nuclear condensation, cell shrinkage, and inflammatory cell infiltration (Figure 9G).
Furthermore, in line with the upregulated expression induced by Smp24 in vitro, the
expression of cleaved caspase-3 was also verified in tumor tissue by immunohistochemical
staining assay (Figure 9H). These findings reveal the antitumor effect of Smp24 in vivo.

 

Figure 9. Effect of Smp24 on xenograft mice. Once the volume of tumors increased to approximately
50 mm3, physiological saline or Smp24 (2 mg/kg) was injected near the tumor site every three days
for a total of six times. The tumor volumes and the body weight of mice was also recorded daily. The
tumors and important organs including liver, heart, lung, spleen, and kidney at the end of experiment
were separated for analysis. (A) Schedule for in vivo experiment. (B) Images of tumors removed
from mice. Scale unit: centimeter. (C,D) Tumor weight and volume at the end of experiments.
(E) Body weight changes of nude mice after Smp24 injection. (F) Organ weight changes at the end of
experiments. (G) HE staining images of tumor tissue. (H) IHC images of cleaved caspase-3 in tumor
tissue from xenograft mice. Photographs were taken under light microscope at 200× magnification.
Yellow arrow: enlarged tumor cells. Blue arrow: shrinking cells. White arrow: positive apoptotic
staining (brown areas). The data are expressed as mean ± SEM (n = 5). ns: no significance, ** p < 0.01
is regarded to be statistically significant in comparison with control group.
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3. Discussion

Despite their multidrug resistance and toxicity towards normal tissue, radiotherapy
and chemotherapy remain the most common non-surgical remedies in cancer treatment.
However, new treatments with less side effects are urgently needed. AMPs become promis-
ing anticancer agents due to their targeting of cell membranes instead of specific receptors,
making them less likely to induce drug resistance in tumor cells [24]. The cytotoxicity
of Smp24 against HepG2 cells have been reported in a previous study [8]; however, its
underlying mechanism remains elusive. In the present study, the antitumor activity of
Smp24 against HepG2 has been confirmed both in vitro and in vivo. We also revealed that
Smp24 significantly suppresses the proliferation of HepG2 cells, while having a slight effect
on that of the normal hepatic cell LO2, suggesting a highly selective activity against tumor
cells (Figure 1A). It is noteworthy that the IC50 values of Smp24 against HepG2 cells was
slightly higher than the results in our previous study against A549 cells [10,11]. Therefore,
there are some common mechanisms against two kinds of tumor by Smp24.

Cationic AMPs commonly possess cancer-selective toxicity due to the fact that fun-
damental differences exist in cell membranes between normal cells and cancer cells [25].
The normal mammalian cell membrane outer leaflet is primarily composed of neutral
zwitterionic phospholipids, whereas the cancer cell membrane consists of exclusive an-
ionic constituents such as O-glycosylated mucins [26], phosphatidylserine [27], sialylated
gangliosides [28], and heparan sulfate [29]. The presence of positively charged residues in
AMPs enhances electrostatic binding to negative charges induced by anionic constituents
in cancer cell membranes, causing changes in surface charge [30]. In agreement, Smp24
enhances the zeta potential of HepG2 cells, while its cellular internalization is suppressed
in the presence of heparan sulfate (Figure 2A,C).

Antitumor AMPs generally possess a consistent membranolytic mode of action as
pore formation, which cause cancer cell membrane disruption or permeation, leading to
cell lysis and death [31,32]. In this study, evidence from LDH staining, SEM analysis,
and calcein AM assay has revealed that Smp24 is likely a pore-forming peptide due
to the occurrence of disruption and increasing permeability of cancer cell membranes
(Figures 2 and 4). However, further studies are required to observe the pore formed
by Smp24. Additionally, the responsibility of endocytosis for the uptake of Smp24 by
HepG2 cells is also demonstrated, which is similar with melittin, a cationic AMP that
enters cancer cells via the endocytosis-dependent pathway [33].

The membranolytic effect of AMPs is not only defined on the cell membrane, but
also on the mitochondrial membrane, causing the decrease in its potential, altering the
permeability of the mitochondrial membrane, increasing ROS production, and eventually
mitochondrial dysfunction [5]. For instance, myristol-CM4, a new synthetic analog of
AMP CM4, exerts its antitumor capacity against breast cancer cells by targeting mitochon-
dria, which leads to a release of pro-apoptotic factors such as cytochrome C and induces
mitochondria-dependent apoptosis [34]. Consistently, the damaged mitochondrial mem-
brane caused by Smp24 was presented by the decline in its potential, and an increase in
ROS accumulation, as well as calcein leakage from mitochondria (Figures 4 and 5). Conse-
quently, Smp24 enhances apoptosis in HepG2 cells via activating the intrinsic mitochondrial
apoptotic pathway (Figure 6). These data reveal that the antitumor mechanism of Smp24 is
attributable to target mitochondria and induce mitochondria-mediated apoptosis.

The cytoskeleton is known to contribute to cancer progress by inducing cell prolifera-
tion and activating oncogenes, leading to tumorigenesis [35]. As an important component
in cytoskeletal structures, the actin skeleton is involved in multiple mitochondrial functions,
including mitochondrial dynamics, trafficking and autophagy, mitochondrial biogenesis,
and metabolism [36]. Notably, the disruption of actin dynamics might cause the decrease
in mitochondrial membrane potential, increase the ROS accumulation, induce the intrinsic
apoptosis pathway, and finally lead to cell death [37]. In line with this, the reorganization
of F-actin in the HepG2 cell cytoskeleton was observed in the presence of Smp24 (Figure 3).
However, contrary to its effects on A549 cells [10,11], Smp24 could not inhibit the mobility
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of HepG2 cells in the wound-healing and transwell assays (data not shown). Therefore,
there are some discrepancies in its mechanism against two cell lines and further research
is necessary.

Mitochondria are crucial in cellular metabolism and their dysfunction might affect
cell proliferation, causing cell cycle accumulation and apoptosis [38]. In agreement, mito-
chondria damage caused by Smp24 causes cell cycle suspension in the S and G2/M phases
in HepG2 cells, as presented in flow cytometry analysis (Figure 7). p53 is a transcription
factor which exerts a critical effect both in the G1/S and G2/M checkpoint of cell cycle and
can be regulated by the transcriptional activation of p21Waft1/Clip1 [39,40]. Concurrently,
p21 Waft1/Clip1 also causes G1/S phase cell cycle arrest by suppressing the kinase activity
of CDK2/cyclin A, CDK2/cyclin E, and CDK1/cyclin A, while the inhibition of G2/M
transition is related to the binding with CDK1/cyclin B1 [41]. Consistently, Western blotting
reveals that treatment with Smp24 dose-dependently suppresses the expression of cyclin
E and CDK2, but upregulates the expression of cyclin A, cyclin B, p21Waft1/Clip1, and p53,
inducing cell cycle accumulation at the S and G2/M phases (Figure 7).

Both autophagy and apoptosis are of pivotal importance in cellular homeostasis, and
there is abundant evidence proving the co-regulation of these pathways. For example, over-
expression of the autophagy effector Beclin 1 may lead to the release of Bak/Bax from Bcl-2
to enhance apoptosis, whereas an excessive Beclin 1-dependent autophagy occurs in the
absence of Bcl-2 [42,43]. Several peptides have been identified to possess antitumor activity
through both the autophagy and apoptosis pathways, such as CTLEW [44] and FK-16 [45].
Furthermore, the PI3K/Akt/mTOR pathways are regarded as promising targets for cancer
therapy due to their important role in the process of cell proliferation, growth, survival, and
mobility [46]. Consequently, multiple candidate anticancer agents suppress tumor growth
by inhibiting PI3K/Akt/mTOR pathways and then inducing autophagy, as well as apop-
tosis of cancer cells [47,48]. In line with these, Smp24 suppressed the phosphorylation of
PI3K/Akt/mTOR and increased the autophagic flux of LC3A/B-II/I, as well as the degra-
dation of p62 (Figure 8A,B). It also is acknowledged that the MAPK signaling pathway is
associated with the autophagy and apoptosis of cancer cells [22,23,49] and some compounds
suppressing both the PI3K/Akt/mTOR and MAPK pathways induce autophagy and apop-
tosis of hepatocellular carcinoma cells [50]. Similarly, Smp24 suppresses the MAPK signaling
pathways (Figure 8C,D). It is also noteworthy that Smp43, another AMP derived from Scorpio
Maurus palmatus, and quercetin, a member of the flavonoid family, induce autophagy and
apoptosis by activation of the MAPK signaling pathway [51,52]. The discrepancy in the
mechanism might be associated with the cell response, which relies on the nature, strength,
and duration of the MAPK pathways activated [53]. Thus, further research is needed to
explore the detailed mechanism of how Smp24 induces both apoptosis and autophagy by
inhibiting MAPK signaling pathways.

Despite the effectiveness and selectivity against tumor cells in vitro experiments,
the use of peptide-based anticancer agents in clinical trials is still a challenge due to the
degradation by proteases in vivo [54]. Our animal experiments revealed that 2 mg/kg
Smp24 treatment leads to a significant decrease in tumor weight and volume, while it
does not cause notable changes in body weight and important organs, which is consistent
with the previous study [10,11], indicating the considerable stability and high selectivity
of Smp24 against tumor tissues in vivo (Figure 9). Thus, Smp24 is an ideal antitumor
candidate molecule.

4. Conclusions

In summary, the present study reveals the underlying mechanism of Smp24 against
HepG2 cell proliferation. Smp24 enters HepG2 cells via pore formation and endocytosis,
resulting in mitochondrial dysfunctions and membrane defects, consequently causing
cell necrosis, cycle arrest, apoptosis, and autophagy. The anti-hepatoma activity is also
verified in xenograft mice. Thus, our results provide evidence of the antitumor mecha-
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nisms of AMPs and suggest that Smp24 might be a promising candidate in hepatocellular
carcinoma therapy.

5. Materials and Methods

5.1. Animals and Ethics Statement

Six-week-old BALB/c nude mice (18–20 g) were bought from the Laboratory Animal
Center of Southern Medical University. Mice were randomly divided into the control and
Smp24 (2 mg/kg)-treated groups and were separately housed in groups of five in a SPF
mini-barrier system at the central animal facility of Southern Medical University. Animals
lived under controlled 21 ± 2 ◦C room temperature, 60% humidity with a 12 h light-
dark cycle. All experiments with animals were given the approval by the Animal Ethics
Committee of Southern Medical University (Guangzhou, China) with ethical approval
number: L2019226.

5.2. Chemicals and Cell Culture

Phosphate-buffered saline (PBS), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM), and trypsin were all bought from Gibco (Grand Island, NY, USA). HepG2
and LO2 cell lines were purchased from the American Type Culture Collection (Manassas,
VA, USA). Cells were grown in RPMI-1640 medium including 1% penicillin-streptomycin
and 10% FBS in a 37 ◦C incubator supplied with 5% CO2. cytochrome C, Bax, Bcl-2, p53,
p21, cleaved PARP, PARP, cleaved caspase-3, caspase-3, cleaved caspase-9, caspase-9, CDK2,
cyclin A, cyclin B, cyclin E, p-JNK, JNK, p-Erk, Erk, p-p38, p38, p-Akt, Akt, p-mTOR, mTOR,
p-FAK, FAK, p-PI3K, PI3K, LC3A/B, p62, GAPDH, β-actin, and all secondary antibodies
were purchased from Cell Signaling Technology (Beverly, MA, USA). DAPI, cyclosporin A
(CsA, an inhibitor of permeability transition), N-acetyl-L-cysteine (NAC), ROS assay kit,
LDH-release assay kit, cell cycle and apoptosis analysis kit, and mitochondrial membrane
potential assay kit for JC-1 were bought from Beyotime Institute of Biotechnology (Shanghai,
China). Smp24 and FITC-labeled Smp24 were obtained as previously described by us [9].

5.3. Cell Viability and Proliferation Analysis

Effect of Smp24 on cellular viability was determined using MTT assays as previously
described by us [10,11]. In brief, HepG2 and LO2 cells (1 × 104 cells/well) were exposed
to a sequence of concentrations of Smp24 (1.25–20 μM) in 96-well plates for 12, 24, and
48 h, respectively. After that, cells were incubated with 10 μL MTT (5 mg/mL) at 37 ◦C
for 4 h in the dark. The cell medium was subsequently discarded and replaced by 200 μL
DMSO before the determination of optical density was conducted using a microplate reader
(Tecan Company, Männedorf, Switzerland) at an absorbance of 490 nm. Considering that
the MTT assay may be biased, with disruption of mitochondrial dehydrogenase system
resulting in mitochondrial dysfunction or apoptosis, the cell proliferation was measured
with the BeyoClick™ EdU cell proliferation kit with Alexa Fluor 488 (Beyotime Institute of
Biotechnology, Shanghai, China) in accordance with the manufacturer’s manual. Briefly,
HepG2 cells (2 × 105 cells/well) were treated with a sequence of concentrations of Smp24
(0, 1.25, 2.5, 5, and 10 μM) in 6-well plates for 24 h. Subsequently, the cells were treated
with EdU for 2 h, followed by staining with Alexa Fluor 488 under protection from light for
30 min. The fluorescence intensity was analyzed using flow cytometry (Becton Dickinson
Company, Bedford, MA, USA) with 495 nm excitation and 519 nm mission wavelengths.
The experiments were repeated in triplicate.

5.4. Peptide Internalization Measurement

Flow cytometry and fluorescence microscope (Axio Observer, Zeiss, Oberkochen,
Germany) were used to measure the internalization of FITC-labeled Smp24. In brief,
HepG2 cells (1 × 105 cells/well) were grown overnight on 24-well plate and then co-
incubated with 2.5, 5, and 10 μM of FITC-labeled Smp24 for 1 h and 6 h at 37 ◦C. After
washing with PBS, the fluorescence intensity was determined with flow cytometry. For the
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location analysis of Smp24 in cells, after being treated with 5 μM FITC-labeled Smp24 at
37 ◦C for different times (6, 12, and 24 h), the cells were washed with PBS, fixed with 4%
paraformaldehyde (PFA) for 30 min, stained with DAPI for 10 min, and finally observed
under fluorescence microscope at 400× magnification. Approximately three single-plane
images each well were captured.

To ascertain whether heparan sulfate affects the internalization of Smp24, FITC-labeled
Smp24 at 5 μM was mixed with heparan sulfate at 5, 10, or 20 μg/mL in RPMI-1640
medium for 30 min, and then were incubated together with HepG2 cells at the density of
1 × 105 cells/well for 1 h. The cell fluorescence intensity was measured with flow cytometry.

To ascertain whether the internalization of Smp24 depends on the cellular energy state,
HepG2 cells were pre-incubated for 30 min at 37 ◦C and 4 ◦C, and then with 5 μM FITC-
labeled Smp24 for another 1 h. After that, the cells were washed with PBS and measured
with flow cytometry. In another set of experiments to further confirm the effects of the
cellular energy state on its internalization, HepG2 cells were pre-incubated with 50 mM
NH4Cl for 30 min before being treated with 5 μM FITC-labeled Smp24 for another 1 h and
then measured with the flow cytometry. All experiments were repeated at least three times.

5.5. Membrane Integrity Assay

Calcein AM staining was conducted to evaluate the membrane integrity of HepG2
cells in accordance with the manufacturer’s manual (Beyotime Institute of Biotechnology,
Shanghai, China). In short, HepG2 cells (1 × 105 cells/well) were grown overnight in a
12-well plate and subsequently incubated with a sequence of concentrations of Smp24 for
24 h. Cells were then digested by trypsin, washed with PBS for three times, and treated with
1 μM calcein AM for 30 min at 37 ◦C. The cells were finally analyzed with flow cytometry
to detect the levels of calcein AM after being washed again with PBS. In another set of
experiments, cells were pre-incubated with 1 μM CsA before treatment with calcein AM
or were incubated with CoCl2 after treatment with calcein AM to determine the integrity
of mitochondrial membrane. Zeta potential analysis was carried out to further confirm
the membrane integrity. In short, 1 × 105 HepG2 cells were re-suspended in PBS and
mixed with Smp24 (0, 2.5, 5, 10 μM) for 10 min at room temperature. Folded capillary cell
(DTS1070) and Zetasizer system (Nano ZS; Malvern Instruments Ltd., Worcestershire, UK)
were applied to measure zeta (ξ) potential of the aboveHepG2 cells. All experiments were
repeated at least three times.

5.6. Cell Morphology Observation

In the present study, 2 × 105 HepG2 cells were cultivated on 6-well plate overnight
and then exposed to a sequence of concentrations of Smp24 (0–20 μM) for 24 h. The cellular
morphology was then observed with an inverted phase contrast microscope (100× magni-
fication). Approximately 3 images each well were captured.

5.7. LDH-Release Assay

The LDH assay was accomplished in accordance with the manufacturer’s manual.
Briefly, after incubation with a gradient of concentrations of Smp24 (0–20 μM) for 12, 24, and
48 h, respectively, each well containing HepG2 cells was supplemented with 10 μL of LDH-
release solution and incubated for 1 h. After being added to a new plate, the supernatants
in each well were then incubated with 60 μL of substrate solution in the dark for 30 min.
A microplate reader (Tecan Company, Männedorf, Switzerland) was used to determine
the absorbance value of the mixture at 490 nm. The LDH release rate (%) = (absorbance of
sample − absorbance of control)/(absorbance of max LDH activity) × 100. All experiments
were carried out at least three times.

5.8. Scanning Electron Microscopy Determination

After 24 h of growth in a 12-well plate on the glass coverslips, HepG2 cells (1.2 × 105

cells/well) were co-cultured with a gradient of concentrations of Smp24 (0–10 μM) for another
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24 h with PBS as a negative control. Subsequently, the cells were fixed with 4% glutaric
dialdehyde and 2.5% glutaric dialdehyde at 22 ◦C for 2 h and 4 ◦C for 8 h, respectively. A series
of gradient ethanol/water solutions was then used to dehydrate the samples. After that, cells
were coated by gold and observed with Phenom ProX instrument (Phenom World, Eindhoven,
The Netherlands) at 15 kV. The experiments were detected in triplicate.

5.9. Fluorescence Microscopy Analysis

Fluorescence microscopy analysis was used to observe the F-actin reorganization, intra-
cellular ROS accumulation, and mitochondrial membrane potential. To observe the changes
in F-actin, after overnight incubation in 24-well plates, HepG2 cells (7 × 104 cells/well) were
cultivated with Smp24 at the concentration of 0–10 μM for another 24 h. After that, cells
were fixed with 4% PFA, dyed with rhodamine–phalloidin for 30 min, washed with PBS
for three times, and dyed again with DAPI for another 10 min. Subsequently, fluorescence
microscope at 400× magnification was used to observe the changes in F-actin.

To determine intracellular ROS levels, HepG2 cells were co-cultured with Smp24 (0, 2.5,
5, and 10 μM) for 12 h and then stained with 10 μM 2,7-dichlorodihydro-fluoresceindiacetate
(DCFH-DA) for 30 min at 37 ◦C under protection from light. The supernatant was removed,
and cells were washed three times with serum-free cell culture medium to adequately
remove DCFH-DA that did not enter the cells. An inverted fluorescence microscopy at
200× magnification was applied to clarify the changes in cells. NAC-treated cells were
considered as a positive control.

To detect the impact of Smp24 on the mitochondrial membrane potential, HepG2
cells were co-cultured with a gradient of concentrations of Smp24 for 12 h and then were
dyed with JC-1 at 37 ◦C for 30 min in accordance with the kit instruction manual. The
supernatant was removed, and cells were washed twice with JC-1 staining buffer (1×) and
supplemented with 2 mL of cell culture medium, which may contain serum and phenol
red. The changing mitochondrial membrane potential was observed using fluorescence mi-
croscopy at 400× magnification, with NAC as a positive control. Approximately 3 random
images each well were obtained.

5.10. Cell Cycle and Apoptosis Measurement

To define whether Smp24 affects cell cycle and apoptosis in HepG2 cells, flow cytom-
etry was used. HepG2 cells (2 × 105 cells/well) were seeded in 6-well plates overnight
and then co-cultured with a gradient of concentrations of Smp24 or 2 mM NAC for 24 h.
After that, the cells were harvested with trypsin digestion, washed with cold PBS three
times, fixed with 70% ethanol at 4 ◦C for 12 h, and finally dyed with PI for 30 min at 37 ◦C
to measure cell cycle. For the apoptosis measurement, the cells were dyed with annexin
V-FITC/PI instead of only PI at 22 ◦C for 15 min before being analyzed with flow cytometry.
All experiments were conducted in triplicate.

5.11. Western Blot Analysis

HepG2 cells (2 × 105 cells/well) were incubated with Smp24 (0, 2.5, 5, and 10 μM) in 6-
well plates for 24 h. After that, the cells were harvested by trypsin digestion and then lysed
with RIPA lysis solution including 1% protease and phosphatase inhibitors (FDbio Science
Biotech Co., Ltd., Hangzhou, China) at 4 ◦C for 15 min. Subsequently, the supernatant was
separated by SDS-PAGE and then transferred onto PVDF membrane (Millipore, Billerica,
MA, USA). After being incubated with right primary antibodies (1:1000) for 12 h at 4 ◦C and
then with corresponding secondary antibodies (1:2000) for 1 h at 25 ◦C, a hypersensitive
ECL chemiluminescence agent was used to visualize blot bands which were analyzed with
Image J software (64-bit, National Institutes of Health, MD, USA) (n = 3 replicates).

5.12. Animal Experiments

The right flank of each mouse was subcutaneously injected with HepG2 cells (5 × 106

cells/mouse) with viability over 90%. The changes in tumor size were examined ev-
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ery day by palpation and determined using caliper in double planes. The volume of
tumors was calculated according to the following equation: volume (mm3) = (smallest
diameter)2 × (largest diameter)/2. Once the volume of tumors increased to approximately
50 mm3, physiological saline or Smp24 (2 mg/kg) was injected once every three days for
a total of six times near the tumor site. Including the tumor volumes, the body weight
of mice was also recorded daily. At the end of experiment, the tumors and important
organs including liver, heart, lung, spleen, and kidney were separated, weighed, and pho-
tographed. After being embedded in paraffin, HE staining reagent was applied to assess
the morphological changes of tumor cells in vivo. To evaluate the cell apoptosis levels of
tumor tissue, immunohistochemical staining was carried out to examine the contents of
cleaved caspase-3 in tumor tissues. The results were obtained from five mice each group.

5.13. Statistical Analysis

All data were expressed as mean ± SEM and analyzed using GraphPad Prism 5.0
(GraphPad Software, Inc., La Jolla, CA, USA) by one-way ANOVA with Bonferroni’s
multiple comparison. Statistical significances were shown as * p < 0.05, ** p < 0.01,
and *** p < 0.001.
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Abstract: Non-small cell lung cancer (NSCLC) is the leading cause of death in lung cancer due to its
aggressiveness and rapid migration. The potent antitumor effect of Smp24, an antimicrobial peptide
derived from Egyptian scorpion Scorpio maurus palmatus via damaging the membrane and cytoskele-
ton have been reported earlier. However, its effects on mitochondrial functions and ROS accumulation
in human lung cancer cells remain unknown. In the current study, we discovered that Smp24 can inter-
act with the cell membrane and be internalized into A549 cells via endocytosis, followed by targeting
mitochondria and affect mitochondrial function, which significantly causes ROS overproduction,
altering mitochondrial membrane potential and the expression of cell cycle distribution-related
proteins, mitochondrial apoptotic pathway, MAPK, as well as PI3K/Akt/mTOR/FAK signaling
pathways. In summary, the antitumor effect of Smp24 against A549 cells is related to the induction of
apoptosis, autophagy plus cell cycle arrest via mitochondrial dysfunction, and ROS accumulation.
Accordingly, our findings shed light on the anticancer mechanism of Smp24, which may contribute to
its further development as a potential agent in the treatment of lung cancer cells.

Keywords: scorpion venom; antimicrobial peptides; Scorpio maurus palmatus; Smp24; A549; apoptosis;
autophagy; necrosis; cell cycle arrest

Key Contribution: Smp24 significantly exerts an antitumor effect via induction of apoptosis, autophagy,
necrosis plus cell cycle arrest due to its induction of mitochondrial dysfunction and reactive oxygen species
overproduction.

1. Introduction

Despite the effectiveness of traditional therapy in cancer treatment, such as chemother-
apy, radiotherapy, and immune therapy, lung adenocarcinoma remains the major cause of
cancer death due to its aggressiveness and rapid migration [1]. Besides, the cytotoxicity and
drug resistance caused by those traditional therapy lead to the urgent need of alternative
treatment with low cytotoxicity and treatment resistance.

In addition to the importance in the innate immune defense, antimicrobial peptides
(AMPs) have emerged as promising drug candidates against multiple diseases, especially
in anticancer therapy. Most of AMPs suppress the tumor cells by their direct interaction
with the cell membrane rather than specific receptors, which prevents the drug resistance
caused by other traditional treatment methods [2,3]. Notably, in addition to the membrane

Toxins 2022, 14, 590. https://doi.org/10.3390/toxins14090590 https://www.mdpi.com/journal/toxins67



Toxins 2022, 14, 590

disruption of cancer cells, AMPs have been proven to exert an antitumor effect via targeting
different cellular structures, interfering intrinsic pathways, which consequently results
in abnormal changes in multiple events, such as apoptosis, autophagy, and cell cycle dis-
tribution [2,4]. Mitochondria are double-membrane-bound cell organelles found in most
eukaryotic organisms that generate most of the chemical energy adenosine triphosphate
(ATP). In addition to the production of ATP, the mitochondria have a major role in calcium
ion storage and cellular proliferation regulation, such as apoptosis and cell cycle distri-
bution regulation, making it a promising target in cancer treatments. There are abundant
AMPs that have been reported to target mitochondria, leading to its dysfunction, which
consequently alters the mitochondrial membrane potential and ROS production, inducing
cancer cell apoptosis and cell cycle arrest. For instance, melittin, an amphiphilic alpha-
helical peptide derived from honeybee venom (Apis mellifera), suppresses the proliferation
of human gastric cancer cells via activating the mitochondrial pathway, thereby inducing
the apoptosis process [5]. Previous study revealed the dedication of both necrosis and apop-
tosis in the antitumor mechanism of Brevinin-1RL1 by inducing extrinsic and mitochondria
intrinsic apoptosis [6]. Moreover, the apoptosis of osteosarcoma MG63 cells is induced by
MSP-4 via activation of Fas/FasL—and mitochondria-mediated pathway [7]. Interestingly,
both pardaxin, an AMP isolated from Pardachirus marmoratus, and our previously reported
peptide Smp43 share a similar mode of action in antitumor via inducing apoptosis and
cell cycle arrest after disruption of mitochondrial membrane, both Smp43 and pardaxin
also induce autophagy of hepatoma cells and ovarian cancer cells, respectively [8,9]. In
previous study, we demonstrated the potent antitumor effect of Smp24 (IWSFLIKAATKLLP-
SLFGGGKKDS), another venom-derived AMP of Scorpio maurus palmatus, toward human
non-small-cell lung cancer cell (NSCLC) A549. Notably, Smp24 caused mitochondrial
damage which was represented by the release of calcein AM in flow cytometry analysis [10].
However, whether Smp24 has the above effects in human non-small-cell lung cancer cell
remain elusive. In the current study, we investigated the interaction between Smp24 and
mitochondria as well as its effect on apoptosis, cell cycle distribution, and autophagy. Our
findings revealed that treatment with Smp24 led to the disruption of the mitochondrial
membrane and accumulation of ROS, inducing apoptosis, cell cycle arrest, and autophagy
of A549 cells. This discovery exposes the antitumor mechanism of Smp24 against NSCLC
A549, suggesting its application in lung carcinoma therapy.

2. Results

2.1. Smp24 Suppresses the Proliferation of Human Lung Cancer Cells

As shown in Figure 1A, consistent with the previous report [10], Smp24 significantly
suppressed the proliferation of A549 with the IC50 value at approximately 4.06 μM, and it
exhibited less inhibitory potency toward normal cells, MRC-5, as evidenced from higher
IC50 of approximately 14.68 ± 0.79 μM. Furthermore, a concentration- and time-dependent
cytotoxicity toward A549 cells was induced by Smp24. Furtherly, the survival rate of
Smp24-treated A549 cells was significantly increased by the incubation with various tested
inhibitors (Figure 1B) in comparison with the control group without inhibitor treatment.
The above findings indicated cytotoxicity and cytostatic effect of Smp24 against A549 cells.

2.2. Smp24 Is Internalized into A549 Cells via Endocytosis

Smp24 has been reported to be a membrane lytic peptide [11,12] and the changes in
cell surface electrostatics under different conditions reflect cellular phenomena, such as
adhesion and interaction with peptides [13]. Hence, we examined the interaction between
tumor cells and Smp24 by measuring the membrane potential. After incubation of Smp24 (0,
1.25, 2.5, and 5 μM) with A549 cells, an increase in zeta potential from −12.88 to −9.61 mV
was observed (Figure 2A), reflecting that the interaction of cationic Smp24 peptide caused an
increase in the net charge of the cell membrane surfaces. Furtherly, we investigated whether
Smp24 could be internalized into A549 cells. As presented in Figure 2B, the increasing
fluorescence in the cells treated with FITC-labeled Smp24 indicated the internalization
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of Smp24 into A549 cells in a concentration- and a time-dependent manner, which is
consistent with the cell-penetrating property reported in our previous study [10]. Anionic
heparan sulfate is an essential component of the cancer cell membrane and the extracellular
matrix, which contributes a crucial role in the interaction between the cell membrane
and a cell-penetrating peptide [14]. Hence, we further investigated whether the cellular
endocytosis of Smp24 was affected by heparan sulfate. As presented in Figure 2C, the
decrease in internalization of 5 μM FITC-labeled Smp24 was approximately 1.43%, 46.12%,
and 68.82% after 1 h pretreatment with 5, 10, and 20 μg/mL heparan sulfate, respectively,
while compared with the control group. Thereafter, we examined the role of energy in
the translocation of Smp24. As the common endocytic inhibitors, ammonium chloride
alters the pH of acidic endocytic vesicles, while sodium azide can directly eliminate ATP
production within the cell membrane [15]. As a result, pretreatment of A549 cells with
40 μM NaN3 and 50 mM NH4Cl for 1 h obviously inhibited the cellular uptake of Smp24
(Figure 2D,E). As a further confirmation assay, we tested the effect of temperature on the
cellular endocytosis (Figure 2F). After 1 h of incubation at 37 ◦C, the cellular uptake of
FITC-labeled Smp24 was approximately 42.89% higher than that at 4 ◦C, suggesting an
energy-dependent and thermo-sensitive endocytosis of Smp24 across A549 cell membrane.
Notably, compared to the results of 1 h incubation, more Smp24 was internalized into cells
after co-incubation for 6 h, as evidenced by the increasing fluorescence (Figure S1A). What’s
more, pre-incubation of A549 with heparan sulfate and endocytic inhibitors for 6 h could
not decrease the cellular uptake of Smp24 (Figure S1B–D). Furtherly, the cellular uptake
of Smp24 at 4 ◦C and 37 ◦C after 6 h of incubation was approximately 6.51% and 96.07%,
respectively (Figure S1E).

Figure 1. Effect of Smp24 on proliferation of A549 cells. (A) Viability of A549 cells treated with
different concentrations of Smp24 for 12, 24, and 48 h. Negative control: cells treated with equivalent
solvent for corresponding time. (B) Effects of inhibitors on the viability of Smp24-treated A549 cells.
A549 cells were treated with 5 μM Smp24 for 12 h after being pre-incubated with the inhibitors 40 μM
necrostatin-1 (Nec-1), 40 μM Z-DEVD-FMK (DEVD), 40 μM Z-VAD-FMK (VAD), and 2 mM NAC
for 30 min. Negative control: cells were treated with above condition without Smp24. Bule dashed
line represents the mean value of cell viability rate after treatment with Smp24 for 24 h. Data are
normalized to control and presented as mean ± SEM (n = 3). * p < 0.05 and *** p < 0.001 are considered
statistically significant when compared with the control group.
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Figure 2. Internalization of Smp24 into A549 cells. (A) Effect of Smp24 on the zeta potential of A549 cells.
Negative control: cells treated with equivalent solvent. (B) The internalization of FITC-labeled Smp24
into A549 cells after 1 h of treatment. (C–F) Effect of heparan sulfate, NaN3, NH4Cl, and temperature on
the intracellular uptake of FITC-labeled Smp24 for 1 h, respectively. Negative control: cells treated with
equivalent free-FITC solution. The values are presented as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01,
and *** p < 0.001 are considered statistically significant compared to the control group.

2.3. Smp24 Promotes ROS Production and Mitochondrial Membrane Potential Decrease

Based on the critical impact of cellular ROS in cell proliferation regulation, we exam-
ined whether Smp24 induced ROS production in human lung cancer cells. As presented
in Figure 3A, the cell fluorescence intensity was significantly increased in a concentration-
dependent manner in Smp24-treated A549 cells, while compared with the control group. In
addition, the co-treatment with antioxidant NAC significantly decreased the ROS contents
induced by Smp24 (Figure 3A). The obtained results demonstrated that Smp24 elevates the
ROS levels in A549 cells.

 

Figure 3. Influence of Smp24 on ROS production and mitochondrial membrane potential of A549
cells. (A) Characteristic fluorescence photographs of A549 cells stained with DCFH-DA. Scale bar,
50 μm. (B) Representative JC-1 fluorescence photographs of A549 cells. Scale bar, 20 μm. Negative
control: cells treated with equivalent solvent for corresponding time.
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ROS production is closely associated with mitochondrial membrane potential. Hence,
the influence of Smp24 on mitochondrial membrane potential of A549 cells was determined
using JC-1 staining. In the control group, red fluorescence was significantly observed,
while a remarkable transformation from red to green staining in a concentration-dependent
manner was marked in the Smp24-treated cells. What’s more, NAC could attenuate the
green fluorescence intensities in the cells stimulated by 5 μM Smp24 (Figure 3B). All
these results demonstrated that treatment with Smp24 results in the depolarization of the
mitochondrial membrane potential and inducing ROS accumulation in A549 cells.

2.4. Smp24 Induces Mitochondrion-Mediated Apoptosis in A549 Cells

ROS production is vital in the apoptosis process in cancer cells [16]. As shown by
DAPI staining in Figure 4A, significant reduction in A549 cells size were observed after
24 h of Smp24 treatment, with typical apoptotic features, such as losing nuclear integrity,
shrunken nuclei, formation of apoptotic bodies and chromatin condensation, indicating
that the growth inhibition of A549 cells induced by Smp24 was associated with apoptosis.
Consistently, the proportion of Annexin V-FITC/PI-positive apoptotic cells were remark-
ably increased by approximately 5.64% to 36.76% when cells were treated with Smp24
(0–5 μM) (Figure 4B, panels a–e). Besides, the presence of NAC significantly attenuated
Smp24-induced apoptosis from approximately 36.76% to 19.80% (Figure 4B, panel f).

Figure 4. Apoptosis of A549 cells induced by Smp24. (A) Morphology of apoptotic A549 cells treated with
Smp24 for 24 h. The nucleus was stained with DAPI and observed under fluorescence microscopy. Panel
a: the control cells; Panels b–d: A549 cells in the presence of Smp24 (1.25, 2.5, or 5 μM), respectively. The
apoptotic bodies are indicated by yellow triangles. Scale bar, 20 μm. (B) Representative cytometry analysis
of apoptotic A549 cells after treatment with Smp24 or NAC for 24 h. Panel a: the control cells; Panels b–f:
A549 cells in the presence of NAC, Smp24 (1.25, 2.5, and 5 μM), or NAC + 5 μM Smp24, respectively. (C, E)
Representative western blots of caspase-3, cleaved caspase-3, PARP, cleaved PARP, Bax, Bcl-2, caspase-9,
cleaved caspase-9 and cytochrome c. (D, F) Quantification of band densities in C, E. Bars represent the
ratio of the target protein to the control group. Negative control: cells treated with equivalent solvent.
Band densities were analyzed by Image J software and values were presented as mean ± SEM (n = 3).
** p < 0.01 and *** p < 0.001 are considered statistically significant when compared with the control group
without Smp24.

Due to the important role in apoptosis and necrotic cell death, the mitochondria-mediated
apoptotic pathway was investigated to define the mechanism of apoptotic signaling in A549
cells stimulated by Smp24 [16]. As shown in Figure 4C–F, cleaved caspase-3, cleaved caspase-9
and cleaved PARP expression were raised in concentration-dependent manner (Figure 4C–F).
Bcl-2 and Bax, which belong to the Bcl-2 family, can regulate the release of mitochondrial
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proteins, which are closely related to apoptosis. In agreement, an increase in the expression of
the pro-apoptotic protein Bax and a decrease in that of the anti-apoptotic protein Bcl-2 were
observed in the presence of Smp24 (Figure 4E,F). It is well known that the rise in Bax/Bcl-2
ratio can accelerate cytochrome c release, consequently inducing apoptosis. In agreement,
the expression of cytochrome c leaked from mitochondria was dose-dependently increased,
following treatment with Smp24 (Figure 4E,F). Together, our data coincidentally demonstrated
that Smp24 activates mitochondria apoptotic pathway.

2.5. Smp24 Arrests Cycle Distribution of A549 Cells in S Phase and G2/M Phase via Expression
Regulation of Phase-related Proteins

Cell cycle distribution in Smp24-treated A549 cells was investigated to explore whether
the proliferation inhibition induced by Smp24 was related to cell cycle arrest. As shown in
Figure 5A, when compared with the control group, Smp24 (1.25, 2.5 and 5 μM) increased the
number of A549 cells accumulating in S phase from 11.78% to 13.68%, 15.76% and 23.71%
and in the G2/M phase from 8.08% to 8.23%, 10.2% and 27.04% after co-incubation for 24 h,
respectively (Figure 5A). Consistently, in the G0/G1 phase, a decrease in the ratio of Smp24-
treated cells was also observed from 76.00% to 68.2%, 56.5%, and 39.65%. These results
indicated that treatment with Smp24 induces the S and G2/M phase arrest in A549 cells.

Figure 5. Effect of Smp24 on cell cycle distribution in A549 cells. (A) Flow cytometry analysis of
cell cycle stages. A549 cells were exposed to Smp24 (1.25, 2.5, and 5 μM) for 24 h and followed by
analysis with flow cytometry. Panel a: the control cells; Panels b–d: A549 cells in the presence of
Smp24 (1.25, 2.5, or 5 μM), respectively. (B) Representative western blots of Cyclin A2, Cyclin B1,
Cyclin E1, CDK2, p21Waf1/Cip1, and p53. (C) Quantification of band densities in B. Bars represent the
ratio of the target protein to the control group. Negative control: cells treated with equivalent solvent
for corresponding time. Data are presented as mean ± SEM (n = 3). *** p < 0.001 are considered
statistically significant while compared with the control group without Smp24.

To identify the underlying mechanism of cell cycle accumulation induced by Smp24,
the expression alteration of crucial cell cycle regulation proteins was investigated. In line
with its effects on cell cycle arrest, Smp24 upregulated the levels of Cyclin A2, Cyclin B1,
p53, and the cyclin-dependent kinase inhibitor, p21Waf1/Cip1 but downregulated the levels
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of Cyclin E1 and CDK2 in concentration-dependent manner, following 24 h treatment.
In detail, compared with the control group, 5 μM Smp24 caused approximately a 0.85-,
1.22-, 2.20-, and 2.28-fold rises of Cyclin A2, Cyclin B1, p53, and p21Waf1/Cip1 contents in
A549 cells, while there were approximately 0.15-, 0.36-, and 0.59-fold and 0.13-, 0.31-, and
0.45-fold declines of CDK2 and Cyclin E1 contents in A549 cells after being exposed to
Smp24 (1.25, 2.5 and 5 μM) for 24 h (Figure 5B,C).

2.6. Smp24 Induces Autophagy in A549 Cells via Inhibition of the PI3K/Akt/mTOR/FAK and
p38/ERK/JNK Signaling Pathways

The formation of autophagosomes in Smp24-treated A549 cells, the hallmark of au-
tophagy, was examined with TEM. As shown in Figure 6A, the control cells displayed
normal cytoplasmic organelle and uncondensed chromatin, while Smp24-treated cells
contained the increased number of vacuoles and autophagosomes with damaged cellular
organelles. To elucidate the underlying molecular mechanisms of Smp24-induced au-
tophagy in A549 cells, the expressions of autophagy-associated protein were measured.
In comparison to the control cells, when A549 cells were treated with Smp24 (1.25, 2.5
and 5 μM) for 24 h, the expressions of phosphorylated Akt and mTOR as well as the total
Akt were decreased in a concentration-dependent manner, which contrasted sharply with
the expression trend of LC3A/B-I/II (Figure 6B,C), reflecting that Smp24 could induce
autophagosome formation. Surprisingly, with the increasing concentration of Smp24, the
contents of p62, a selective receptor of autophagy substrates, were increased first and then
declined (Figure 6B,C).

Figure 6. Regulation of autophagy and signaling pathways by Smp24. (A) TEM analysis of morpho-
logical structure of A549 cells with Smp24 treatment for 24 h. Panel a: the control cells, Panel b: A549
cells in the presence of 5 μM Smp24. Panels c and d: the magnified local areas in the corresponding
upper and lower black squares of panel b. The vacuoles and autophagosomes were marked by black
asterisk and yellow triangles, respectively. Magnification: 1200 × in panels a and b, 6000 × in panels
c and d. (B,D,F) Representative western blots of proteins belonging to PI3K/Akt/mTOR/FAK and
p38/ERK/JNK signaling pathways. (C,E,G) Quantification of band densities in B, D, and F. Bars
represent the ratio of the target protein to the control group. Negative control: cells treated with
equivalent solvent for corresponding time. Data are presented as mean ± SEM (n = 3). ** p < 0.01 and
*** p < 0.001 are considered statistically significant as compared to the control group without Smp24.
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PI3K and p38 are the upstream of the Akt/mTOR pathway and play vital roles in
regulation of cell growth, cycle, apoptosis, migration, and survival [17]. As shown in
Figure 6D,E, Smp24 dramatically decreased the phosphorylation of PI3K and p38 in a
concentration-dependent manner, while having no effect on total p38 and PI3K expres-
sion in A549 cells. The ratios of p-p38/p38 and p-PI3K/PI3K respectively declined to
approximately 32.40% and 5.66% following exposure to 5 μM Smp24 (Figure 6D,E).

The phosphorylation of ERK, JNK, and FAK are also important to regulate cancer cell
adhesion, invasion, migration and proliferation [18,19]. In comparison to the control cells,
Smp24 did not affect the expressions of the total FAK, JNK, and ERK, but it significantly
decreased their phosphorylation in a concentration-dependent manner (Figure 6F,G). These
findings indicated that Smp24 might induce autophagy in A549 cells via inhibiting the
PI3K/Akt/mTOR/FAK and p38/ERK/JNK signaling pathways.

3. Discussion

Scorpion-derived peptides have become a rich source for new drug development
against various diseases due to their multiple capabilities, especially in cancer treatment [20].
We previously reported the antitumor effect of Smp24, a venom-derived AMP of Scorpio
maurus palmatus, against A549 human lung cancer cells via damaging the membrane and
cytoskeleton. In agreement with the reported study, Smp24 significantly reduces the prolif-
eration of A549 cells. Furthermore, Smp24 is internalized into A549 cells and subsequently
interacts with mitochondria, leading to its dysfunction and ROS accumulation.

It is generally accepted that the existence of exclusive anionic components in the
cancer cell membranes, such as phosphatidylserine, sialylated gangliosides, O-glycosylated
mucins, and heparan sulfate, is associated with the cancer-selective toxicity of cationic
AMPs [21]. The electrostatic binding of AMPs to cancer cells are enhanced by the interaction
between cationic residues of peptides and anionic components in cell membranes. In line
with this, Smp24 significantly increases the zeta potential of A549 cells in a concentration-
dependent manner. Furthermore, the presence of heparan sulfate, ammonium chloride, and
sodium azide markedly suppresses the cellular uptake of Smp24. These findings suggest
the role of endocytosis in the internalization of Smp24 into A549 (Figure 2).

Mitochondria are vital for cancer development and their dysfunction can reduce cancer
metabolism [15]. It is well known that the internalization of AMPs into cancer cells are
followed by interaction with the mitochondrial membrane and forming of the transition
pore, which accordingly induces swelling and rupture of mitochondria due to penetration
of cytosolic ions and solutes into the inner membrane. Consequently, a series of events,
such as the decline of mitochondrial membrane potential, elimination of ATP generation,
accumulation of ROS, and damage of mitochondria happen [16]. Therefore, some AMPs
can irreversibly lead to cell death via regulating the mitochondrial pathway [2,16]. For
instance, in addition to the membrane pore formation mechanism [22], melittin might induce
mitochondrial membrane depolarization, leading to the overproduction of pro-apoptotic
factors, such as cytochrome c and ROS, and causing oxidative damage within the cell [5].
Similarly, Smp24 dramatically decreases mitochondria membrane potential (Figure 3B) and
accumulation of ROS in a concentration-dependent manner in A549 cells (Figure 3A). The
accumulated ROS can induce the expression of p53, which has substantial effects on the
initiation of apoptosis via transactivating pro-apoptotic proteins (e.g., Bax) or interacting with
anti-apoptotic mitochondrial proteins (e.g., Bcl-2) [23,24]. In agreement, Smp24 upregulates the
p53, Bax, and cytochrome c while downregulating Bcl-2 in a concentration-dependent manner
(Figure 4E,F and Figure 5B,C), and caspase inhibitors, including z-VAD-FMK and Z-DEVD-
FMK, as well as necroptosis inhibitors, such as necrostatin-1, can reduce the suppressive
effects of Smp24 on the viability of A549 cells (Figure 1B). Furthermore, after short-term
treatment, NAC inhibits the accumulation of ROS in A549 cells (Figure 3A) and reverses
Smp24-induced apoptosis (Figure 4B). Thus, Smp24 can induce the apoptosis of A549 cells
involved in the mitochondrial pathway and ROS production. Excessive ROS can lead to cell
death through necrosis [16], including major characteristics, such as swelling and dysfunction
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of the cytoplasm and the mitochondrial matrix, chromatin condensation, poration of the
cellular membrane and effusion of the cytoplasmic contents into the extracellular space [25].
These findings coincide with non-specific mitochondrial membrane disruption and necrotic
cell death in A549 cells caused by Smp24 reported earlier [10].

The crucial role of p53 in regulating the expression of various proteins responsible
for both the G1/S and the G2/M transitions was reported earlier [26]. For example,
p21Waf1/Cip1 might serve as a negative modulator of the G1/S transition by inhibiting
the kinase activity of CDK2 complexes [27]. Further, the accumulation of G2/M phase
in cell cycle distribution is caused by the binding of p21Waf1/Cip1 to the CDK1/cyclin B
compound [28]. In addition, CDK2, cyclin A, cyclin B, and cyclin E participate regulation
of G1 through early S phase and G2/M phase, respectively [29]. In our experiments, we
have observed that the ratios of A549 cells in the S and G2/M phase are enhanced in a dose-
dependent manner (Figure 5A). In addition, Smp24 significantly increases the expressions
of Cyclin A2, Cyclin B1, p53, and p21Waf1/Cip1, while inhibiting the expression of Cyclin E1
and CDK2 (Figure 5B,C), which are consistent with cell cycle arrest phenomenon.

It is well known that there is a complicated association between autophagy and apop-
tosis, which share common regulation proteins. For instance, PUMA can simultaneously
induce apoptosis and autophagy via mitochondrial Bax pathway in return for mitochon-
drial perturbation [30]. Notably, various AMPs have been reported to exert antitumor
activity via concurrently inducing cell apoptosis as well as autophagy processes, such as
FK-16 [31], CTLEW [32], and brevenin-2R [33]. In the current study, necrostatin-1, a well-
known inhibitor that suppresses both autophagy and apoptosis, significantly decreases the
suppressive effects of Smp24 on A549 cells viability. Consistently, the downregulation in
the expression of mTOR and Akt is observed in Smp24 treatment, while that of LC3A/B-
II/I is significantly enhanced (Figure 6B,C). Interestingly, the protein expression of p62, a
substrate of autophagy, is increased by treatment with 1.25 μM Smp24 but decreases in
the higher concentration of Smp24 (Figure 6B,C). This phenomenon might be due to the
boosting of autophagic flux of Smp24 at a low concentration, while high-concentration
Smp24 has more potent effects on degrading p62 than promoting the autophagic flux. The
MAPK signaling pathways also contribute a major role in both the autophagy and apop-
tosis process [34,35], and some compounds have been reported to exert antitumor effects
against the A549 cell via inducing apoptosis and autophagy by suppressing both MAPK
and PI3K/Akt/mTOR signaling pathways [36]. Consistently, the suppression of MAPK
signaling pathways caused by Smp24 is observed in the current study. Thus, Smp24 exerts
its cytotoxicity toward human lung cancer cells via inducing apoptosis and autophagy, too.

4. Conclusions

In summary, the current study reveals the mode and molecular mechanisms of Smp24
targeting mitochondria in A549 cells. Smp24 is internalized into A549 cells and interacts
with mitochondria, leading to the loss of mitochondrial membrane potential, accumulating
ROS, causing mitochondrial dysfunctions, which subsequently result in apoptosis, cell
cycle arrest, and autophagy. Our findings further expose the antitumor mechanism of
Smp24 against NSCLC A549, suggesting its application in lung carcinoma therapy.

5. Materials and Methods

5.1. Chemicals and Cell Culture

Phosphate-buffered saline (PBS), fetal bovine serum (FBS), RPMI-1640, and trypsin
were obtained from Gibco (Grand Island, NY, USA). The A549 cell line was obtained
from the American Type Culture Collection (Manassas, VA, USA) and was cultured in
RPMI-1640 medium containing 10% FBS and 1% penicillin-streptomycin at 37 ◦C in an
atmosphere of 5% CO2. Cytochrome c, Bax, Bcl-2, PARP, cleaved PARP, caspase-3, cleaved
caspase-3, caspase-9, cleaved caspase-9, p53, p21, Cyclin A2, Cyclin E1, Cyclin B1, CDK2,
Erk, p-Erk, JNK, p-JNK, p38, p-p38, mTOR, p-mTOR, Akt, p-Akt, FAK, p-FAK, PI3K,
p-PI3K, p62, LC3A/B- I/II, β-actin, GAPDH and all secondary antibodies were acquired
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from Cell Signaling Technology (Beverly, MA, USA). Necrostatin-1 (Nec-1, an inhibitor
of RIP1K), Z-VAD-FMK (an inhibitor of pan caspase), Z-DEVD-FMK (an inhibitor of
caspase-3), N-Acetyl-L-cysteine (NAC), mitochondrial membrane potential assay kit for
JC-1, reactive oxygen species (ROS) assay kit, cell cycle and apoptosis analysis kit, and
DAPI were obtained from Beyotime Institute of Biotechnology (Shanghai, China). Smp24
and FITC-labeled Smp24 were synthesized as reported in our previous study [11].

5.2. Cell Viability and Proliferation Assays

Cellular viability was analyzed via MTT method as reported in our previous study [37].
Briefly, A549 cells (1 × 104 cells/well) were cultured in 96-well plates and treated with a
gradient concentration of Smp24 (1.25–20 μM) at different time intervals (12, 24, and 48 h).
A549 cells were pre-incubated with different inhibitors including 40 μM Nec-1, 40 μM
Z-DEVD-FMK, 40 μM Z-VAD-FMK, and 2 mM NAC for 30 min before 5 μM Smp24 was
incubated with the cells for 12 h to investigate the responsibility of different signaling
pathways in the cytotoxic effects of Smp24. After incubation, 10 μL MTT (5 mg/mL) was
then added and incubated for 4 h at 37 ◦C in the dark. Subsequently, 200 μL DMSO was
applied into each well after discarding the cell medium, and the cell viability was estimated
by calculating the absorbance value at 490 nm via a microplate reader (Tecan Company,
Männedorf, Switzerland). The experiments were performed in triplicate.

5.3. Peptide Internalization Analysis

After being seeded onto a 24-well plate overnight (1 × 105 cells/well), A549 cells were
subsequently incubated with 1.25, 2.5, and 5 μM of FITC-labeled Smp24 at 37 ◦C for 1 h and
6 h. Flow cytometry (Becton Dickinson Company, Bedford, MA, USA) was used to measure
the cell fluorescence intensity after washing with PBS. The location of Smp24 within cells
was observed with fluorescence microscope at 400 × magnification. In detail, the cells were
washed with PBS after treatment with 5 μM FITC-labeled Smp24 at 37 ◦C for 6, 12, and 24 h,
respectively. Cells were then fixed with 4% paraformaldehyde (PFA) for 30 min, followed
by staining with DAPI for 10 min. Approximately three single-plane pictures of each well
were obtained.

To identify the effects of heparan sulfate on peptide internalization, 5 μM FITC-labeled
Smp24 was pre-incubated with 5, 10, or 20 μg/mL heparan sulfate in RPMI-1640 medium
for 30 min before the mixture was incubated with cells (1 × 105 cells/well). After 1 h and
6 h, flow cytometry (Becton Dickinson Company, Bedford, MA, USA) was used to measure
the cell fluorescence intensity.

To identify whether the cellular energy state affects internalization, A549 cells were
placed at 4 ◦C or 37 ◦C for 30 min before incubated with 5 μM FITC-labeled Smp24 for
1 h and 6 h. Thereafter, the cells were harvested, washed, and re-suspended in 200 μL of
PBS for flow cytometry analysis. As a further confirmation of the role of energy in the
translocation of Smp24, the FITC-labeled Smp24-treated A549 cells were pre-incubated
with 40 μM NaN3 or 50 mM NH4Cl for 30 min and then subjected to flow cytometry. All
experiments were detected in triplicate.

5.4. Zeta Potential Measurement

Zeta potential analysis was performed to evaluate the interaction between Smp24 and
cancer cells. In short, after re-suspended in PBS, 1 × 105 A549 cells were mixed with Smp24
(0, 1.25, 2.5, and 5 μM). Then, the mixtures were loaded into Folded Capillary cell (DTS1070,
Malvern Instruments Ltd., Worcestershire, UK) for measurement of zeta (ξ) potential with
the Zetasizer system (Nano ZS; Malvern Instruments Ltd., Worcestershire, UK). The A549
cell suspension without Smp24 was considered as a control. All experiments had been
detected in triplicate.
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5.5. Transmission Electron Microscopy Analysis

After cultivation in a 6-well plate (2 × 105 cells/well) for 24 h, A549 cells were co-
incubated with 5 μM Smp24 for another 24 h. Negative controls were defined as cells
without Smp24 treatment. The cells were harvested and fixed with electron microscope
fixative (2.5% glutaraldehyde at 0.1 M PBS) at room temperature for 2 h and then at 4 ◦C
for 48 h. After removing the fixative, cells were incubated with 8% sucrose in PBS, followed
by post-fixation with 1% osmium tetraoxide for 1 h at 4 ◦C. The cells were subsequently
washed with PBS three times for 10 min. After being dehydrated with a series of gradient
ethanol/water solutions, the cells were embedded in Poly/Bed 812 resin (Pelco, Redding,
CA, USA). Lead citrate was used to stain the ultrathin sections, and samples were examined
on a transmission electron microscope (TEM, Hitachi Company, Tokyo, Japan) at 80 kV.

5.6. Fluorescence Microscopy Analysis

For intracellular ROS content measurement, after being pretreated with Smp24 (0,
1.25, 2.5, and 5 μM) for 12 h, A549 cells were then washed with PBS before incubation with
10 μM of 2, 7-dichlorodihydro-fluoresceindiacetate (DCFH-DA) at 37 ◦C for 30 min in the
dark. Inverted fluorescence microscopy (Axio Observer, Zeiss, Oberkochen, Germany) was
used to observe cells at 200 × magnification. NAC was used as the positive control.

The changes on the mitochondrial membrane potential of A549 cells caused by Smp24
were identified using JC-1 staining (Beyotime Institute of Biotechnology, Shanghai, China).
After being incubated with different concentrations of Smp24 for 12 h, A549 cells were then
stained with JC-1 for 30 min at 37 ◦C according to the manufacturer’s instructions. The
changes were observed under fluorescence microscopy (Axio Observer, Zeiss, Oberkochen,
Germany) at 400 × magnification. NAC was use as the positive control and approximately
three random photos of each well were captured.

5.7. Cell Cycle and Apoptosis Analysis

Flow cytometry was used to identify the effects of Smp24 on cell cycle distributions
and apoptosis in A549 cells. A549 cells with 2 × 105/well in density were cultured in 6-well
plates overnight and treated with a gradient concentration of Smp24 or 2 mM NAC for 24 h.
After being collected by centrifugation, cells were subsequently washed with cold PBS and
followed by fixing with 70% ethanol overnight at 4 ◦C. The cells were stained with PI and
RNase A at 37 ◦C for 30 min after being washed with cold PBS. For the apoptosis analysis,
harvested cells were stained with Annexin V-FITC and PI for 15 min at room temperature
and then detected by flow cytometry (Becton Dickinson Company, Bedford, MA, USA). All
experiments were conducted in triplicate.

5.8. Western Blot Analysis

After culturing in 6-well plates, the 2 × 105 A549 cells were incubated with Smp24
(0, 1.25, 2.5, and 5 μM) for 24 h. After treatment, the harvested cells were extracted with
RIPA lysis solution containing 1% phosphatase and protease inhibitors (FDbio Science
Biotech Co., Ltd., Hangzhou, China) on ice for 15 min and then the supernatant was used
for SDS-PAGE analysis and transferred to polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA, USA). After mixing with appropriate primary antibodies (1:1000)
at 4 ◦C overnight and horseradish peroxidase-conjugated secondary antibodies (1: 2000)
at 25 ◦C for 1 h, blot bands were observed by the hypersensitive ECL chemiluminescence
agent and calculated using Image J software (64-bit, National Institutes of Health, MD,
USA) in triplicate.

5.9. Statistical Analysis

All data were presented as mean ± SEM. Data were analyzed using one-way ANOVA
followed by Bonferroni’s test through GraphPad Prism 5.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). Statistical significances were shown as * p < 0.05, ** p < 0.01, and
*** p < 0.001.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14090590/s1, Figure S1: Internalization of Smp24 into
A549 cells. (A) The internalization of FITC-labeled Smp24 into A549 cells after 6 h of treatment. (B–E)
Effect of heparan sulfate, NaN3, NH4Cl, and temperature on the intracellular uptake of FITC-labeled
Smp24 for 6 h, respectively. The values are presented as mean ± SEM (n = 3).
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Abstract: Smp24, a cationic antimicrobial peptide identified from the venom gland of the Egyptian
scorpion Scorpio maurus palmatus, shows variable cytotoxicity on various tumor (KG1a, CCRF-CEM
and HepG2) and non-tumor (CD34+, HRECs, HACAT) cell lines. However, the effects of Smp24 and
its mode of action on lung cancer cell lines remain unknown. Herein, the effect of Smp24 on the
viability, membrane disruption, cytoskeleton, migration and invasion, and MMP-2/-9 and TIMP-1/-2
expression of human lung cancer cells have been evaluated. In addition, its in vivo antitumor role
and acute toxicity were also assessed. In our study, Smp24 was found to suppress the growth of
A549, H3122, PC-9, and H460 with IC50 values from about 4.06 to 7.07 μM and show low toxicity
to normal cells (MRC-5) with 14.68 μM of IC50. Furthermore, Smp24 could induce necrosis of A549
cells via destroying the integrity of the cell membrane and mitochondrial and nuclear membranes.
Additionally, Smp24 suppressed cell motility by damaging the cytoskeleton and altering MMP-2/-9
and TIMP-1/-2 expression. Finally, Smp24 showed effective anticancer protection in a A549 xenograft
mice model and low acute toxicity. Overall, these findings indicate that Smp24 significantly exerts an
antitumor effect due to its induction of membrane defects and cytoskeleton disruption. Accordingly,
our findings will open an avenue for developing scorpion venom peptides into chemotherapeutic
agents targeting lung cancer cells.

Keywords: lung cancer; antimicrobial peptide; scorpion; venom; tumor

Key Contribution: Smp24 significantly exerts an antitumor effect due to its induction of membrane
defects and cytoskeleton disruption in vivo and in vitro.

1. Introduction

Lung cancer, especially non-small cell lung cancer (NSCLC), has become the major
cause of cancer death around the world, resulting in a mortality of more than 1.7 million
annually [1]. Although chemotherapy, radiation, targeted therapy, and immune therapy
have improved the survival rate of patients, lung adenocarcinoma is still one of the most
aggressive and rapidly malignant types of cancer [1]. Therefore, developing new anti-
cancer drugs with high selectivity, low toxicity, and adequate membrane permeability is of
great importance.

Antimicrobial peptides (AMPs) are generally acknowledged as important components
of the innate immune defense and are the most promising candidates to replace conven-
tional antibiotics. Approximately 3000 native AMPs have been purified and identified from
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animals, plants, protozoa, bacteria, fungi and protists [2]. Of these peptides, 230 members
among them are grouped into anticancer peptides (ACPs) that possess antitumor activ-
ity [2]. Most of ACPs target cell membranes rather than specific receptors, which make
them less possible for cancer cells to develop drug resistance compared with traditional
chemotherapy [3,4]. Therefore, the development of these peptides into potent anticancer
agents, whether alone or in combination with other classical chemotherapy, has been con-
sidered as an innovative strategy for cancer treatment [3]. The action mechanism of most
ACPs depends on the electrostatic interactions between cationic peptides and anionic lipids
on cancer cell membranes [3,4]. As a result, they selectively disrupt the negatively charged
plasma membranes of cancer cells without affecting zwitterionic cell membranes of non-
cancer cells [3,4]. Furtherly, tumor cell migration is essential for invasion and dissemination
from primary solid tumors [5]. Tumor migration suppression is also a therapy strategy and
some AMPs, such as the short peptide RK1 from Buthus occitanus, can inhibit tumor cell
migration and show therapeutic potential [6].

Scorpion venoms reveal potent suppressing effects on various types of cancers in-
cluding lung, hepatoma, leukemia, breast, neuroblastoma, prostate, pancreas, glioma and
lymphoma [7]. Our previous studies have described that Smp24, an amphipathic cationic
AMP isolated from the Egyptian scorpion Scorpio maurus palmatus, can suppress microbes
by membrane disruption [8,9]. The peptide shows stronger cytotoxicity against leukemic
tumor cell lines (KG1-a and CCRF-CEM) than the normal cell lines (CD34+, HRECs and
HACAT) [10], which indicates that Smp24 may be a potential ACP. However, its effects and
underlying mechanism on lung cancer cells remain to be clarified. In this study, we first
elucidated the cytotoxicity of Smp24 on human lung cancer cells via membrane destruction.
Furthermore, its effects on the migration ability of A549 cells via the regulation of fila-
mentous actin (F-actin) and the alteration of MMP-2/9 and TIMP-1/2 protein expressions
were assessed. Finally, Smp24 showed antitumor efficacy and low acute toxicity in the
A549 xenograft mice model. To the best of our knowledge, this is the first detailed study
describing the potent in vitro and in vivo efficacy of Smp24 against lung cancer cells.

2. Results

2.1. Smp24 Inhibits the Proliferation of Human Lung Cancer Cells

MTT was used to measure the cytotoxic activity of Smp24 against four human lung
cancer cell lines. The IC50 values and selectivity index of Smp24 for 24 h treatment against
A549, H3122, PC-9 and H460 cells were about 4.06 ± 0.60, 4.64 ± 0.18, 6.34 ± 0.53, and
7.07 ± 0.81 μM, and 3.61, 3.16, 2.32, and 2.07, respectively (Figure 1A and Table S1).
Nonetheless, Smp24 exhibited less inhibitory potency toward the proliferation of normal
cells as evidenced from the higher IC50 value of around 14.68 ± 0.79 μM for MRC-5 cells
(Figure 1A), indicating that it is more selective toward cancer cells. Furthermore, the IC50
value of Smp24 for 24 h treatment against A549 is lower than 31.98 ± 1.79 μM of cisplatin
(Figures 1A and S1). Because the A549 cell line is most sensitive to Smp24 and NSCLC
accounts for about 80–85% of human lung carcinoma [1], the NSCLC cell line A549 was
selected for further investigation of the antitumor effect of Smp24. EdU incorporation
assay revealed that Smp24 dramatically decreased the EdU fluorescence intensities of
A549 cells compared with untreated cells, which further suggested that Smp24 inhibited
cell proliferation in a dose-dependent manner (Figure 1B). The morphology of A549 cells
incubated with Smp24 for 24 h is shown in Figure 1C. The control cells formed normal
and fusiform shape with smooth surfaces. However, A549 cells treated with Smp24 were
obviously smaller and rounder than the control cells. Moreover, their number decreased in
a concentration-dependent manner with many floated cells and cellular debris. The above
data suggest that Smp24 has both cytotoxic and cytostatic effects on lung cancer cells.
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Figure 1. Viability and morphology changes of cancer cells induced by Smp24. (A) Viability of A549,
H3122, PC-9, H460 and MRC-5 cells treated with Smp24 for 24 h. (B) Proliferation of A549 cells
treated with the indicated concentrations of Smp24 for 24 h. Panels (a–d) are sequentially the cells
treated with 0, 1.25, 2.5, and 5 μM of Smp24. (C) Cell morphology changes after treatment with
Smp24 for 24 h. Panels (a–f) are sequentially the cells treated with 0, 1.25, 2.5, 5, 10 and 20 μM of
Smp24. Scale bar, 100 μm. Data are normalized to control and presented as mean ± SEM (n = 3).

2.2. Smp24 Induces Necrosis of A549 Cells by Membrane Damage

To decipher the mechanism behind the antiproliferative effects of Smp24, its necro-
tizing effect was examined. The release of LDH was increased in Smp24-treated cells in
both dose- and time-dependent manners (Figure 2A). The release of LDH evidenced cell
membrane leakage throughout. Thus, SEM technology was used to observe morphological
alteration of the cell membranes induced by Smp24. As shown in Figure 2B, the control cells
displayed complete and smooth cell membranes, whereas Smp24-treated cells appeared
with fragmented cell membranes and curly edges. The above findings indicated that the
decrease in cell viability induced by Smp24 resulted from its cytolytic effect. To further
confirm the membrane permeability changes following treatment with Smp24, calcein
AM release assay was carried out. As shown in Figure 2C, Smp24 exposure concentration
dependently accelerated the release of calcein AM from A549 cells, indicating the damage
of membrane integrity in A549 cells. CoCl2 is a quencher of cytosolic calcein fluorescence
to selectively label mitochondria. Consistently, in the presence of CoCl2, the cytosolic
fluorescence was reduced from 90.70% to 74.70%, while for mitochondria, it increased from
1.5% to 8.17% when compared to calcein AM alone. Furthermore, this change in trend of
the fluorescence intensity in the cytoplasm and mitochondria was further strengthened by

83



Toxins 2022, 14, 438

Smp24 in a concentration-dependent manner when compared with the control without
Smp24 treatment (Figure 2C). Additionally, it is the necroptosis inhibitor necrostatin-1
rather than mitochondrial permeability transition pore inhibitor, Cyclosporine A, that can
inhibit Smp24-induced proliferation and necrosis of A549 (Figure 2D,E). To further confirm
the membranolytic effect of Smp24 on the nuclear membrane, DAPI staining assay was
performed. As shown in Figure 2F, the untreated A549 cells were found to contain intact
nuclei. However, the volume of A549 cells treated by Smp24 for 24 h was reduced, and the
nuclear integrity was broken. Furthermore, in FITC channel observation, all cells showed
a high green fluorescence due to the peptide in the cells and some green fluorescence
co-localized blue fluorescence-derived DAPI staining, indicating that a portion of Smp24
entered into the nucleus, thereby damaging the cell nucleus (Figure 2F). Together, these re-
sults suggested that Smp24 induced non-specifically cellular and mitochondrial membrane
damage in A549.

2.3. Smp24 Inhibits Motility by Damaging the Cytoskeleton and Altering MMP-2/-9 and
TIMP-1/-2 Expression

Structural stability of cells and the integrity of their plasma membrane mostly rely
on the dynamics and function of the cytoskeleton, which allow cells to maintain or
adaptably modify their morphology to facilitate cell division, motility, and other bio-
logical activities [11,12]. Thus, the cytoskeleton was examined via staining F-actin with
rhodamine–phalloidin. As displayed in Figure 3A, the cells without Smp24 treatment were
smooth with obvious staining of flat microfilament bundles that were collateral to the edge
of the cells. However, F-actin microfilaments became disorganized and polarized feathers
of cytoskeleton variation following treatment with Smp24. Especially, after co-culture
with 5 μM Smp24 for 24 h, the microfilament bundles of A549 cells were shortened and
disordered with visibly red fluorescence. The above data indicate that Smp24 suppresses
the cell motility via the regulation of F-actin type in A549 cells.

Previous reports have confirmed that the cytoskeleton is crucially involved with
cell motility, which is importantly responsible for high cancer mortality, and its crucial
steps include cell migration and invasion [13,14]. For this reason, the wound-healing and
transwell assays were performed to measure the effects of Smp24 on migration and invasion
of A549 cells. In comparison with the control cells, A549 cell migration was suppressed
by Smp24 in a dose-dependent manner after treatment for 24 h, and the suppression rates
of 0.3, 0.6 and 1.2 μM of Smp24 were about 62.23%, 78.63%, and 94.52%, respectively
(Figure 3B,C). Consistently, Smp24 decreased the invasion of A549 cells at a concentration-
dependent manner in the invasion assay, respectively (Figure 3D). Therefore, Smp24 could
effectively inhibit cell invasion and migration of A549 cells. The regulation proteins of the
extracellular matrix, such as MMPs and TIMPs, play important roles in cell motility [13].
Therefore, the influence of Smp24 on the mRNA expression of MMP-2/-9 and TIMP-1/-2
were measured by qPCR. As shown in Figure 3E, the expressions of TIMP-1/-2 mRNA were
significantly upregulated while the expressions of MMP-2/-9 mRNA were significantly
downregulated in a concentration-dependent manner following incubation with Smp24
for 12 h. In short, these results confirmed that Smp24 is in a position to suppress A549 cell
invasion and migration.
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Figure 2. Necrosis induced by Smp24 in A549 cells. (A) LDH release of A549 cells induced by Smp24
(0–20 μM) for 12, 24 and 48 h. (B) SEM analysis of morphological structure of A549 cells. Panel (a):
control A549 cells; panels (b,c): A549 cells treated by 2.5 and 5 μM of Smp24. Scale bar, 10 μm.
(C) Representative flow cytometry analysis of calcein AM changes in A549 cells treated with Smp24 for
24 h. Panels (a–d): cells stained with calcein AM; panels (a’–d’): cells treated by calcein AM + CoCl2;
Panels (a–a’,b–b’,c–c’,d–d’): cells treated by 0, 1.25, 2.5 and 5 μM of Smp24, respectively. Results are
presented as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 are considered statistically
significant as compared to the control. (D,E) Effects of inhibitors on the viability and the LDH release of
Smp24-treated A549 cells. A549 cells were pre-incubated with the inhibitors (40 μM Necrostatin-1, 1 μM
Cyclosporine A) for 30 min before being further incubated with 5 μM Smp24 for 12 h. (F) Fluorescence
microscope observation of 5 μM FITC-labeled Smp24 internalized in A549 cells after co-incubation for
24 h. (a,b) Control (no treatment) group; (a’,b’) 24 h treatment group; panels (c,c’) are the merged figure.
Yellow arrow: nuclear fragmentation or the apoptotic body. Scale bar, 20 μm.
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Figure 3. Effects of Smp24 on the motility and cytoskeleton reorganization of A549 cells. (A) Fluores-
cence staining images of F-actin. Upper panel: cells stained with rhodamine-phalloidin; middle panel:
cells stained with DAPI; lower panel: the merging images of cells stained by rhodamine–phalloidin
and DAPI. A549 cells were treated with Smp24 (0, 2.5, and 5 μM) for 24 h and successively
stained by rhodamine-phalloidin as well as DAPI before fluorescence microscopy observation.
White arrow: disordered microfilament bundles. Scale bar, 20 μm. (B) Representative pictures
of A549 cells in the scratch migration assay at 0 and 24 h following incubation with Smp24 and
PBS. Panels (a–a’,b–b’,c–c’,d–d’): the cells treated by 0, 0.3, 0.6 and 1.2 μM of Smp24, respectively.
(C) Statistical analysis for the scratch migration assay. (D) Typical images of A549 cells in the tran-
swell invasion assay following culture with Smp24 and PBS for 24 h. Panels (a–d): the cells treated by
0, 0.3, 0.6 and 1.2 μM of Smp24, respectively. (E) Statistical analysis of relative mRNA contents of
MMP-2, MMP-9, TIMP-1 and TIMP-2. Results are mean ± SEM (n = 3). ** p < 0.01 and *** p < 0.001
are considered statistically significant as compared to the control group without Smp24.
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2.4. Smp24 Inhibits Tumor Growth in Mice

The in vivo pharmacodynamic effects of Smp24 were assessed using A549 xenograft
mice model. As indicated in Figure 4, in comparison to the control group, the tumor
volume and weight in the Smp24-treated group were reduced by approximately 65.4% and
64.3%, respectively (Figure 4B–D). However, the treatment with Smp24 did not affect the
weight changes of body and important organs such as heart, lung, liver, spleen and kidney
(Figure 4E,F). As shown in Figure 4G, HE staining displayed that tumor cells in the control
group generally were enlarged with fairly complete structure and regular shapes, while
massive cell shrinkage and the inflammatory cell infiltration appeared in the Smp24-treated
group. Furthermore, immuno-histochemical analysis demonstrated that the expression of
cleaved caspase-3 (brown area) in the Smp24-treated group was dramatically enhanced
when compared to the control group (Figure 4H). The above results suggested that Smp24
can exert potent antitumor effects in vivo.

 

Figure 4. In vivo antitumor effects of Smp24. (A) Experimental schedule for xenograft mice.
(B) Images of tumors from sacrificed nude mice. (C) Tumor weight. (D) Tumor volume. (E) Body
weight change. (F) The weight of heart, liver, spleen, lung and kidney. (G) HE staining analysis of
tumor tissue. Scale bar, 50 μm. (H) Immunohistochemical analysis of cleaved caspase-3 in tumor
tissue from lung carcinoma xenografts. Panel (a): control group; panel (b): Smp24-treated group.
Scale bar, 50 μm. Data presented are mean ± SEM (n = 5). ns: no significance, * p < 0.05, ** p < 0.01
and *** p < 0.001 are considered statistically significant as compared to the control group without
Smp24 treatment. Yellow arrow: enlarged tumor cells. Blue arrow: shrinking cells. White arrow:
positive apoptotic staining (brown areas).

2.5. Smp24 Has No Hepatotoxicity and Nephrotoxicity in Acute Toxicity Doses

In the acute toxicity test of mice, physiological saline was selected as the normal
control group. Doses of 5 and 10 mg/kg were chosen for the acute toxicity test. After the
first day’s injection, there was no animal death in any group. Plasma AST, ALT, BUN and
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Cre are key biomarkers reflecting liver and kidney damage in the clinic [15]. All of them
did not change significantly in the mice of the 5 and 10 mg/kg Smp24 groups after injection
48 h (Figure 5A–D). Compared with the important organs weights of mice pre-injection,
the heart, lung, liver, spleen and kidney weights of mice in the 5 and 10 mg/kg Smp24
groups did not change significantly (Figure 5E–I). Therefore, the results indicated that
Smp24 might not have hepatotoxicity and nephrotoxicity in the acute toxicity doses.

 

Figure 5. Acute toxicity analysis of Smp24. (A–D) The level of ALT, AST, BUN, Cre in serum of normal
mice after 48 h treatment with 0, 5 and 10 mg/kg Smp24. (E–I) The weight of heart, liver, spleen, lung
and kidney of mice after 48 h treatment with 0, 5 and 10 mg/kg Smp24. ns: no significance.

3. Discussion

Despite the great improvement that has been achieved in its treatment in recent
decades, lung cancer remains the most lethal type of cancer and still is one of the biggest
threats to the health care system globally [1]. AMPs derived from natural or designed
peptides possess selective cytotoxicity against various tumor cells [16]. Smp24 is an amphi-
pathic and cationic AMP from Egyptian scorpion Scorpio maurus palmatus, which exhibits
the cytotoxicity to leukemic tumor cell lines [10]. In line with the previous study, we
have found that Smp24 preferentially inhibits the proliferation of A549, H3122, PC-9 and
H460 cells in vitro (Figure 1A). Moreover, its antitumor capability is further proven in the
xenograft mice (Figure 4).

A previous study has also proven that Smp24 can induce pore formation of mem-
brane [9]. In line with them, our compelling evidence from LDH release, calcein AM stain-
ing and SEM observation (Figure 2) demonstrate that cationic Smp24 as a pore-forming
peptide can interact with tumor cell membranes, elevate their permeability, and induce
pore formation in the plasma membrane and cell death [3,17,18]. Recent findings suggest
that some cationic AMP such as Brevivin-1RL1 [19], KL15 [20], D-K6L9 [21] and P18 [22]
can exhibit their induction of tumor necrosis via membrane destruction. Furthermore,
after exposure to A549 cells for 24 h, Smp24 causes mitochondrial damage (Figure 2C) and
cytoskeleton disruption (Figure 3A). In addition, Smp24 can distribute into the cell nucleus,
thereby damaging the nucleus (Figure 2F), and consequently resulting in cell death. Finally,
the signal pathway inhibitors such as Necrostatin-1 can inhibit Smp24-induced proliferation
and necrosis of A549 (Figure 2D,E). Cyclosporine A, the permeability transition inhibitor,
cannot inhibit the cytotoxicity of Smp24 to A549 cells (Figure 2D,E), suggesting that the
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non-specific mitochondrial membrane disruption of Smp24 should be responsible for its
induction of the mitochondrial dysfunction. These data further suggest that the cytotoxicity
of Smp24 to tumor cells might result from its damage of the plasma membranes and other
intracellular cascades.

The different charge distributions of the cell membrane surface between cancer and
non-cancer cells may partially contribute to the selectivity of AMPs. For example, the rich
anionic components such as heparan sulfate, PS, and sialylated gangliosides provide a net
negative charge on the surface of cancer cells. For this reason, AMPs can electrostatically
bind cancer cell membranes and especially kill tumor cells [3]. Consistently, a series of short
amphiphilic triblock AMPs shows that anti-tumor effects and K4F6K4 with high charge
most strongly affects A549 cells among them. Differently, although Smp24 has significantly
lower overall charge (+3) than K4F6K4, the IC50 value (32.21 μM) of K4F6K4 against A549
cells is higher than 4.06 μM of Smp24. It is reported that the net charge need not be as high
as possible to improve the anticancer activity, and some mutant peptides with low charge
showed strong activity among a series of peptides [23]. Thus, net charge and anticancer
activity are not always positively correlated. Instead, some α-helical peptides with cationic
and amphipathic character derived from animal venoms can penetrate the membrane of
tumor cells despite their difference in spatial structure and the content of disulfide bonds.
Thus, other physical and chemical properties such as hydrophobicity and helicity may also
contribute to the antitumor capability of AMPs [24,25].

Generally, the cytoskeleton cannot counteract the external pressure from the extra-
cellular environment, the plasma membrane may be irreversibly deformed, leading to
plasma membrane leakiness [12]. Specifically, actin fragmentation eliminates the cytoskele-
tal support of the plasma membrane, which then causes the appearance of pores in the
plasma membrane [11]. Plasma membrane pores unbalance the controlled trafficking of
ions (e.g., calcium ion), metabolites and waste products in and out of the cell and, thereby,
disrupt the intracellular homeostatic conditions. Clearly, calcium concentrations that are
above critical are cytotoxic, as they lead to mitochondrial failure [26]. In this study, both
the cell membrane and mitochondrial membrane were damaged after Smp24 treatment
(Figure 2). Hence, persistent perturbations to the cytoskeleton may lead to breakdown
of cell function, permeabilization of the plasma membrane, loss of cell homeostasis, and
eventual cell death [12].

Cell migration is a highly dynamic process controlled by the cytoskeleton, which
mainly comprises the actin microfilaments, microtubules and intermediate filaments. Dur-
ing migration, cells polarize and form protrusions at the front where new adhesions are
formed, which transmit the traction forces required for movement. All of these steps
are coupled to major cytoskeletal rearrangements and are controlled by a wide array of
signaling cascades [27]. In addition, F-actin is a functional indicator of cell migration and
can mostly affect the motility of cancer cells [28,29]. In our experiment, after treatment with
Smp24 for 24 h, both F-actin reorganization and cell motility are inhibited (Figure 3A–D).
Recent studies have linked the mitochondrial ROS increase to suppression of lung cancer
cell motility [30–32]. Moreover, mitochondria dysfunction, ROS accumulation and pertur-
bation of F-actin fibers in the liver cancer cells treated by antitumor molecules coincidently
occurred [33,34]. Considering that Smp24 can increase the contents of ROS in A549 cells
(data not shown), Smp24 damages the mitochondrial membrane and increases ROS content,
which disrupts the cytoskeleton. Focal adhesions (FAs) are dynamic signaling structures
that anchor the cytoskeleton to the extracellular matrix via numerous effector proteins such
as integrins, cadherins and other adhesion molecules [35]. Accordingly, microtubules can
also adjust the integrin activation, the recruitment of specific adhesion complex compo-
nents, and the assembly of FAs [36,37]. Furtherly, the assembly and disassembly of Fas are
chiefly regulated by focal adhesion kinase (FAK), which can be inhibited by cytoskeleton
disorganization. In addition, FAs disassembly has been reported to require dephospho-
rylation of P-FAK [38], and the stiffness-dependent activations of the FAK–p130Cas–Rac
and PI3K-Akt pathway lead to the changed expression and distribution of N-cadherin
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and integrins in cells [39,40]. Considering that Smp24 can inhibit the phosphorylation of
FAK and PI3K (data not shown) and damage the cytoskeleton, we can deduce the reduced
adhesive potential of these cells and inhibit the mobility of cells, which is consistent with
the effects of polypeptides reported by Xia et al. [41]. The migration and invasion of NSCLC,
which are greatly affected by the MMPs protein family, especially MMP-2 and MMP-9, are
important for its metastasis to other body regions such as bone, brain and spleen. Thus,
their suppression is a matter of importance for the treatment of NSCLC [1,13]. Smp24 is
demonstrated to own the obvious suppression effects on the migration and invasion of
A549 cells (Figure 3B–D). Meanwhile, Smp24 can dramatically decrease the mRNA levels
of MMP-2/-9 while increasing those of TIMP-1/-2 in A549 cells (Figure 3E). These data
confirm that Smp24 can markedly restrain the metastasis of A549 cells. Therefore, the
motility suppression of lung cancer cells by Smp24 may be associated with its changes of
mRNA levels of MMP-2/-9 and TIMP-1/-2 plus F-actin reorganization.

For most peptides, despite the cogent evidence about their antitumor effects in vitro,
their clinical applications have met with major obstacles owing to several issues, including
their non-specific cellular cytotoxicity and rapid degradation in the blood [42]. In order
to further verify the antitumor effects of Smp24 in vivo, a tumor-burdened experiment
was carried out. In our study, 18 d after treatment of 2 mg/kg Smp24, the tumor weight
and volume were reduced about 64.3% and 65.4%, respectively, which demonstrate its
stability and antitumor potency in vivo (Figure 4B–D). Furthermore, it does not affect the
weight changes of body and important organs such as heart, liver, spleen, lung and kidney
(Figure 4E,F), confirming its low cytotoxicity to normal mammalian cells and biological
safety in vivo. Melittin is a cationic AMP with 26 amino acids and presents antitumor
effects toward various tumor cells via occurrence of necrosis and motility [43]. However,
subcutaneous injection of melittin at doses of 0.5 and 10 mg/kg significantly suppresses
NSCLC tumor growth by 27% and 61%, respectively [44]. Considering that Smp24 contains
24 amino acids in its primary sequence and has stronger antitumor capacity against NSCLC
than melittin in vivo, and the high dose of Smp24 (10 mg/kg) lacks damaging effects
on the liver and kidney (Figure 5), Smp24 has lower synthesis cost and is more efficient
than melittin. Together, Smp24 has the anti-A549 cell effects in vivo without remarkable
toxicity, which makes it more in reference to clinical trials. However, most natural peptides
are difficult to directly apply in clinics without modification to improve their therapeutic
efficacy and stability in plasma. The effects of Smp24 with cyclization, hybridization and
nanodrug modification on tumor cells should be explored in the future.

4. Conclusions

In conclusion, the present findings indicate that Smp24 exerts a cytotoxic effect in vitro
and an antitumor activity in in vivo models of lung carcinoma cells by suppression of cell
motility and induction of necrosis. Mechanistically, Smp24 can destroy the integrity of the
A549 cell membrane, mitochondrial and nuclear membrane, inhibit cytoskeleton organiza-
tion and change the expression of MMP-2/-9 and TIMP-1/-2 in A549 cells. This discovery
will extend the antitumor mechanism of AMPs and open an avenue for developing scorpion
venom peptides into chemo-therapeutic agents targeting lung cancer cells.

5. Materials and Methods

5.1. Animals and Ethics Statement

A total of 10 BALB/c nude mice of both sexes (18–20 g, 6 weeks) were acquired
from the Laboratory Animal Center of Southern Medical University and were raised in a
specific pathogen-free mini-barrier system of the central animal facility of Southern Medical
University under controlled conditions (60% humidity, 21 ± 2 ◦C room temperature, and
12 h light-dark cycle). The experimental protocols (ethical approval number: L2019226 on
11 November 2019) involving animals were approved by the Animal Ethics Committee
of Southern Medical University and were implemented in the light of the international

90



Toxins 2022, 14, 438

regulations for animal research. The animals were placed in an induction chamber, and
anesthesia was induced with 5% isoflurane before sacrificed by cervical dislocation.

5.2. Chemicals and Cell Culture

RPMI-1640, fetal bovine serum (FBS), phosphate-buffered saline (PBS) and trypsin
were all obtained from Gibco (New York, NY, USA). A549, H3122, PC-9, H460 and MRC-5
cells were purchased from the American Type Culture Collection (Manassas, WV, USA).
Cells were grown in RPMI-1640 medium containing 1% penicillin–streptomycin and 10%
FBS under the condition of 37 ◦C and 5% CO2. Lactate dehydrogenase (LDH) release assay
kit, rhodamine–phalloidin and DAPI were obtained from Beyotime Institute of Biotech-
nology, Shanghai, China. Smp24 (IWSFLIKAATKLLPSLFGGGKKDS) was synthesized
by GL Biochem Ltd. (Shanghai, China) and purified with an Inertsil ODS-SP (C-18) RP-
HPLC column (Shimazu, Japan) to over 95% purity. The high-purity peptide was collected,
lyophilized, and further identified by MALDI-TOF mass spectrometry (Figures S2 and S3).
The theoretical mass of 2578.09 Da of the peptide coincides with the experimentally deter-
mined one, 2578.30 Da.

5.3. Cell Viability and Proliferation Assays

MTT assay was performed to analyze cellular viability as previously reported by
us [45]. Briefly, A549, H3122, PC-9, H460 and MRC-5 cells (1 × 104 cells/well) were
grown in 96-well plates and exposed to the different concentrations of Smp24 (1.25–20 μM)
with 24 h. To determine which signal pathway is primarily responsible for the cytotoxic
effects of Smp24 on A549 cells, various inhibitors including 40 μM Necrostatin-1, 40 μM
Z-DEVD-FMK, and 1 μM cyclosporine A were pre-incubated with A549 cells for 30 min
before 5 μM Smp24 was incubated with the cells for 12 h. After incubation, 10 μL MTT
(5 mg/mL) was added before incubation for 4 h at 37 ◦C in the dark. Subsequently, the
cell medium was discarded, and 200 μL DMSO was applied into each well before the
absorbance value at 490 nm was determined via the microplate reader (Tecan Company,
Männedorf, Switzerland). Cell proliferation was further detected by the BeyoClick™ EdU
cell proliferation kit with Alexa Fluor 488 (Beyotime Institute of Biotechnology, Shanghai,
China) according to the protocol of manufacturer. In brief, A549 cells (2 × 105 cells/well)
were grown in 6-well plates and exposed to different concentrations of Smp24 (0, 1.25, 2.5
and 5 μM) for 24 h. Then, the cells were incubated with EdU for 2 h and stained with Alexa
Fluor 488 for 30 min in the dark before cell fluorescence intensity was measured by flow
cytometry (Becton Dickinson Company, Franklin Lakes, NJ, USA). The experiments had
been performed in triplicate.

5.4. Membrane Integrity Assay

To examine the membrane integrity, A549 cells were stained with calcein AM following
the manufacturer’s manual (Beyotime Institute of Biotechnology, Shanghai, China). Briefly,
1 × 105 A549 cells were cultured in a 12-well plate overnight. Then, the cells were exposed
to Smp24 (0, 1.25, 2.5, and 5 μM) for 24 h and detached by trypsinization, washed with
PBS, followed by incubated with 1 μM calcein AM at 37 ◦C for 30 min. After calcein, AM
in the medium was cleared and cells were washed with PBS, the levels of calcein AM
were detected by flow cytometry (Becton Dickinson Company, Franklin Lakes, NJ, USA).
To measure the integrity of the mitochondrial membrane, after cells were incubated with
calcein AM for 30 min and washed with PBS for three times, 1 μM CoCl2 was added into
the cells and incubated at 37 ◦C for another 15 min, followed by flow cytometry analysis.
All experiments had been detected in triplicate.

5.5. Cell Morphology Observation

First, 2 × 105 A549 cells were seeded onto a 6-well plate overnight. Subsequently,
the cells were exposed to Smp24 at the different concentrations (0–10 μM) for 24 h before
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the cellular morphology was examined under the inverted phase contrast microscope
(100× magnification). Approximately 3 single pictures of each well were captured.

5.6. LDH Release Assay

The LDH release assay was carried out with a commercial kit (Beyotime Institute of
Biotechnology, Shanghai, China) following the manufacturer’s manual. In short, A549 cells
were incubated with Smp24 (1.25, 2.5, 5, 10 and 20 μM) for 12, 24, and 48 h, respectively.
Then, 10 μL of LDH release solution was applied per well and incubated for 1 h. The
supernatant was transferred to a new plate and mixed with 60 μL of substrate solution
per well by gentle shaking for 30 min in the dark. In some experiments, A549 cells were
pre-incubated with the inhibitors (40 μM Necrostatin-1, 40 μM Z-DEVD-FMK, and 1 μM
cyclosporine A) for 30 min before the cells were incubated with 5 μM of Smp24 for 12 h.
Thereafter, a microplate reader (Tecan Company, Männedorf, Switzerland) was used to
measure the absorbance value at 490 nm. All experiments were conducted in triplicate.

5.7. Scanning Electron Microscopy Analysis

A549 cells (1.2 × 105 cells/well) were cultured on the glass coverslips inserted in a
12-well plate for 24 h. Next, a range of concentrations of Smp24 (0, 2.5, and 5 μM) was added
to the 12-well plate and co-cultured for 24 h. The cells without Smp24 were considered as
the negative control. The cells were sequentially fixed with 4% glutaric dialdehyde at room
temperature for 2 h and 2.5% glutaric dialdehyde at 4 ◦C for 8 h, followed by dehydrating
with a series of gradient ethanol/water solutions. Subsequently, the samples were dried
and coated with gold before observation with Phenom ProX instrument at 15 kV. The
experiments were conducted in triplicate.

5.8. Fluorescence Microscopy Analysis

For F-actin reorganization analysis, 7 × 104 A549 cells were seeded in a 24-well plate
overnight and incubated with Smp24 (0, 2.5, and 5 μM) for 24 h. After being fixed with
4% PFA, the cell F-actin was stained with rhodamine–phalloidin for 30 min, washed with
PBS, and then stained with DAPI for another 10 min. The F-actin was observed under
fluorescence microscope at 400× magnification after washing.

To further locate Smp24 within cells, after treatment with 5 μM FITC-labeled Smp24 at
37 ◦C for 24 h, the cells were washed with PBS, fixed with 4% paraformaldehyde (PFA) for
30 min, stained with DAPI for 10 min and followed by observation with fluorescence mi-
croscope at 400× magnification. About 3 single-plane pictures for each well were obtained.

5.9. Cell Motility Assay

Cellular motility was determined using both the scratch migration and transwell
invasion assays as previously described by us [45]. For the scratch migration assay, 2 × 105

A549 cells were plated onto 6-well plates overnight. After scratching the cell monolayer
with a P10 pipette tip on the second day, the cell fragments were removed by washing with
PBS. A549 cells were incubated in serum-free 1640 medium with Smp24 (0, 0.3, 0.6 and
1.2 μM) for 24 h. Three single-plane photos were used to detect scratch widths at 0 h (W0)
and 24 h (Wt). Per point, the migration index (MI) was calculated as MI = Wt/W0. The cell
transwell invasion assay was conducted with a transwell plate (8 μm pore size; Corning,
Inc., New York, NY, USA). The upper compartment was seeded with 5 × 104 cells in 100 μL
1640 serum-free medium with Smp24 (0, 0.3, 0.6, and 1.2 μM). The lower compartment was
added by 500 μL of 1640 containing 10% FBS as an attractant for 24 h. Subsequently, the
noninvasive cells (the upper side) were removed with cotton swabs, and the invasive cells
on the lower side were fixed with 4% formaldehyde, followed by crystal violet staining
before being photographed under a light microscope (200× magnification). Next, the
crystal violet was dissolved by 100 μL of 10% (v/v) acetic acid, and the absorbance value at
570 nm was measured to quantify cell invasion via a microplate reader (Tecan Company,
Männedorf, Switzerland). All experiments were conducted in triplicate.
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5.10. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Assay

First, 2 × 105 A549 cells were grown in 6-well plates overnight and mixed with Smp24
(0, 0.3, 0.6, and 1.2 μM) for 12 h. Next, the cells were centrifuged and the precipitate
was harvested for qRT-PCR to measure the mRNA levels of MMP-2, MMP-9, TIMP-1 and
TIMP-2 with the qPCR instrument (Light Cycler480II, ROCHE Ltd., Basel, Switzerland)
as reported previously by us (Table 1) [45]. To upregulate the expression of MMP-9, the
cells were pretreated with PMA (50 nM) for 1 h before harvest. The reaction cycles for all
genes were: 95 ◦C for 3 min, 40 cycles at 94 ◦C for 15 s and 60 ◦C for 45 s. GAPDH gene
was quantified as a control to verify equal initial quantities of RNA and as an internal
standard to quantify PCR products. Results were calculated with the 2−ΔΔCT method,
and target gene expression was standardized to GAPDH. All experiments were conducted
in triplicate.

Table 1. The primers sequences of qRT-PCR.

Genes Forward Reverse

GAPDH 5′-CGGAGTCAACGGATTTGGTCGTAT-3′ 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′
MMP-2 5′-AGCGAGTGGATGCCGCCTTTAA-3′ 5′-CATTCCAGGCATCTGCGATGAG-3′
MMP-9 5′-GCCACTACTGTGCCTTTGAGTC-3′ 5′-CCCTCAGAGAATCGCCAGTACT-3′
TIMP-1 5′-CTGTTGTTGCTGTGGCTGATAG-3′ 5′-CGCTGGTATAAGGTGGTCTGG-3′
TIMP-2 5′-ACCCTCTGTGACTTCATCGTGC-3′ 5′-GGAGATGTAGCACGGGATCATG-3′

5.11. In Vivo Antitumor Experiments

First, 5 × 106 A549 cells with viability over 90% were inoculated subcutaneously
into the right flank per mouse. Tumor growth was examined daily by palpation and
the diameter was measured with calipers in two planes. Tumor volumes were counted
with the following formula: volume (mm3) = (smallest diameter)2 × (largest diameter)/2.
Then, the mice were randomized into two groups (n = 5 mice/group) for physiological
saline and Smp24 treatment. When the tumor grew to about 50 mm3, Smp24 (2 mg/kg) or
physiological saline was administrated near the tumor site every three days for 18 days.
The body weight of mice and tumor volumes were recorded daily. On the 18th day of
administration, the tumors and organs (heart, liver, spleen, lung, kidney) were removed,
weighed and photographed. After embedding in paraffin, the tumors were stained with HE
staining reagent to analyze the morphological alterations with lung cancer cells. To further
detect the tumor tissue apoptosis levels, the apoptosis-related cleaved caspase-3 was also
examined by immunohistochemical staining followed by observation under inverted-phase
contrast microscope (200× magnification). Optical density analysis was performed on the
immunohistochemical images using Image J software. The results were acquired from five
mice for each group.

5.12. Acute Toxicity Analysis

To detect the acute toxicity of Smp24 in vivo, the mice were weighed and randomly
divided into three groups with 3 animals each, and Smp24 (5 mg/kg and 10 mg/kg)
and saline were intraperitoneally administered into mice of different groups. At 48 h after
injection, serum and organ tissues from mice were collected for blood biochemical detection
and organ weight measurement, respectively.

5.13. Statistical Analysis

Statistical analysis was performed by one-way ANOVA with Bonferroni’s multiple
comparison with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data
were recorded as mean ± SEM. Statistical significance was shown as * p < 0.05, ** p < 0.01
and *** p < 0.001.
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6. Patents

The study has been patented, grant number 202110599012.0.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14070438/s1. Table S1: IC50 values and selectivity index of
cancer cell lines treated with Smp24 for 24 h. Figure S1: RP-HPLC purification of Smp24. Figure S2:
MALDI-TOF-MS identification of Smp24. Figure S3: Viability of A549 cells treated with cisplatin for
24 h.
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Abstract: Toxin-like proteins and peptides of skin secretions from amphibians play important phys-
iological and pathological roles in amphibians. βγ-CAT is a Chinese red-belly toad-derived pore-
forming toxin-like protein complex that consists of aerolysin domain, crystalline domain, and trefoil
factor domain and induces various toxic effects via its membrane perforation process, including
membrane binding, oligomerization, and endocytosis. Here, we observed the death of mouse hip-
pocampal neuronal cells induced by βγ-CAT at a concentration of 5 nM. Subsequent studies showed
that the death of hippocampal neuronal cells was accompanied by the activation of Gasdermin E and
caspase-1, suggesting that βγ-CAT induces the pyroptosis of hippocampal neuronal cells. Further
molecular mechanism studies revealed that the pyroptosis induced by βγ-CAT is dependent on
the oligomerization and endocytosis of βγ-CAT. It is well known that the damage of hippocampal
neuronal cells leads to the cognitive attenuation of animals. The impaired cognitive ability of mice
was observed after intraperitoneal injection with 10 μg/kg βγ-CAT in a water maze assay. Taken
together, these findings reveal a previously unknown toxicological function of a vertebrate-derived
pore-forming toxin-like protein in the nerve system, which triggers the pyroptosis of hippocampal
neuronal cells, ultimately leading to hippocampal cognitive attenuation.

Keywords: pore-forming toxin; red-belly toad; Bombina maxima; hippocampal neuronal cell; pyroptosis;
cognitive function

Key Contribution: The paper provides first-hand evidence for the role of vertebrate-derived aerolysin-
like pore-forming toxins in triggering pyroptosis of hippocampal neuronal cell and inducing hip-
pocampal cognitive functional impairment.

1. Introduction

Pore-forming toxins (PFTs) are important exotoxins which are usually secreted by
pathogenic bacteria and have a toxic function, mainly by perforating the target cell mem-
brane and causing cell death [1]. Aerolysin is a β-barrel-type PFT primarily produced by
Aeromonas species. Interestingly, an increasing number of genomic data and bioinformatic
analyses have shown that aerolysin-like proteins (ALPs) widely exist in all living things,
including vertebrates [2,3]. It is well known that pathogenic bacteria-derived ALPs exert
various toxic effects (such as hemolysis, cell death, and others) via channel formation
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in a target cell’s membrane [4]. Regrettably, the detailed pathophysiologic functions of
vertebrate-derived ALPs are mostly unknown; one of the most important reasons for this
is that naturally purified ALPs are difficult to obtain [5]. Recently, emerging evidence
has suggested that recombinant vertebrate-derived ALPs play pivotal toxicological and
pathophysiological roles in living organisms. The gene encoding natterin-like ALPs from
the Danio rerio fish has been found to play important physiological roles in the embryonic
development of zebrafish [6,7]. Moreover, the recombinant ALP of Danio rerio, named Aep1,
has also been found to play a crucial role in the antimicrobial immunity of zebrafish [8]. It
has been reported that an ALP from lamprey, named LIP, can selectively kill tumor cells [9].
All of these findings indicate that ALPs from vertebrates are involved in many pathophys-
iologic processes, while the detailed biological functions and molecular mechanisms of
natural ALPs remain unclear.

The hippocampal region of the brain is responsible for learning and memory, and
the integrity and plasticity of hippocampal neurons are crucial to the maintenance of the
learning and cognitive function of the hippocampus [10,11]. Damage to hippocampal
neurons will obviously affect the learning and cognitive abilities of animals. A number of
exotoxins secreted by bacteria have been reported to produce significant toxicity to neurons;
one of the most representative types is neurotoxins [12,13], including botulinum neuro-
toxins, tetanus neurotoxins, cholera toxins, etc. Both botulinum neurotoxins and tetanus
neurotoxins cause severe neuroparalytic syndromes dependent on their metalloprotease
activities [14]. As the main member of the bacterial exotoxin family, PFTs are also toxic to
the nervous system. The epsilon toxin (ETX), an ALP produced by Clostridium perfringens,
has been identified to induce perivascular oedema of the brain and lead to the firing of the
neural network by binding to certain neurons or oligodendrocytes [15]. However, the roles
of vertebrate-derived ALPs in the nervous system are largely unclear, and to date, the effect
of ALPs from vertebrates on the hippocampus has not been reported.

In our previous studies, an ALP complex composed of one ALP subunit and two trefoil
factor (TFF) subunits, named βγ-CAT, was identified from the skin secretions of Bombina
maxima, a red-belly toad distributed specifically in southwest China [16]. The results of
previous studies revealed that βγ-CAT has diverse toxic effects via pore formation in the
membrane of target cells, especially mammalian cells. βγ-CAT not only strongly induces the
hemolysis of red blood cells but also triggers the Ca2+-dependent apoptosis of platelets [17].
Not surprisingly, an increasing amount of evidence has shown that βγ-CAT also displays
diverse pharmacological activities in addition to typical toxic effects. Further studies
showed that βγ-CAT can selectively kill tumor cells, promote wound healing and tissue
repair, and counteract enveloped virus invasion by directly killing enveloped virus [18,19].
The study of detailed molecular mechanisms revealed that acidic glycosphingolipids in
target cell membranes are the receptors of βγ-CAT and mediate the membrane binding,
oligomerization, and endocytosis of βγ-CAT [20,21]. Acidic glycosphingolipids are mainly
distributed in the nervous system, especially in the myelin sheath of neurons [22,23].
Unfortunately, the toxic roles of βγ-CAT in the nervous system remain elusive.

Here, the detailed role of βγ-CAT in the brain was explored, and our findings showed
that βγ-CAT can cross the blood–brain barrier and induce the cell death of mouse hip-
pocampal neuronal cells. Subsequent studies indicated that βγ-CAT-induced cell death
was gasdermin-E- and caspase-1-dependent, so the βγ-CAT-induced cell death of mouse
hippocampal neuronal cells is pyroptosis. Further studies revealed that the pyroptosis of
mouse hippocampal neuronal cells induced by βγ-CAT relied on the membrane binding,
oligomerization, and endocytosis of βγ-CAT. Finally, the cognitive ability of an animal was
shown to be impaired after being treated with βγ-CAT. These findings provide previously
unknown data which enable better understanding of the roles of vertebrate ALPs in the
nervous system.
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2. Results

2.1. βγ-CAT Displays Strong Cytotoxicity and Induces Death of Mouse Hippocapmal
Neuronal Cells

It is well known that acidic glycosphingolipids (mainly gangliosides and sulfatides)
are mostly distributed in neurons or glial cells [24]. Acidic glycosphingolipids in cell
membrane are the receptors of βγ-CAT and are involved in the endocytosis of βγ-CAT, as
described previously [20]. Thus, the cytotoxic effect of βγ-CAT on neurons was studied
first. To test the effect of the cytotoxicity of βγ-CAT on neurons, the lactic dehydrogenase
(LDH) release assay was performed, and the HT-22 mouse hippocampal neuronal cell line
was used. The findings showed that the LDH release of HT-22 cells induced by βγ-CAT
was largely increased at a concentration no lower than 5 nM, and the LDH release of HT-22
cells induced by βγ-CAT was shown to occur in a dose-dependent manner (Figure 1A). In
addition, an MTT assay was also performed to determine the viability of HT-22 cells after
being treated with βγ-CAT, and the findings showed that cell viability was significantly
reduced after treatment with βγ-CAT at a starting concentration of 5 nM (Figure 1B). These
findings suggest that βγ-CAT is highly cytotoxic to hippocampal neuronal cells and impairs
cell survival. To further study HT-22 cell death induced by βγ-CAT, flow cytometry was
performed. HT-22 cells underwent progressive cell death after being treated by 5 nM
βγ-CAT at different treatment times, and this was shown in a time-dependent manner
(Figure 2A). The further quantitative analysis of the dead cells revealed that significant
cell death occurred after HT-22 cells were treated with 5 nM βγ-CAT for 3 min or more
(Figure 2B). Taken together, these results show that βγ-CAT presented strong cytotoxicity
to mouse hippocampal neuronal cells and further led to cell death. However, the type of
cell death of hippocampal neuronal cells that βγ-CAT induces still requires further study.

 
(A) (B) 

Figure 1. βγ-CAT has strong cytotoxicity to HT-22 mouse hippocampal neuronal cells. (A) HT-22
cells were treated with a gradient of concentrations of βγ-CAT (from 2.5 to 20 nM) at 37 ◦C for 10 min;
then, the LDH release of HT-22 cells and the cytotoxicity of βγ-CAT was determined using LDH
release assay. (B) HT-22 cells were treated with a gradient of concentrations of βγ-CAT (from 2.5
to 20 nM) at 37 ◦C for 10 min; then, the survival rate of HT-22 cells was measured using the MTS
assay. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus the respective control. An unpaired two-tailed
Student’s t-test was used in LDH release assay and MTT assay.
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Figure 2. Flow cytometry analysis revealed that βγ-CAT can trigger cell death of HT-22 cells. (A) HT-
22 cells were treated with 5 nM βγ-CAT at 37 ◦C with a gradient of times (from 3 to 10 min); then,
the HT-22 cells were collected and washed three times and incubated with FITC-labeled Annexin V
monoclonal antibody and PI. Finally, the cell death was determined via flow cytometry. (B) HT-22
cells were treated with 5 nM βγ-CAT at 37 ◦C with a gradient of times (from 3 to 10 min), and the
percentage of dead cells was calculated and quantified. * p < 0.05 and ** p < 0.01 versus the control.
An unpaired two-tailed Student’s t-test was used in flow cytometry assay. The data of flow cytometry
are representative of three independent experiments.

2.2. βγ-CAT Triggers Gasdermin-E-Dependent Pyroptosis of HT-22 Cells

It is well known that, to date, many types of cell death have been identified, such
as apoptosis, programmed cell necrosis, ferroptosis, etc. [25,26]. Pyroptosis is a type of
inflammatory cell death triggered by excessive inflammation, which is generally considered
to be accompanied by the activation of inflammasomes and the mature cleavage of gasder-
mins. Thus, pyroptosis is also defined as gasdermin-mediated programmed necrotic cell
death [27]. To study the type of cell death induced by βγ-CAT, the transcriptomic analysis
of HT-22 cells after treatment with βγ-CAT revealed that the expression of gasdermin E is
upregulated after being treated with βγ-CAT, suggesting that the βγ-CAT-triggered cell
death of HT-22 cells is pyroptosis. However, more evidence is still needed to support our
hypothesis. In order to determine the type of gasdermin expressed on HT-22 cells, a poly-
merase chain reaction (PCR) and real-time quantification PCR (RT-qPCR) were performed,
and the findings showed that gasdermin E (GSDME) was the predominantly expressed
gasdermin on HT-22 cells (Figure 3A,B). A subsequent Western blotting assay revealed
that both GSDMD and GSDME are expressed in Raw 264.7 cells, while only GSDME is
expressed in HT-22 cells (Figure 3C). Furthermore, the expression of a cleaved GSDME
N-terminal in HT-22 cells was increased significantly after treatment with βγ-CAT at a
concentration of 3 nM for different lengths of time, and the expression of a cleaved GS-
DME N-terminal was presented in a time-dependent manner. In addition to GSDME, the
expression levels of cleaved caspase 1, IL-1β, and IL-18 were also significantly increased
in HT-22 cells after βγ-CAT treatment (Figure 3D). As mentioned above, the occurrence
of pyroptosis is usually accompanied by the cleavage of gasdermin and the maturation
and release of IL-1β or IL-18. A subsequent enzyme-linked immunosorbent assay (ELISA)
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showed that both IL-1β and IL-18 were largely increased in the cell supernatant after being
treated with 3 nM βγ-CAT (Figure 3E,F). These findings showed that the cell death of HT-22
cells induced by βγ-CAT was GSDME- and caspase-1-dependent, suggesting that βγ-CAT
has the ability to trigger the GSDME- and caspase-1-dependent pyroptosis of HT-22 cells.

Figure 3. βγ-CAT triggers GSDME-dependent pyroptosis of HT-22 mouse hippocampal neuronal
cells. (A) The expression of gasdermins in HT-22 cells was determined via PCR assay using specific
primers. (B) The expression of gasdermins in HT-22 cells was determined via RT-qPCR assay using
specific primers. (C) The expression of gasdermins in HT-22 cells was determined via Western blotting
assay using specific antibodies of GSDMD and GSDME. (D) HT-22 cells were incubated with 3 nM
βγ-CAT at 37 ◦C for different lengths of time (0 h, 2 h, 4 h, 6 h, and 8 h), and the full-length GSDME,
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cleaved GSDME N-terminal, caspase 1, cleaved caspase 1 p20, IL-1β, and IL-18 were detected via
Western blotting using specific antibodies. (E) HT-22 cells were incubated with 3 nM βγ-CAT at
37 ◦C for different lengths of time (0 h, 2 h, 4 h, 6 h, and 8 h); then, the IL-1β in cell supernatant
was measured via ELISA. * p < 0.05 and ** p < 0.01 versus the control. An unpaired two-tailed
Student’s t-test was used in ELISA assay. (F) HT-22 cells were incubated with 3 nM βγ-CAT at 37 ◦C
for different times (0 h, 2 h, 4 h, 6 h, and 8 h); then, the IL-18 in cell supernatant was measured via
ELISA. * p < 0.05 versus the control. An unpaired two-tailed Student’s t-test was used in ELISA
assay. All immunoblots in (C,D) are representative of three independent experiments. The 3 dots on
each column in (B,E,F) represent the data of 3 independent repeated experiments.

2.3. The Pyroptosis of HT-22 Cells Triggered by βγ-CAT Depend on Its Membrane Binding,
Oligomerization and Endocytosis

A previous study showed that βγ-CAT functions through a general mode of action,
namely membrane binding, oligomerization, and endocytosis [20]. Here, the pyropto-
sis of HT-22 cells triggered by βγ-CAT was found like in the studies mentioned above,
but the detailed molecular mechanisms remain unclear. First, flow cytometry analysis
revealed that βγ-CAT binds strongly with the plasma membranes of HT-22 cells at the
concentration of 2.5 or 5 nM (Figure 4A). In general, oligomerization and pore formation
will occur once ALPs bind to the cell membrane. Therefore, Western blotting was used to
detect the oligomerization of βγ-CAT. A sodium dodecyl sulfate (SDS)-stable oligomer at
approximately 180 kDa could be observed after HT-22 cells were treated with βγ-CAT at
the concentrations of 5 or 10 nM (Figure 4B), suggesting that βγ-CAT not only undergoes
membrane binding but also undergoes allosteric and oligomerization processes. A previous
study revealed that the endocytosis of βγ-CAT is pivotal for the functions of βγ-CAT, so
βγ-CAT was determined to be a secretory endolysosome channel [28]. Thus, the endo-
cytosis of βγ-CAT was further studied using confocal microscopy. The co-localization of
βγ-CAT and lamp-1 could be observed after HT-22 cells were treated with 5 nM βγ-CAT
(Figure 4C). The further quantitative analysis of the co-localization region revealed that
the Pearson’s coefficient of the βγ-CAT treatment group was much higher than that of
the control group (Figure 4D), suggesting that after endocytosis, βγ-CAT functions by
regulating the endocytolysosomal pathway. Taken together, these findings suggest that
the pyroptosis induced by βγ-CAT relies on the membrane binding, oligomerization, and
endocytosis of βγ-CAT.

2.4. βγ-CAT Crosses the Blood-Brain Barrier and Reduces Cognitive Function of Mice

As mentioned above, βγ-CAT triggers the GSDME-dependent pyroptosis of mouse
hippocampal neuronal cells through its membrane binding, oligomerization, and endo-
cytosis. It is well known that the excessive death of hippocampal neuronal cells impairs
cognitive function in the hippocampus [29,30]. Therefore, it is necessary to explore the
role of βγ-CAT on the cognitive function of mice. It has been reported that many toxin-
like proteins cannot cross the blood–brain barrier (BBB) because of their high molecular
weight. βγ-CAT is a 72 kDa protein complex, and theoretically, it crosses the BBB with
difficulty. Here, the ability of βγ-CAT to cross BBB was determined using an in vitro
BBB model built with a co-culture of the human cerebral microvascular endothelial cell
line (hCMEC/D3) and human normal glial cell line (HEB). Our findings revealed that
the transendothelial electrical resistance (TEER) reduction was increased significantly
after treatment with βγ-CAT at the concentrations of 2.5 or 5 nM, and the peak of TEER
reduction was present 1 h after βγ-CAT treatment (Figure 5A). Similarly, the penetration
rate of Na–F was also increased after βγ-CAT treatment (Figure 5B). To further test the
penetrability of βγ-CAT on the BBB, an in vivo BBB penetration assay was performed
using the fluorescent tracer method. The whole brain of a mouse was removed two hours
after the mice were intraperitoneally injected with 100 μL of 40 μg/mL βγ-CAT. The
immunofluorescence analysis revealed that βγ-CAT crosses the BBB and is enriched in
the hippocampus (Figure 5C). These findings suggest that βγ-CAT treatment augments
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the permeability of the BBB and then crosses the BBB. To further study the impaired
hippocampal synaptic functions and spatial cognitive functions induced by βγ-CAT, a
water maze assay was adopted. The findings from the water maze assay revealed that
the escape latency of mice during the spatial learning stage increased significantly after
intraperitoneal injection with 10 μg/kg βγ-CAT (Figure 6A). In addition to the escape
latency, the dwell time during the memory test also increased after intraperitoneal injection
with 10 μg/kg βγ-CAT (Figure 6B). In addition to time, the distance in the water maze
was also measured, and the findings showed that the moving distance in the center also
increased after intraperitoneal injection with 10 μg/kg βγ-CAT (Figure 6C). Curiously, the
percentage time in the center did not significantly increase after intraperitoneal injection
with 10 μg/kg βγ-CAT (Figure 6D). These findings reveal that βγ-CAT has the ability to
pass through the BBB and then trigger the pyroptosis of hippocampal neuronal cells; finally,
it impairs the cognitive functions of the hippocampus.

Figure 4. The pyroptosis triggered by βγ-CAT depended on the membrane, oligomerization, and
endocytosis of βγ-CAT. (A) The HT-22 cells were treated with βγ-CAT at the concentrations of
2.5 and 5 nM for 15 min and then incubated with anti-βγ-CAT antibody; finally, the membrane
binding of βγ-CAT was determined via flow cytometry. The untreated HT-22 cells were used as a
negative control. (B) The HT-22 cells were treated with βγ-CAT at the concentrations of 5 and 10 nM
for 30 min and then incubated with rabbit anti-βγ-CAT polyclonal antibody and goat anti-rabbit
secondary antibody; finally, the oligomerization of βγ-CAT was determined via Western blotting.
(C) The HT-22 cells were treated via βγ-CAT at the concentrations of 5 nM for 30 min and then
incubated with rabbit anti-βγ-CAT polyclonal antibody and mouse anti-lamp-1 antibody. After
being washed three times, the HT-22 cells were then incubated with FITC-labeled goat anti-rabbit
secondary antibody and Cy3-labeled goat anti-mouse secondary antibody; finally, the endocytosis
and lysosomal colocalization of βγ-CAT was determined via confocal microscopy. Scale bar = 25 μm.
(D) Pearson’s correlation coefficients for co-localization of Lamp-1 and βγ-CAT. Data are expressed
as mean ± SD of 4–6 cells. ** p < 0.01 versus the control. All immunoblots in (B) are representative
of three independent experiments.
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Figure 5. βγ-CAT crosses the BBB and is enriched in the hippocampus. It impairs the cognitive
functions of mice. (A) The in vitro BBB cell models were treated with βγ-CAT at the concentrations
of 2.5 and 5 nM for different lengths of time (0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h); then, the TEER
values were determined with a Millicell ERS-2 instrument. The untreated BBB model was used as a
negative control. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus the control. (B) The in vitro BBB
cell models were treated with βγ-CAT at the concentrations of 2.5 and 5 nM for different lengths
of time (0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h); then, the Na–F penetration rate was determined
using a fluorescence multiwall plate reader. The untreated BBB model was used as a negative control.
* p < 0.05, ** p < 0.01 and *** p < 0.001 versus the control. (C) The mouse was intraperitoneally
injected with 100 μL of 40 μg/mL βγ-CAT; then, the brain was extracted 2 h after intraperitoneal
injection. The brain slices were fixed and incubated via rabbit anti-βγ-CAT antibody, then stained
with 488-labeled goat anti-rabbit fluorescent secondary antibody, and finally, the fluorescence in the
brain tissue was observed with a fluorescence microscope. The area marked by the magenta dotted
frame is the hippocampus. Scale bar = 500 μm (upper) and 100 μm (lower).
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Figure 6. βγ-CAT impairs the hippocampal cognitive functions of mice. (A) The mice were intraperi-
toneally injected with 10 μg/kg βγ-CAT and then underwent a spatial learning test; the escape
latency to reach the hidden platform was measured. The untreated mice were used as the negative
control. * p < 0.05 and ** p < 0.01 versus control. (n = 8). (B) The memory test was conducted after
the spatial learning test; the dwell time was recorded in a 60 s memory test. The untreated mice were
used as the negative control. * p < 0.05 versus control. (n = 8). (C) The open field test was conducted
after the mice were intraperitoneally injected with 10 μg/kg βγ-CAT; the total travel distance was
measured. The untreated mice were used as the negative control. ** p < 0.01 versus control. (n = 8).
(D) The open field test was conducted after the mice were intraperitoneally injected with 10 μg/kg
βγ-CAT; the percentage of time spent in the center of the apparatus was measured. The untreated
mice were used as the negative control (n = 8). The 8 dots on each column in (B–D) represent the
data of 8 individual animals in each group in a representative experiment.

3. Discussion

Toxins are not only important weapons/arsenals to enable poisonous animals to hunt
prey/defend themselves, but they are also efficient and active pharmacological molecules
that can be used by humans [5]. In addition, the regulation of toxins on the physiological
processes of organisms is also an important research field. βγ-CAT is a pore-forming toxin-
like protein complex which was first identified in Bombina maxima, a Chinese red-belly
toad. Previous studies revealed that βγ-CAT has a variety of physiological regulatory
functions (such as immune regulation, wound healing, tissue repair, etc.). A further
molecular mechanism study indicated that βγ-CAT functions predominantly by regulating
the endolysosome pathway and the general action mode of βγ-CAT functions, including
membrane binding, oligomerization, and endocytosis. Based on this action mode of βγ-
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CAT, the roles of βγ-CAT in the nervous system were further studied, and the findings
showed that βγ-CAT can trigger the gasdermin-E-dependent pyroptosis of hippocampal
neuronal cells and impairs the cognitive functions of the hippocampus.

The effects of biotoxins on the nervous system have been reported previously; for ex-
ample, α-bungarotoxin, a neurotoxin derived from the venom of the Bungarus mul-ticinctus
snake, has been found to block neuromuscular transmission by binding the nicotinic acetyl-
choline receptor α-subunit in skeletal muscles [31]. The cholera toxins produced by Vibrio
cholerae affect the normal neural functions of neurons and glial cells by interacting with
ganglioside GM1 in neurons in the cerebral cortex [32]. As the main family of pore-forming
toxins, bacterial-secreted ALPs have various pathophysiological roles in the nervous sys-
tem [33]. One of the representative ALPs is the epsilon toxin (ETX), which is mainly
produced by Clostridium perfringens and has been found to be a cause of central nervous
system white matter disease in ruminant animals [34]. However, the detailed biological
functions of vertebrate-derived ALPs remain elusive. Particularly, the roles of vertebrate-
derived ALPs in the nervous system remain unclear to date. There are two primary reasons
for this: (1) natural and active ALPs are difficult to obtain from vertebrates and (2) the
huge molecular weights of most ALPs mean they are less likely to be able to cross the BBB.
Indeed, the existence of the BBB is crucial to the protection of the function of the brain, and
many macromolecular exogenous substances are isolated from the BBB because of their
antigenicity and heterogeneity [35]. However, there is no absolute relationship between
molecular weight and BBB penetration [36]. A recent study revealed that the epsilon toxin
(ETX) can cross the BBB by binding to the lymphocyte protein (MAL) on the luminal surface
of endothelial cells [37]. Thus, macromolecules with high molecular weights are also likely
to cross the BBB in a unique way. Coincidentally, βγ-CAT is a toxin-like protein with a high
molecular weight of 72 kDa, so theoretically, βγ-CAT penetrates the BBB with difficulty.
Surprisingly, in the present study, first-hand evidence was provided which supported
the concept that βγ-CAT can cross the BBB (Figure 5). This can be explained from the
perspective of the receptor of βγ-CAT. Acidic glycosphingolipids in cell membranes are
the receptors of βγ-CAT and are involved in the membrane binding, oligomerization, and
endocytosis of βγ-CAT, as described previously [20]. In fact, acidic glycosphingolipids
(mainly gangliosides and sulfatides in vertebrates) are predominantly distributed in the
nervous system, especially in the brain [38]. In addition, gangliosides and sulfatides are also
highly expressed by endothelial cells and astrocytes, which make up the BBB [39,40], which
enables βγ-CAT to easily bind to the BBB and then cross it. Why is βγ-CAT specifically
localized in the hippocampus after crossing the BBB and entering the brain? One possible
reason for this is that besides acidic glycosphingolipids, an unknown protein receptor of
βγ-CAT may specifically exist in the hippocampus. However, more detailed molecular
mechanisms need to be further studied.

The central nervous system currently consists of three major cell types: neurons,
astrocytes, and microglia [41,42]. Currently, microglia are reported to be mainly involved
in immune function; the excessive release of pro-inflammatory factors and gasdermin
activation in microglia will lead to the pyroptosis of the whole nervous system [43,44]. In
the present study, evidence showed that only GSDME is expressed in hippocampal neuronal
cells, not GSDMD. There have been controversial reports regarding the expression patterns
of gasdermin families in HT-22 cells. Some scholars believe that HT-22 cells are expressed in
GSDMD [45], while others believe that HT-22 cells are exclusively expressed in GSDME [46],
while other gasdermin family members are not. In our study, both RT-qPCR and Western
blotting showed that HT-22 cells express GSDME, rather than GSDMD (Figure 3A–C).
Meanwhile, we further confirmed that βγ-CAT induced the pyroptosis of HT-22 cells in a
GSDME-dependent manner (Figure 3D–F). Our findings provided convincing first-hand
evidence of the involvement of hippocampal neurons in inflammatory process.

Some physiological pore-forming toxin-like proteins or peptides in the human body
are also involved in the development of various neurodegenerative diseases under patho-
logical conditions [47,48]. Amyloid β peptide (Aβ), a peptide with membrane-perforating

106



Toxins 2023, 15, 191

activity which has been identified in the human brain, was found to be involved in the
pathogenesis of Alzheimer’s disease [49,50]. Detailed studies revealed that cholesterol and
gangliosides in cell membranes are potential binding sites of Aβ [51–53]. The pore-forming
characteristics and mechanisms of Aβ are obviously similar to those of βγ-CAT reported
in this study. Unfortunately, the detailed pathogenic mechanisms of Aβ in Alzheimer’s
disease or Parkinson’s disease remain elusive [54]. Therefore, βγ-CAT is expected to be an
appropriate candidate for the exploration of the detailed pathogenic mechanism of Aβ in
Alzheimer’s disease or other neurodegenerative diseases.

The primary function of the toxins secreted by the skin of amphibians is defensive,
rather than predatory [55,56]. However, the detailed roles of βγ-CAT in defense against
predators remain elusive. Here, our findings showed that βγ-CAT impaired the cognitive
memory functions of animals by triggering the GSDME-dependent pyroptosis of hippocam-
pal neurons (Figure 6). Based on these findings, we hypothesize that after a predator preys
on the red-belly toad for the first time, a symptom of poisoning, mainly entailing “decreased
learning and memory function”, will occur in the predator, meaning the predator will not
be able to remember its prey clearly. Eventually, this will prevent the toad from being eaten
by its predators. Perhaps this is the main reason for the large amount of βγ-CAT which
exists in the frog’s skin secretions.

In summary, in our study, we systematically explored the detailed toxic functions and
mechanisms of βγ-CAT in hippocampal neuronal cells and the hippocampus of the brain,
further enriching our knowledge of the toxic effects and physiological functions of this
toxin. Importantly, this work will lay a theoretical foundation for the subsequent study of
the biological functions of ALPs in vertebrates.

4. Conclusions

The toxic effects and biological functions of vertebrate-derived ALPs remain unclear.
βγ-CAT was the first natural ALP and TFF complex to be identified in vertebrates. Previous
studies revealed that βγ-CAT exerts various pathophysiological roles via its regulation of
the endolysosome pathway. A further study showed that acidic glycosphingolipids are the
receptors of βγ-CAT and mediate the membrane binding, oligomerization, and endocytosis
of βγ-CAT. As acidic glycosphingolipids are mainly distributed in the nervous system, the
functions of βγ-CAT in the nervous system were explored in the present study. The main
conclusions from the study are listed below:

(1) βγ-CAT shows strong cytotoxicity to HT-22 hippocampal neuronal cells and triggers
the GSDME-dependent pyroptosis of HT-22 cells.

(2) The pyroptosis of HT-22 cells induced by βγ-CAT relies on the membrane binding,
oligomerization, and endocytosis of βγ-CAT.

(3) βγ-CAT can cross the BBB and affects the cognitive function of mice.

5. Materials and Methods

5.1. Animals

The ICR mice weighing 18 to 22 g were used in the study and purchased from Hunan
SJA Laboratory Animal Co., Ltd. (Changsha, China). The mice were housed in IVC cages
under constant temperature (23 ± 1 ◦C) and humidity with a 12 h light/dark cycle. All
procedures and the care and handling of animals were approved by the Ethics Committee
of Yunnan Normal University (No.YSLL20220316).

5.2. Cell Lines, Antibodies and Reagents

The mouse hippocampal neuronal cell line HT-22 was purchased from the American
Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS). The mouse
macrophage Raw 264.7 cells were cultured in DMEM medium supplemented with 10%
FCS. Natural βγ-CAT was purified from the skin secretions of Bombina maxima as described
previously [16]. The LDH cytotoxicity assay kit was purchased from Beyotime Biotechnol-
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ogy Inc. (Shanghai, China). The MTT assay kit (ab211091) was purchased from Abcam Inc.
(Cambridge, CB2 0AX, UK). The Annexin V-FITC apoptosis detection kit (APOAF-50TST)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). The anti-GSDME (ab215191),
anti-Lamp1 antibody (ab25630), anti-GSDMD (ab219800), and anti-IL-18 (ab191860) an-
tibodies were purchased from Abcam Inc. (Cambridge, CB2 0AX, UK). The IL-1β (3A6)
mouse monoclonal antibody (12242S) was purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA). The anti β-actin antibody (81115-1-RR) was purchased from Pro-
teintech Group, Inc. (Wuhan, Hubei, China). Mouse IL-18 ELISA kit (SEKM-0019) and
IL-1β ELISA kit (SEKM-0002) were purchased from Solarbio Life Sciences (Beijing, China).
Anti-βγ-CAT antibody was prepared by our lab. The caspase 1 p20 antibody (sc-398715)
and GAPDH antibody (sc-365062) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The Cy3-conjugated goat anti-mouse IgG/IgM (H+L) secondary antibody
(M30010) and the FITC-conjugated goat anti-rabbit IgG/IgM (H+L) secondary antibody
(F-2765) were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). All other
reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

5.3. LDH Release Detection

The LDH release measurement of HT-22 cells after treated by βγ-CAT was used to
assess the cytotoxicity of βγ-CAT to mouse hippocampal neuronal cells. The measurement
procedure of LDH release in this study was performed as previously described [20]. First,
the HT-22 cells were cultured in DMEM medium supplemented with 10% FCS and the
cells were harvested and seeded into a 96-well plate when the cells grew to 80% confluence.
After the cells grew to 80–90% confluence, the medium with 10% FCS was replaced by
serum-free medium and then cultured for 2 h. Next, the serum-free medium of each well
was removed and washed three times with cold phosphate buffer saline (PBS), then 100 μL
βγ-CAT with different concentrations was added to each well and incubated at 37 ◦C for
10 min. At last, the cell supernatant of each well was collected and the LDH content in cell
supernatant was detected according to the manufacturer’s instructions. The HT-22 cells
treated with 0.1% Triton X-100 was known as 100% LDH release, and the cells treated with
PBS served as a negative control.

5.4. MTT Assay

To detect the cell viability of HT-22 cells after treated by βγ-CAT, the MTT assay
was performed. In brief, the HT-22 cells were harvested and planted into a 96-well plate.
After the cells grew to 80–90% confluence, the medium with 10% FCS was replaced by
serum-free medium and then cultured for 2 h. Next, the cells were incubated with gradient
concentrations of βγ-CAT (from 2.5 to 20 nM) at 37 ◦C in water bath for 10 min. After
incubation, the βγ-CAT of each well was removed and washed three times with cold PBS.
Then, 120 μL MTS reagents were added to each well and incubated at 37 ◦C for 2 h. Finally,
the absortance at 490 nm of each well was recorded by using a 96-well plate reader. Cells
only treated with βγ-CAT served as a positive control and the cells treated with FBS-free
medium served as a negative control. The HT-22 cells treated with PBS were known as
100% survival and cells treated by 0.1% Triton X-100 were known as 0% survival.

5.5. Flow Cytometry Detection of HT-22 Cell Death

The method of flow cytometry was used to detect the cell death of HT-22 cells after
being treated by βγ-CAT as previously described [57]. Briefly, the HT-22 cells were har-
vested when the cells grew to 80–90% confluence, and then the cells were washed three
times with cold PBS. The washed cells were next treated with 5 nM βγ-CAT at 37 ◦C for
gradient times (from 3 to 10 min), and then the HT-22 cells were collected and washed three
times with cold PBS. The washed cells were then incubated with FITC labeled Annexin V
and propidium iodide (PI). The mixture of cells and FITC Annexin V with PI was vortexed
gently and incubated at 25 ◦C for 15 min in the dark. Finally, the cell supernatant was
collected and analyzed by flow cytometry. The unstained cells served as a blank control.
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The cells only stained with FITC Annexin V or only stained with PI also served as the
control. The HT-22 cells untreated with βγ-CAT were served as a negative control.

5.6. PCR and RT-qPCR Assay

The methods of PCR and RT-qPCR were employed to detect the expression of gas-
dermins in HT-22 cells as previously described [58]. Briefly, the cultured HT-22 cells were
collected by digesting with trypsin. Then, the total RNA was extracted by using the TRIzol
reagent according to the manufacturer’s instructions. Next, the cDNA first-strand was
synthesized by using a reverse transcription system according to the manufacturer’s instruc-
tions. To detect the expression profile of gasdermins in HT-22 cells, the specific gasdermin
primers for PCR and RT-qPCR were designed using Oligo 7 software and listed in Table 1.
It is worth mentioning that the GSDMB primer designed here was based on human GSDMB
isoform since no remarkable GSDMB sequence can be found in GenBank. In PCR assay,
35 cycles were performed and amplified by using taq DNA polymerase. The RT-qPCR assay
was performed by using the SYBR Premix Ex Taq II two-step qRT-PCR kit according to the
manufacturer’s instructions on a LightCycler 480 real-time PCR system (Roche LightCycler
480, Roche, Mannheim, Germany). The relative expression of gasdermins was determined
by CT value analysis of reference genes and target genes by Pfaffl method.

Table 1. Sequences of primers used for detection of gasdermins of HT-22 cell.

Primer Sequence Product Length

PCR
GSDMA-Forward TCCCTCCTGGAGAAAAGCCA 338 bp
GSDMA-Reverse ACTTAGCACTGTCAGAGCCC
GSDMB-Forward TGGATGCCGGCACTACACAAC 248 bp
GSDMB-Reverse GGTAGTTCCCTCTTCAGCTTCC
GSDMC-Forward GATCTGAGGCCTGTCAAATGC 524 bp
GSDMC-Reverse TCTGTTTGCCACTGTCCACT
GSDMD-Forward CCGGAGTGTTTTGGCTCCTT 260 bp
GSDMD-Reverse ACCACAAACAGGTCATCCCC
GSDME-Forward GTCAGCGCACTAGCAGAAATG 173 bp
GSDME-Reverse ATGCCAAACCTCTCTGTGTC
PJVK-Forward GCTGACAAGTACCAACCCCT 595 bp
PJVK-Reverse CACAAATGTCGAAGGCACCG

β-actin-Forward CCACCATGTACCCAGGCATT 253 bp
β-actin-Reverse AGGGTGTAAAACGCAGCTCA

RT-qPCR
GSDMA-Forward TCCCTCCTGGAGAAAAGCCA 261 bp
GSDMA-Reverse GTGCTTCCAGGGTCACTTCG
GSDMB-Forward CCGTTAGAAGCCTTGTTGATGC 180 bp
GSDMB-Reverse CCGTTGAGTCTACATTATCCAG
GSDMC-Forward CAGATGCAACCAAATTCTGCC 207 bp
GSDMC-Reverse TGGTTTCGACATCCAGGTCA
GSDMD-Forward GATCAAGGAGGTAAGCGGCA 195 bp
GSDMD-Reverse CACTCCGGTTCTGGTTCTGG
GSDME-Forward AGTTTTCCTGGGGACTTGCT 170 bp
GSDME-Reverse CAATGTCAGCAGAGGCAAACAA
PJVK-Forward TCAGCGAAGCTGACAAGTACC 300 bp
PJVK-Reverse CCACCTCATGTTTGGTCACG

β-actin-Forward CCACCATGTACCCAGGCATT 253 bp
β-actin-Reverse AGGGTGTAAAACGCAGCTCA

5.7. Western Blotting Assay

Firstly, the Western blotting assay was adopted to detect the expression of GSDMD
or GSDME in HT-22 cells. Briefly, the cultured HT-22 cells were collected by digesting
with trypsin and lysed with cell lysis buffer containing protease inhibitor cocktail. The
total proteins of HT-22 cells were extracted and quantified by BCA method. Then, the

109



Toxins 2023, 15, 191

total protein sample was separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then electrotransferred onto polyvinylidene difluoride
(PVDF) membranes. The PVDF membrane was subsequently blocked with 5% skimmed
milk containing 0.1% Tween-20 at room temperature for 2 h. Then, the membrane was
incubated with rabbit anti-GSDMD and rabbit anti-GSDME antibodies (1:1000 diluted)
at 4 ◦C overnight. Next, the primary antibodies were removed and then incubated with
HRP-conjugated goat anti-rabbit secondary antibodies (1:5000 diluted). At last, the protein
bands were visualized with the SuperSignal WestPico chemiluminescence substrate via Gel
Imager System.

To detect the expression of GSDME, cleaved GSDME N-terminal (NT), caspase 1,
cleaved caspase 1 p20, IL-1β, and IL-18 of HT-22 cells, the HT-22 cells were treated by
5 nM βγ-CAT in a time gradient from 2 h to 8 h, and then washed three times with cold
PBS to remove the βγ-CAT. The collected HT-22 cells were then lysed to obtain the total
proteins. Then, the total protein sample was separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto polyvinylidene
difluoride (PVDF) membranes. The PVDF membrane was subsequently blocked with 5%
skimmed milk containing 0.1% Tween-20 at room temperature for 2 h. Then, the membrane
was incubated with rabbit anti-GSDMD antibody (1:1000 diluted), mouse anti-caspase-1
p20 antibody (1:500 diluted), mouse anti-IL-1β monoclonal antibody (1:1000 diluted), rabbit
anti-IL-18 antibody (1:1000 diluted), and rabbit anti-β actin antibody (1:5000 diluted) at
4 ◦C overnight. Next, the primary antibodies were removed and then incubated with
HRP-conjugated goat anti-rabbit secondary antibody and HRP-conjugated goat anti-mouse
secondary antibody (1:5000 diluted). At last, the protein bands were visualized with the
SuperSignal WestPico chemiluminescence substrate via Gel Imager System.

To detect the oligomerization of βγ-CAT on the membrane of HT-22 cells, the HT-
22 cells were treated by 5 nM and 10 nM βγ-CAT at 37 ◦C for 30 min, in which the
treated cells were collected and lysed. After SDS-PAGE and transfer to PVDF, the PVDF
membrane was subsequently blocked with 5% skimmed milk containing 0.1% Tween-20
at room temperature for 2 h. Then, the membrane was incubated with rabbit anti-βγ-
CAT antibody (1:1000 diluted) and HRP-conjugated goat anti-rabbit secondary antibody
(1:5000 diluted). Finally, the protein bands were visualized with the SuperSignal WestPico
chemiluminescence substrate via Gel Imager System.

5.8. Enzyme-Linked Immuno Sorbent Assay (ELISA)

To determine the IL-1β and IL-18 levels in the cell supernatant of HT-22 cells after
being treated with βγ-CAT, the ELISA was performed. Briefly, the HT-22 cells were treated
by 5 nM βγ-CAT at a time gradient from 2 h to 8 h, and then the cell supernatant was
collected and the IL-1β and IL-18 of the supernatant were measured by the commercial
ELISA kit according to the manufacturer’s instructions.

5.9. Flow Cytometry Detection of the Membrane Binding of βγ-CAT

The method of flow cytometry was used to detect the membrane binding of βγ-CAT
with HT-22 cells. Briefly, the HT-22 cells were treated by βγ-CAT at the concentrations
of 2.5 and 5 nM for 15 min, and then βγ-CAT was removed and the cells were washed
three times with cold PBS. The cells were incubated with rabbit anti-βγ-CAT antibody
(1:500 diluted) and FITC-conjugated goat anti-rabbit secondary antibody (1:500 diluted).
Finally, the cells were resuspended in 300 μL of PBS and analyzed on a flow cytometer
(FACSVantage SE; Becton Dickinson, Franklin Lakes, NJ, USA). Data were analyzed using
FlowJo software 7.6.1 (Tree Star Inc., Ashland, OH, USA)

5.10. Confocal Microscopy Assay of the Endocytosis and Co-Localization of βγ-CAT

To detect the endocytosis of βγ-CAT and the co-localization between βγ-CAT and
endolysosome, the confocal microscopy assay was performed as previously described [20].
In brief, the HT-22 cells were treated by βγ-CAT at the concentrations of 5 nM for 30 min,
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and then incubated with rabbit anti-βγ-CAT polyclonal antibody (1:500 diluted) and mouse
anti-lamp-1 antibody (1:200 diluted). After being washed three times, the HT-22 cells were
then incubated with FITC-conjugated goat anti-rabbit secondary antibody (1:500 diluted)
and Cy3-conjugated goat anti-mouse secondary antibody (1:500 diluted). Finally, the nuclei
were stained with DAPI. After being washed three times, the slides were observed under
a confocal microscope (Olympus FV1000, Olympus Corporation, Tokyo, Japan). For the
co-localization analyses of βγ-CAT with Lamp-1, the region of interests in HT-22 cells were
analyzed using the “Just Another Co-localization Plugin (JACoP)” of Image J. The offset of
each image was set automatically to avoid an arbitrary judgement, and then the Pearson’s
correlation coefficient was calculated as previously described [59].

5.11. In Vitro BBB Model Establishment and βγ-CAT Penetration Detection

To detect the ability of βγ-CAT to penetrate the BBB, an in vitro BBB model was built
with a co-culture of the human cerebral microvascular endothelial cell line (hCMEC/D3)
and the human normal glial cell line (HEB), as previously described [60,61]. Briefly, the
cultured HEB cells at cell numbers of 5 × 104 cells/cm2 were first seeded on the bottom of
the 24-well Transwell inserts for 24 h until they had adhered. Subsequently, the hCMEC/D3
cells at cell numbers of 5 × 105 cells/cm2 were seeded on the top side of the Transwell
chamber. After being co-cultured for 4–6 days, the integrity of the BBB model was deter-
mined via TEER measurement using Millicell ERS-2 (Millipore, MA, USA). The criterion
for a successful in vitro BBB model was that the TEER value was higher than 200 Ω·cm2.

Based on the in vitro BBB model, the ability of βγ-CAT to penetrate the BBB was
determined. Briefly, the in vitro BBB cell models (in the Transwell chamber) were treated
with βγ-CAT at the concentrations of 2.5 and 5 nM for different lengths of time (0.5 h,
1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h); then, the TEER values were recorded using Millicell
ERS-2 (Millipore, MA, USA). In addition, sodium fluorescein (Na-F) was also used to
test the paracellular permeability of the BBB. After βγ-CAT treatment, a 10 mg/L Na–F
solution was then added to the in vitro BBB model. Finally, the concentration of Na–F was
measured using a fluorescence multiwall plate reader. The untreated BBB model was used
as a negative control.

5.12. In Vivo BBB Penetration Assay

To further study the BBB penetration activity of βγ-CAT, the in vivo assay was per-
formed according to previously described methods [62]. Briefly, C57 mice were divided
into 2 groups. Each mouse in the control group was intraperitoneally injected with 100 μL
of normal saline, and each mouse in the experimental group was intraperitoneally injected
with 100 μL of 40 μg/mL βγ-CAT. Two hours after the intraperitoneal injection, the mice
were euthanized via CO2 inhalation, and the brain tissues were quickly extracted. The
brain tissue was fixed with 4% paraformaldehyde and then embedded in paraffin and
sectioned. The slices were then blocked with 5% goat serum, incubated with the rabbit
anti-βγ-CAT primary antibody, incubated with 488-labeled goat anti-rabbit fluorescent
secondary antibody, and finally, the fluorescence in the brain tissue was observed with a
fluorescence microscope.

5.13. Water Maze Assay for Assessment of Spatial Learning and Memory of Mice

In our study, a water maze assay was performed to detect the cognitive functions
(especially spatial learning and memory functions) of mice after intraperitoneal injection
with 10 μg/kg βγ-CAT. The detailed procedure for the water maze assay was previously
described [63,64]. A circular tank with a 150 cm diameter and 60 cm height served as the
site of the water maze; then, the tank was divided into 4 equal quadrants (I, II, III, and IV).
A platform with a 10 cm diameter was located at the center of quadrant III and 2 cm below
the water surface. The water temperature in the tank was maintained at 24 ± 2 ◦C. The
movement of the mice in the tank was monitored using a computerized video tracking
system. It is well known that spatial learning is the first step in a water maze assay. In
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the period of spatial learning, the untreated and βγ-CAT-treated mice were required to
undergo trials on each training day for 6 consecutive days. The mice were allowed to swim
freely to find the platform in the tank. The time taken to find the platform (escape latency)
was recorded. One day after spatial learning, memory training was performed. In this
training procedure, the platform was taken out from the tank, and the mice were placed
at the starting point of quadrant I. The quadrant dwell time was recorded during the 60 s
memory test. Furthermore, an open field assay was also performed by using a square
plastic arena. In this arena, mice were permitted to freely explore the arena for 20 min; then,
the distance traveled and time spent in the central region were recorded.

5.14. Statistical Analysis

The data in this paper are presented as mean ± SD. The experiments were repeated
independently at least two times. All data in the paper are representative of three indepen-
dent experiments and were analyzed using GraphPad Prism 8.0 software. The significance
of differences in LDH release assay and MTT assay was determined by unpaired two-tailed
Student’s t-test. The comparative analysis of escape latency and dwell time in water maze
assay were performed by using unpaired two-tailed Student’s t-test.
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Abstract: The skin secretion of tree frogs contains a vast array of bioactive chemicals for repelling
predators, but their structural and functional diversity is not fully understood. Paxilline (PAX),
a compound synthesized by Penicillium paxilli, has been known as a specific antagonist of large
conductance Ca2+-activated K+ Channels (BKCa). Here, we report the presence of PAX in the
secretions of tree frogs (Hyla japonica) and that this compound has a novel function of inhibiting the
potassium channel subfamily K member 18 (KCNK18) channels of their predators. The PAX-induced
KCNK18 inhibition is sufficient to evoke Ca2+ influx in charybdotoxin-insensitive DRG neurons of
rats. By forming π-π stacking interactions, four phenylalanines located in the central pore of KCNK18
stabilize PAX to block the ion permeation. For PAX-mediated toxicity, our results from animal assays
suggest that the inhibition of KCNK18 likely acts synergistically with that of BKCa to elicit tingling
and buzzing sensations in predators or competitors. These results not only show the molecular
mechanism of PAX-KCNK18 interaction, but also provide insights into the defensive effects of the
enriched PAX.

Keywords: tree frogs; skin secretion; paxilline; KCNK18; defensive strategy

Key Contribution: This paper identified that KCNK18 serves as the target of paxilline, suggesting a
defensive strategy of tree frogs by using exogenous chemicals.

1. Introduction

The skin of frogs is crucial to the survival and adaptability of these amphibians to
various habitats and ecological conditions. Besides respiration, water regulation and
antimicrobial and antifungal resistance, the skin of frogs serves many other functions. For
example, several bioactive molecules have been identified from the secretion for deterring
predators, such as toxic alkaloids [1–4] and peptide toxins [5–7]. Except for gene-encoding
peptides, most chemical compounds are not directly synthesized by frogs. Alternatively, the
frogs can either sequester these compounds unchanged from dietary sources into their skin
glands or equip microbes with the necessary machinery to produce them [8,9]. Therefore,
natural communities of microbes and fungi, such as those that live on amphibians’ skin,
are essential for enhancing chemical defenses [10]. Fungi produce various secondary
metabolites with unique and complex structures. Among them, indolo-terpenoids of the
paxilline (PAX) type belong to a large family of secondary metabolites that exhibit unique
molecular architectures and diverse biological activities [11]. PAX has been known as
a potent blocker of BKCa (large-conductance voltage- and Ca2+-activated K+) channels,
generally acting at low nanomolar concentrations [12]. Accordingly, the application of PAX
induced tremors in rodents was sustained for several hours [13], suggesting the potent
toxicity of this molecule.

Although with excellent jumping ability, some tree frogs with small body sizes are
considered vulnerable prey in the arboreal habitat. In this case, several gene-encoded toxins

Toxins 2023, 15, 70. https://doi.org/10.3390/toxins15010070 https://www.mdpi.com/journal/toxins117



Toxins 2023, 15, 70

have evolved to serve as chemical weapons to deter potential terrestrial predators [14].
Unlike the peptide toxins identified from typical venomous animals [15–18], most amphibia-
derived peptides show less potency to their target [19]. Is there symbiotic fungus on the
skin of tree frogs to facilitate this defensive strategy? In this study, we identified PAX from
the skin secretion of tree frogs, suggesting the existence of symbiotic fungi that produce
toxic chemicals. Furthermore, our functional tests demonstrated that KCNK18 acts as a
novel target of PAX. By inhibiting both BKCa and KCNK18 channels of predators, PAX
exhibits critical biological significance to evoke excitatory currents on sensory neurons and
elicit tingling and buzzing sensations in predators or competitors. Therefore, our results
show the existence of bi-functional PAX in the frog skin secretion, which may represent a
unique defense mechanism in amphibian adaptation.

2. Results

2.1. PAX Evokes Ca2+ Signals on ChTx-Insensitive Neurons

By using calcium imaging, we assessed the effect that the collected secretions of tree
frogs (Hyla japonica) would have on the dorsal root ganglion (DRG) of rats (Rattus norvegicus).
Interestingly, we found that more than half of these neurons exhibited robust calcium sig-
nals in the presence of 20 mg/mL secretion (Figure 1A). To rule out the possibility that pore
forming peptides may disrupt the membrane architecture to elicit the calcium influx [20],
we used boiled secretion and again carried out the calcium imaging test. Similarly, the
boiled secretion showed equal efficacy in evoking calcium signals (Figure 1B), suggesting
that chemical compounds are likely to be responsible for this activity. We therefore em-
ployed high performance liquid chromatography (HPLC) to purify the active compound
(Figure 1C). The results from LC-MS (Liquid Chromatography-Mass Spectrometry) and
functional tracking indicated that PAX molecules bestowed the secretion with activity for
eliciting calcium influx on neurons (Figure 1D). Although PAX and charybdotoxin (ChTx)
have been known as the blockers of BKCa channels, we found that PAX is sufficient to evoke
Ca2+ influx in ChTx-insensitive neurons (Figure 1E). These results suggest that PAX can
target other receptors, except BKCa channels.

Figure 1. PAX induces Ca2+ signals on ChTx-insensitive neurons. (A,B) Representative calcium
increase of rat DRG neurons in the presence of intact (A) or boiled (B) skin secretions of tree frogs.
Scale bar, 50 μm (horizontal), 303 to 3247 AU (vertical). (C) Isolation of native PAX (black arrow) from
frog skin secretions by a C18 RP-HPLC column. (D) The chemical structure and molecular weight of
PAX. (E) Calcium imaging of rat DRG neurons in the presence of 100 nM ChTx and 20 μM PAX. Scale
bar, 50 μm (horizontal), 294 to 4095 AU (vertical).
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2.2. PAX Exhibits an Inhibitory Effect on Rat KCNK18

By using electrophysiological recordings, we screened several ion channels highly
expressed in rat DRG neurons (Figure 2A). Among them, KCNK18 was potently inhibited
by PAX (Figure 2B,C), yielding an IC50 value of 4.13 ± 0.04 μM. A kinetic analysis of
PAX-induced KCNK18 inhibition revealed that the high affinity was due to a combination
of rapid binding and very slow unbinding (Figure 2D,E). The washing out time course (τoff)
of PAX recorded from whole-cell configuration is 30.6 ± 2.1 s, which is much longer than
that of sanshool (Figure 2F,G), a well-known KCNK18 inhibitor isolated from Szechuan
peppercorns [21]. Furthermore, 100 μM PAX showed no effect on KCNK3, KCNK4, KCNK5
and KCNK9 (Figure 2H), demonstrating that PAX exhibits subtype selectivity among
KCNK channels. We next used competing assays to investigate the interaction between
PAX and KCNK18 to test whether PAX shares a similar binding pocket with sanshool. As
illustrated in Figure 2I,J, the rate of PAX association was 11.4 ± 0.23 s, which was relatively
slower than that of sanshool (τon = 1.15 ± 0.12 s). In addition, 20 μM PAX produced a
blockage of KCNK18 currents after pretreatment with 50 μM sanshool (Figure 2I). However,
the rate of blockage by PAX was intact (Figure 2J). This raised the possibility that PAX does
not interact with the binding sites of sanshool, although none have yet been elucidated.

Figure 2. PAX selectively inhibits rat KCNK18. (A) 100 μM PAX had no inhibitory effect on TRPV1,
TRPM8, TRPA1, NaV1.7 and NaV1.8. (B) Representative KCNK18 currents inhibited by PAX at
different concentrations. 100 μM verapamil (vera) was used as a positive control. (C) Dose–response
relationship of PAX inhibiting KCNK18. Data were fitted to a Hill equation (average ± SEM; n = 3
for each data point). (D) Representative wash-in and wash-out time course of 20 μM PAX on
KCNK18 recorded at 100 mV, superimposed with fittings of a single-exponential function (red dotted
curves). (E) The associated and dissociated time of 20 μM PAX on KCNK18 (average ± SEM; n = 3).
(F) Representative wash-in and wash-out time course of 100 μM sanshool on KCNK18 recorded at
100 mV, superimposed with fittings of a single-exponential function (red dotted curves). (G) The
associated and dissociated time of 100 μM sanshool on KCNK18 (average ± SEM; n = 3). (H) 100 μM
PAX had no inhibitory effect on KCNK3, KCNK4, KCNK5 and KCNK9. (I) Representative wash-in
time course of 20 μM PAX on KCNK18 recorded at 100 mV in the absence and presence of 50 μM
sanshool, superimposed with fittings of a single-exponential function (red dotted curves). The solid
black line indicates the presence of 20 μM PAX. The solid blue line indicates the presence of 50 μM
sanshool. (J) The associated time of 20 μM PAX on KCNK18 in the absence and presence of 50 μM
sanshool (average ± SEM; n = 3; N.S., no significance).
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2.3. Key Residues for PAX-KCNK18 Interaction

To study the interaction between PAX and KCNK18, we screened the PAX effect on
KCNK18 orthologs. Interestingly, panda KCNK18 was insensitive in the presence of PAX
(Figure 3A,B). By using the chimeras constructed between rat and panda KCNK18 channels
(Figure 3C), we found that the rat M3-M4 segment bestowed panda KCNK18 with PAX
sensitivity, while rat KCNK18 containing panda M3-M4 segment had no response to PAX
(Figure 3D,E). Therefore, the segment from M3 to M4 served as a transplantable domain
to exhibit PAX sensitivity. Among the segment, only 14 residues differ between rat and
panda KCNK18 channels (Figure 3F). Importantly, site 375 (in rat KCNK18 channel) is
likely responsible for the interaction between KCNK18 and PAX, given that swapping this
homologous site could either abolish or establish the PAX sensitivity on rat and panda
KCNK18, respectively (Figure 3G–I). We therefore constructed the structural model of
rat KCNK18 and tested residues nearby site 375 to screen other key amino acids that
may also participate in the interaction between KCNK18 and PAX (Figure 3J). As shown
in Figure 3K,L, the point mutant F167A lost the PAX sensitivity, suggesting that the side
chains of F167 and F375 are likely to interact with PAX. Therefore, the interaction between
PAX and KCNK18 is largely due to the π-π stacking interactions, which lead to the PAX
blockage in the ion permeation pathway.

Figure 3. The binding pocket of PAX to KCNK18. (A) 20 μM PAX had no inhibitory effect on
the panda KCNK18 channel. (B) The inhibitory rate of 20 μM PAX on rat and panda KCNK18
(average ± SEM; n = 3; * p < 0.01). (C) Schematic representation of the chimeras between panda (grey)
and rat (cyan) KCNK18. The responses of wild-type and chimeric KCNK18 channels to 20 μM PAX
and 100 μM vera are given. (D) Representative currents of chimeric KCNK18 inhibited by 20 μM PAX
and 100 μM vera. P_R(M3-M4) represents that the M3-M4 region of panda KCNK18, was replaced
by the homologous region of rat KCNK18, and vice versa R_P(M3-M4). (E) The inhibitory rate of
20 μM PAX on chimeric KCNK18 channels (average ± SEM; n = 3; * p < 0.01). (F) The sequence
alignment of M3-M4 domain of panda and rat KCNK18. (G) The inhibitory rate of 20 μM PAX on
rat KCNK18 mutants (average ± SEM; n = 3; N.S., no significance; * p < 0.01). (H) Representative
currents of KCNK18 mutants inhibited by PAX and 100 μM vera. (I) Dose–response relationship of
PAX inhibiting KCNK18 mutants. Data were fitted to a Hill equation (average ± SEM; n = 3). (J) The
side view of PAX docking to rat KCNK18 model (left). The binding pocket of PAX was enlarged
(right), and four phenylalanine are located near PAX. (K) Representative currents of rat KCNK18
mutants inhibited by 20 μM PAX and 100 μM vera. (L) The inhibitory rate of 20 μM PAX on rat
KCNK18 and F167A mutant (average ± SEM; n = 3; * p < 0.01).
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2.4. The Conserved Binding Pocket for PAX Binding

Among the KCNK family, none of the other subtypes possesses conserved phenylala-
nine at two key positions (Figure 4A), which may bestow PAX with subtype-selectivity.
On the contrary, both phenylalanines are highly conserved in most of the avian and mam-
malian KCNK18 orthologs (Figure 4B), implying that the PAX equipped by tree frogs exerts
general bioactivity against KCNK18 of potential predators or encounters. To evaluate the
in vivo effect of the bi-functional PAX, we used ChTx, a BKCa inhibitor without targeting
KCNK18 (Figure 4C,D), as the control. To measure the pain reactions induced by KCNK
dysfunction, the eye closure was monitored to assess the painful sensation of rat evoked by
ChTx or PAX [22]. Compared with ChTx, the application of PAX elicited much more painful
responses in the rat model (Figure 4E). Therefore, our results suggest that the inhibition of
KCNK18 induced by PAX likely acts synergistically with its suppression of BKCa to elicit
tingling and buzzing sensations.

Figure 4. The sequential and functional comparison of KCNK families. (A) The sequence alignment
of rat KCNK families. (B) The sequence alignment of KCNK18 orthologs. (C) Representative currents
of BK(Ca) and KCNK18 inhibited by 1 μM ChTx (red) and 20 μM Pax (blue). (D) The inhibitory
rate of 1 μM ChTx and 10 μM Pax on BK(Ca) and KCNK18 (average ± SEM; n = 3; * p < 0.01).
(E) Eye closing response of rat after intravenous tail injection of PAX or ChTx. The time of both eyes
closing was calculated (average ± SEM; n = 6; * p < 0.01). (F) Representative wash-in time course
of 20 μM PAX on rat KCNK18. The perfusion of 20 μM PAX was constantly applied (indicated by a
black bar). For evaluation of the inhibitory effect of PAX, the current was evoked from the holding
potential (−80 mV) by the test pulse at +100 mV. The interval between each sweep was 1, 5 or 10 s,
respectively. The currents were superimposed with fittings of a single-exponential function. (G) The
associated time of 20 μM PAX on KCNK18 at different intervals of stimuli (average ± SEM; n = 3;
N.S., no significance).

121



Toxins 2023, 15, 70

3. Discussion

Animals maintain a symbiotic relationship with commensal microbes, which allows
them to regulate their biological operations by using functional molecules from these mi-
crobes. For instance, several marine protostomians and deuterostomians use symbionts to
produce tetrodotoxin (TTX) from microbes [23]. Due to the absence of enzymes responsible
for PAX biosynthesis, it is also likely that the PAX found in the skin secretions of tree frogs
originates from symbiotic microbes, especially fungi. As a tremorgenic mycotoxin, PAX
shows a robust inhibitory effect on BKCa channels [12]. In this work, our results demon-
strate a novel target of PAX, which may promote the toxic effect induced by the blockage
of BKCa channels. PAX-induced inhibition of KCNK18 currents persisted for minutes of
washout (Figure 2D,E), which causes prolonged K+ ions’ retention in the cytoplasm of
sensory neurons and continuous cell excitation [24]. The physiological effect of KCNK18
inhibition can be referred to as sanshool, the active compound from Szechuan peppers
eliciting a unique sensation that is best described as tingling paresthesia or numbing [25].
It has been known that downregulated kcnk18 mRNA or KCNK18 loss of function plays a
crucial role in neuropathic pain [26], suggesting that the PAX-induced KCNK18 inhibition
could evoke painful sensation in predators of the frogs. Due to the bifunction that targets
BKCa and KCNK18 channels, we assumed that the defensive effect of PAX produced by
symbiotic fungi was underestimated in previous reports.

The binding pocket of PAX on KCNK18 locates in the cavity region of the ion per-
meation pathway, which is likely responsible for the very slow dissociation (Figure 3J).
Furthermore, our results emphasize the role of phenylalanines in PAX-KCNK18 interaction,
given that mutation on either F167 or F375 (in rat KCNK18 channel) disrupted the inhibitory
effect of PAX. In agreement with this, the binding models of other chemicals containing
benzene rings have suggested a similar binding pocket [27], although the affinity of these
chemicals is much lower than that of PAX. Interestingly, PAX did not respond to the state
of KCNK18 (Figure 4F,G) in order to access this pocket, implying that the entry of PAX was
directed from the bottom of this channel. According to the different binding mechanisms
of PAX on KCNK18 and BKCa channels, PAX can be used as a template to develop selective
KCNK18 inhibitors.

It is fascinating how animals are widely exposed to exogenous chemicals. In this case,
the employment of PAX-producing microbes by tree frogs is expected to boost the toxicity
of their skin secretion. One or a few transport proteins (toxin sponge molecules) in poison
frogs acquired the ability to sequester toxic compounds during the toxin transportation from
the gut to the skin [28]. Therefore, such a strategy may enable frogs to cope with various
exogenous chemicals and dramatically elevate skin secretion’s bioactivity by accumulating
these compounds.

4. Materials and Methods

4.1. Animals, DRG Neurons and Skin Secretion Collection

Tree frogs (Hyla japonica, n = 55) used in this study were collected in Shangzhi, Hei-
longjiang province, China. The rats (Rattus norvegicus, n = 3) were purchased from Jiangsu
province, China. As previously reported [29], a 3-V alternating current was used to stimu-
late the moistened skin manually, after which the secretion was washed using deionised
water. For the preparation of the boiled secretion, the skin secretion underwent the water
bath at 100 ◦C for 10 min. DRG neurons of rats were acutely dissociated and maintained
in a short-term primary culture according to procedures as previously described [30]. All
experiments involving animals conformed to the recommendations in the Guide for the
Care and Use of Laboratory Animals of Northeast Forestry University. All experimental
procedures were approved by the Institutional Animal Care and Use Committees at North-
east Forestry University (approval No: 2022070). All possible efforts were made to reduce
the animals’ sample size and minimize their suffering.
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4.2. PAX Purification and Identification

The lyophilized frog secretion was dissolved in methanol (2 mg/mL) and filtered by
0.22 μm MF-Millipore filters. The filtrate was separated and purified using C18 reverse-
phase high-performance liquid chromatography (RP-HPLC; XBrige C18 column, 5 μm
particle size, 4.6 × 250 mm Column). PAX was analyzed using a Q-Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA) coupled
with a Dionex UltiMate 3000 UHPLC system (Thermo Scientific, Waltham, MA, USA) and
identified through searching ChemSpider database.

4.3. Plasmids and Mutagenesis

The corresponding NCBI codes of cDNA sequences of KCNK18 orthologues are
445,371 (Rattus norvegicus) and 100,471,846 (Ailuropoda melanoleuca). The corresponding
NCBI code of cDNA sequences of rat BKCa is 83,731 (Rattus norvegicus). These coding
sequences were synthesized by Tsingke (Beijing, China) and subcloned into the pCDNA3.1
vector. All KCNK18 chimeras and single-point mutants were constructed using Fast
Mutagenesis Kit V2 (SBS Genetech) following the manufacturer’s instructions. These
channel chimeras and mutants were confirmed by DNA sequences.

4.4. Calcium Imaging

The dissociated rat DRG neurons were loaded with 3 μM Fluo-4 AM in Ringer’s
solution (140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM glucose, 2 mM CaCl2 and 10 mM
HEPES, pH 7.4) for 40–60 min. After incubation, the cells were washed by 2 mL Ringer’s
solution. The intact or boiled skin secretion (20 mg/mL) of tree frogs (Hyla japonica),
100 nM ChTx and 20 μM PAX were dissolved, respectively, in Ringer’s solution to excite
DRG neurons. The changes in calcium fluorescence intensity of DRG neurons were acquired
with an Olympus IX71 microscope with Hamamatsu R2 charge-coupled device camera
controlled by the MetaFluor Software (Molecular Devices, San Jose, CA, USA). Fluo-4 was
excited by a LED light source (X-Cite 120LED, Lumen Dynamics, Mississauga, ON, Canada)
with a 500/20 nm excitation filter and a 535/30 nm emission filter.

4.5. Cell Culture and Transient Transfection

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum and 1% penicillin/streptomycin at 37 ◦C with 5% CO2. Cells were transiently
transfected with DNA mixture (channel vectors and an enhanced green fluorescent protein
(eGFP) using the Lipofectamine 2000 reagent (Invitrogen) following the instruction man-
ual). Cells with fluorescence signals were selected for patch-clamp recordings 24 h after
transfection. As expression of Nav1.8 is usually ineffective in HEK293 cells, rat Nav1.8
(3 μg) was transiently transfected into the neuroblastoma cell line N1E-115 by using a
Nanofectin transfection kit (PAA Laboratories GMbH, Pasching, Australia). The culture
condition of N1E-115 cells was the same as that of HEK 293 cells.

4.6. Electrophysiology

Whole-cell patches were recorded by using an EPC10 amplifier (HEKA) controlled
by PatchMaster software (HEKA). Patch pipettes were made from borosilicate glass and
fire-polished to a resistance of ~3 MΩ. For the potassium channel recording, the pipette
solution contained 150 mM KCl, 3 mM MgCl2, 10 mM HEPES and 5 mM EDTA, pH 7.4,
and the bathing solution contained 145 mM NaCl, 2.5 mM KCl, 3 mM MgCl2, 1 mM CaCl2,
10 HEPES, pH 7.4. The membrane potential was held at −80 mV, and the currents were
elicited by a ramp voltage from −100 mV to +100 mV for 400 ms. For the TRP channel
recording, both the pipette solution and the bathing solution contained 130 mM NaCl,
0.2 mM EDTA, 3 mM HEPES (pH 7.2). The membrane potential was held at 0 mV and the
currents were elicited by two steps, 300 ms to 80 mV followed by 300 ms to −80 mV. For
the sodium channel recording, the pipette solution contained 110 mM CsF, 15 mM NaCl,
1 mM CaCl2, 2 mM MgCl2, 10 mM TEA-Cl, 10 mM EGTA, 2 mM ATP-Mg and 10 mM
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HEPES (pH = 7.3). The bath solution contained 120 mM NaCl, 3 mM KCl, 2 mM MgCl2,
2 mM CaCl2, 10 mM HEPES, 30 mM glucose, 2 mM 4-aminopyridine (4-AP), 0.2 mM CdCl2
and 0.5 μM tetrodotoxin (TTX) (pH = 7.3). The membrane potential was held at −80 mV,
and the currents were elicited by a steady voltage to −10 mV for 100 ms. The current
signals were filtered at 2.9 kHz and sampled at 10 kHz. A gravity-driven system (RSC-200,
Bio-Logic) was performed to perfuse bath or stimulated solutions. The patched cells were
placed at the perfusion tube outlet. The solutions were flowed through separated tubes to
minimize the mixing of the solutions.

4.7. Structural Model Construction

The structure of rat KCNK18 was modeled by alpha fold molecular modeling suite
version v2.0 [31]. Rosetta Ligand application from Rosetta program suite version 2020.27
was used to dock paxilline to KCNK18 [32,33]. The structural model of KCNK18 was
relaxed in a membrane environment using the RosettaMembrane application [34], and
the model with the lowest energy scores was used as the input structure for docking.
Based on the chimera and mutant experiments, paxilline was first placed into the pocket
nearby F375 and then the paxilline was docked to the optimal location and progressed from
low-resolution conformational sampling and scoring to complete atom optimization using
all-atom energy function. The generated 10,000 models were first screened with a total
energy score. The top 1000 models with the lowest total energy score were selected and
further scored with the binding energy between paxilline and KCNK18. The top 10 models
with the lowest binding energy were chosen as the final docking model.

4.8. Animal Behavior

An equivalent number of male and female rats were used, between 6 and 8 weeks old
weighing between 200–250 g. Rats were maintained in wired cages under a 12 h light/dark
cycle at 24 ◦C and provided with free access to laboratory-standard food and water. All
studies were approved by the Animal Care and Use Committees at Northeast Forestry
University and were consistent with the guidelines.

All tail intravenous injections were performed with a 0.3 × 13 mm needle. Physi-
ological saline was used as the diluent and vehicle. Mice were injected with 10 mL/kg
physiological saline, ChTx (20 mg/kg), or PAX (1, 10, or 20 mg/kg), respectively, (n = 4–8
for each group). After injection, each rat was placed in a holding cage for 10 min to recover
before detecting the painful response. After that, the time of both eyes closing was recorded
for 30 min to assess the pain in rats [22].

4.9. Statistical Analysis

Igor Pro (WaveMatrix, version 6.37) and Prism (GraphPad version 8.0.1) were used to
analyze the experimental data from electrophysiological recordings. All values are given as
mean ± SEM for the number of measurements indicated (n). Statistical significance was
determined using the Student’s t-test and accepted at a level of p < 0.01. N.S. indicates no
significance.

The currents of KCNK channel were measured at 100 mV, and normalized to the
maximal currents in the absence of paxilline. The inhibition of PAX was calculated by
the equation: Percent(inhibition) = (Imax − Ix)/Imax. IX represents the KCNK18 current at
100 mV in the presence of concentration [x]. Imax represents the maximal current amplitude
at 100 mV in the absence of paxilline.

EC50 values were calculated by fitting a Hill equation to the paxilline-induced dose-
response relationship. Where n is an empirical Hill coefficient, EC50 is the concentration for
the half-maximal effect of paxilline inhibition.

Ix

Imax
= 1 − [X]n

ECn
50 + [X]n
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τon and τoff values were obtained from single exponential fits using the equations:

I(t) = a0 + a1[1 − exp(−t/τon)]

I(t) = a0 + a1 exp(−t/τoff)
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Abstract: Amphibian skin contains wound-healing peptides, antimicrobial peptides, and insulin-
releasing peptides, which give their skin a strong regeneration ability to adapt to a complex and
harsh living environment. In the current research, a novel wound-healing promoting peptide, PM-7,
was identified from the skin secretions of Polypedates megacephalus, which has an amino acid sequence
of FLNWRRILFLKVVR and shares no structural similarity with any peptides described before. It
displays the activity of promoting wound healing in mice. Moreover, PM-7 exhibits the function of
enhancing proliferation and migration in HUVEC and HSF cells by affecting the MAPK signaling
pathway. Considering its favorable traits as a novel peptide that significantly promotes wound
healing, PM-7 can be a potential candidate in the development of novel wound-repairing drugs.

Keywords: frogs; peptides; skin wounds; HSF cells; HUVEC cells

Key Contribution: PM-7 purified from the skin of Polypedates megacephalus is a bioactive/effector
compound with potential wound-healing ability through the MAPK signaling pathway.

1. Introduction

Skin, as a physical barrier, protects internal organs and tissues from external harm
such as mechanical or physical damage, as well as pathogenic micro-organisms [1,2]. Skin
includes the keratinized lamellar epidermis and the underlying dermal connective tissue,
which is collagen-rich and able to provide support and nourishment [3,4]. Skin is vulnerable
to accidental damage [5], metabolic dysfunction [6], and skin diseases [7]. Wound healing
after injuries is important for human health and survival. Four stages are included in
wound healing: hemorrhage, inflammation, proliferation, and tissue remodeling [8–10];
each of which play a vital role in ensuring the restoration of skin integrity and functional
reconstruction [11]. Small-molecule chemicals from plants, and proteins represented by
epidermal growth factors are the two main groups involved in wound healing [12–16].
Considering the unstable activity and high cost of these drugs, it is critical to develop new
drugs with the function of wound healing.

Among vertebrates, amphibians live in a complicated environment. Their skins are
more challenged by biotic or abiotic factors [17,18]. During physiological and pathological
processes, amphibian skin, limbs, and tails can heal rapidly and show a strong regenerative
ability [17,19]. In addition, it has been reported that fresh frog skin can effectively promote
wound healing [19]. Bioactive compounds derived from amphibian skin have been used
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in traditional and folk medicine for hundreds of years [20]. Amphibians may be a rich
resource pool of bioactive compounds and, up to now, more than 100 peptides from the skin
of 2000 species have been reported, including antimicrobial peptides [21,22], neuropep-
tides [23–25], wound-healing peptides [26–28], and insulin-releasing peptides [29,30].

Herein, we reported a novel peptide PM-7 with an amino acid sequence of FLNWR-
RILFLKVVR from the frog Polypedates megacephalus, which shows the activity of promoting
wound healing in mice. Further, PM-7 can enhance cell proliferation and migration on Hu-
man Umbilical Vein Endothelial Cells (HUVEC) and Human skin fibroblast (HSF) cells and
affect the MAPK signaling pathway, which exhibits an important function as an effective
wound healing regulator.

2. Results

2.1. Purification and Identification of PM-7

The skin secretion of the frog Polypedates megacephalus was collected by anhydrous
ether stimulation. The skin secretion was divided into four fractions using gel filtration
(Figure 1A), and those fractions showing increased cell proliferation were purified with
RP-HPLC C18 column (Figure 1B,C). The sample that displayed the activity of promoting
cell proliferation was determined with a molecular weight of 1860.32 Da via a MALDI-TOF
MS analysis (Figure 1D) and named PM-7. Using Edman degradation, PM-7 was identified
as a new peptide containing 14 residues, with a sequence of FLNWRRILFLKVVR, which is
consistent with the molecular mass.

Figure 1. Isolation and purification of PM-7. (A) The skin secretion was isolated using G50 gel filtration
and monitored at 280 nm, and the fraction IV displaying the activity of promoting cell proliferation
is indicated with the arrow. (B,C) PM-7 was purified with RP-HPLC C18 and monitored at 280 nm.
(D) The molecular weight of purified PM-7 was determined by mass spectrometry (1860.32 Da).

2.2. PM-7 Accelerated Cell Proliferation and Migration in HSF and HUVEC Cells

During wound healing, the proliferation and movement of fibroblasts can greatly
promote the process of re-epithelialization and wound healing. Our results showed that
PM-7 significantly enhances the proliferation of HSF cells and the effect displayed a sig-
nificant correlation with the peptide concentration. The proliferation rates of HSF cells
increased by 150% and 180% at 500 μg/mL and 1000 μg/mL of PM-7, respectively, but
PM-7 at 2000 μg/mL reduced its activity of promoting cell proliferation compared to that at
1000 μg/mL (Figure 2A). For HUVEC cells, PM-7 at 500 μg/mL slightly increased the rate
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of cell proliferation and at 1000 μg/mL dramatically enhanced the cell proliferation by 80%.
Similar to HSF cells, PM-7 at 2000 μg/mL displayed a moderate effect on the proliferation
of HUVEC cells (Figure 2B). We also explored the effect of PM-7 on cell migration using a
cell scratch assay in vitro. As shown in Figure 2C, after 16 h of treatment, PM-7 enhanced
cells migration across the sound chasm compared with the control treatment. Therefore,
PM-7 accelerated cell proliferation and migration of HSF and HUVEC cells.

Figure 2. The effect of PM-7 on HSF and HUVEC cells. (A,B) Concentration-dependent effects of
PM-7 on cell proliferation in HSF and HUVEC cells. (C) Representative images of PM-7 promoting
healing of cell scratch on HSF cells. The line in each image represents the magnitude of 200 μm. Data
represent the average of three independent experiments, expressed as a mean ± S.E.M., n = 3, ns:
no statistical significance. * p < 0.05, ** p < 0.01. There were significant differences compared to the
control group.

2.3. Effect of PM-7 on MAPK Signaling Pathway

The MAPK signaling pathway has been proven to be involved in promoting wound
healing. We next carried out Western blot analyses to further investigate whether PM-7
could affect the MAPK signaling pathway in HUVEC cells in vitro or not. As shown
in Figure 3, PM-7 significantly increased ERK and p38 phosphorylation after 12 h of
1000 μg/mL treatment. The results of Western blotting showed that the addition of PM-7
increased the expression of p-ERK1/2 and p-P38 that are the membranes of MAPK family.

2.4. PM-7 Enhanced the Healing of Full-Thickness Wounds in Mice

Since PM-7 showed activity in terms of promoting cell proliferation on HSF and
HUVEC cells in vitro, the effect of PM-7 in vivo on the healing of full-thickness skin
wounds was investigated by using an excision wound healing test in mice. The effect of
PM-7 on full-thickness skin wounds in mice is shown in the figure. The application of
PM-7 significantly accelerated wound closure in mice compared with that of treatment
by PBS (Figure 4). On post-injury day 3, the wound area of mice treated with PM-7 was
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50% smaller than that of the PBS-treated mice (Figure 4), suggesting that PM-7 accelerated
wound healing. On post-injury day 5, the wounds treated with PM-7 and epidermal
growth factor (EGF) were almost closed, while the wounds of control mice remained 45%
open (Figure 4). After seven days, there was no obvious wound in PM-7-treated mice;
however, the wounds in PBS-treated mice remained visible for several days (Figure 4).
More importantly, there were no adverse effects on the body weight, overall health status,
or behavior of the mice during the treatment with PM-7.

Figure 3. Effect of PM-7 on the MAPK signaling pathway in HUVEC cells using Western blot analyses.
After a 12-h treatment with PM-7, the protein levels of p-ERK1/2 and p-P38 and the total ERK1/2 and
p38 in HUVEC cells were detected using Western blot. β-actin was used to determine the amount of
loaded protein.
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Figure 4. The effect of PM-7 on full-thickness skin wounds in mice. (A) Representative images of
skin wounds on days 0, 1, 3, 5, and 7 with PM-7 treatment. PBS was a negative control and EGF was
a positive control. A small cell on the ruler represents 1 mm. (B) Quantitative data showing the effect
of PBS, PM-7, and EGF on full-thickness skin wounds in mice. Data are expressed as mean ± S.E.M.,
n = 6. * p < 0.05, ** p < 0.01, *** p < 0.0001.

3. Discussion

There are plentiful bioactive peptides in the skin secretions of amphibians, including
antimicrobial peptides, wound-healing peptides, lectins, and protease inhibitors, as re-
ported before [25,27,31,32]. It has also been reported that the skin secretions of amphibians
could accelerate wound healing because the skin often suffers various injuries, and some
peptides have been identified to be beneficial to wound healing, such as a short peptide,
CW49, from the skin of the frog Odorrana graham [26]. Here, we discovered a novel pep-
tide PM-7 from the skin secretions of Polypedates megacephalus. For the isolation of skin
secretions, gel filtration chromatography was carried out first to separate the different
fractions via molecular weight of the different fractions. Specifically, some peptides or
small-molecule chemicals came out later, as fraction IV (Figure 1A). Following that, reverse-
phase high-performance liquid chromatography (RP-HPLC) was performed to further
purify the peptide PM-7 (Figure 1B,C). Through a sequence alignment, we found that PM-7
does not share a similar structure to any previously discovered peptide, suggesting that
PM-7 may be a novel candidate for a wound-healing drug.

Keratinocytes and fibroblasts are circuits that repair the dominant cells involved in
the proliferation phase of wound healing [17,33,34]. Here, we found that PM-7 could
accelerate the proliferation of HSF cells and HUVEC cells in a dose-dependent manner
(Figure 2). Notably, the acceleration of cell proliferation was delayed at a high concentration
of PM-7, which may be due to the complicated mechanisms of wound healing. The
MAPK signaling pathway is sensitized by different intracellular- and extracellular-related
substances, including peptide growth factors, cytokines, and related hormones, and can
regulate various cellular activities, including proliferation, differentiation, survival, and
death [25,35]. We checked the effect of PM-7 on the signaling pathway and found that PM-7
enhanced ERK and p38 phosphorylation in HUVEC cells (Figure 3). According to previous
reports, some other peptides from amphibian skin also exert significant effects on wound
healing through the MAPK signaling pathway [19,35].

Some peptides have been found from the skin of frogs, such as Cathelicidin-NV [19]
and OM-LV20 [36]. PM-7 had a shorter sequence than some other peptides which display
wound healing activity, which indicates that PM-7 would cost less if obtained with solid
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state synthesis. Importantly, PM-7 clearly enhanced the healing of full-thickness dermal
wounds in vivo (Figure 4), suggesting its possibility in clinical applications. Some growth
factors used clinically, such as EGF, have been shown to enhance wound healing in a variety
of tissues. The small peptide in this study, containing only 14 amino acid residues, might
be a potential biomaterial or template for developing novel wound-healing agents.

In conclusion, PM-7 purified from the skin of Polypedates megacephalus is a bioac-
tive/effector compound with potential wound-healing ability through the MAPK signaling
pathway. It may facilitate the understanding of frog wound healing and skin regeneration.
In addition, these properties make PM-7 a potent candidate for skin wound therapeutics.

4. Materials and Methods

4.1. Collection of Frog Skin Secretions and Isolation of Peptides

The frog skins were stimulated and purified as before [19], and the skin secretions were
subjected to lyophilization and stored at −80 ◦C until use. Briefly, gel chromatography was
carried out on a Sephadex G-50 gel filtration column (1.5 × 31 cm, superfine, GE Healthcare,
Danderyd, Sweden) using 25 mM Tris-HCl buffer (pH 7.8) that contained 0.1 m NaCl. After
pre-equilibrating the column, the skin secretions (500 μL, OD280 = 700 mAu), dissolved in
a 25 mM Tris-HCl buffer, were eluted using the same buffer at a flow rate of 0.1 mL/min. A
fraction collector (BSA-30A, HuXi Company, Shanghai, China) was used to automatically
collect the fractions every 10 min and the fraction was checked at 280 nm. A reversed-phase
high performance liquid chromatography (RP-HPLC) C18 column (Hypersil BDS C18,
4.0 × 300 mm, Elite, Shanghai, China) was pre-performed with water containing 0.1% (v/v)
trifluoroacetic acid (TFA), followed by eluting along a linear gradient (0–70% acetonitrile,
ACN in 70 min) with 0.1% (v/v) TFA and monitored at 280 nm. A mass spectrometer
(MS) (Autoflex speed TOF/TOF, Bruker Daltonik GmbH, Leipzig, Germany) was used to
analyze the purification of the crystallized samples and identify the molecular weight of
the peptide. After lyophilization, the peptide was stored at −20 ◦C until use.

4.2. Edman Degradation Sequencing

Edman degradation was performed to determine the sequence of the peptide PM-7
using a PPSQ-31A protein sequencer (Shimadzu, Kyoto, Japan) according to the manufac-
turer’s standard protocols for GFD.

4.3. Cell Culture

HSF and HUVEC cells were cultured in Dulbecco’s Modified Eagle Medium and
Ham’s F12 Medium (DMEM/F12) (BI, Beit Haemek, Israel) with 10% (v/v) fetal bovine
serum (FBS, Hyclone, Logan, UT, USA) and antibiotics (100 units/mL penicillin and
100 units/mL streptomycin) in an incubator of 5% CO2 at 37 ◦C.

4.4. Cell-Scratch Healing, Migration, and Proliferation

The cell-scratch healing and proliferation of HSF and HUVEC cells were carried
out to assess the cellular pro-healing activities of PM-7. Briefly, HSF cells were cultured
overnight in a 24-well plate at a density of 2 × 106 cells/well. Sterile 200-μL pipette tips
were used to scratch the cell monolayer. Cells were washed with phosphate-buffered saline
(PBS) solution three times before being cultured using a medium with PM-7 in different
concentrations (0, 50, 100, 250, 500, 1000, and 2000 μg/mL). An inverted microscope (Motic,
AE2000, Shenzhen, China) was used to obtain the images at different times. The methods
for exploring the effect of PM-7 on the proliferation of HSF and HUVEC cells were the same
as above. Briefly, 96-well plates were used to culture HSF and HUVEC cells at a density of
4 × 104 cells/well, and they were exposed to PM-7 at different concentrations for 24 h. An
MTS cell proliferation assay kit from Promega (Madison, WI, USA) was used to assess the
impact of PM-7 on the proliferation.
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4.5. Full-Thickness Skin Wounds in Mice

Full-thickness skin wounds in mice were created to check the regenerative effects
of PM-7 in vivo. Male Kunming mice were obtained from Hunan Slack Jingda Experi-
mental Laboratory Animal Co., Ltd. (Chansha, Hunan, China). The mice were given an
adaptive feeding with standard food and water for one week and anesthetized through
the peritoneum using 1% pentobarbital sodium (0.1 mL/20 g body weight). The corre-
sponding hairs were removed from the back surface and a full-thickness wound (8 mm
in diameter) was made on the dorsal skin of the back of every mouse. PBS, PM-7 (20 μL,
500 μg/mL) or EGF (20 μL, 100 μg/mL) was applied directly to the wound site on mice
twice a day from day 0 to day 8. A digital photograph was used to record the wound
condition every two days. ImageJ software v1.51 was used to calculate the wound area
(percentage of residual wound area to primitive area) and quantified using GraphPad Prism
v.8 (GraphPad Software Inc., San Diego, CA, USA). All animal experiments were approved
and implemented in accordance with the requirements of Central South University.

4.6. MAPKs Signaling Pathway

HUVEC cells (2 × 106) were cultured in six-well culture plates for 4 h. The adherent
cells were seeded in a serum-free medium with the treatment of PM-7 for 12 h. After
treatment with lysate (radio immunoprecipitation assay (RIPA)) containing phenylmethyl-
sulphonyl fluoride (PMSF, Meilun Biotechnology, Dalian, China) and phosphatase inhibitor
(Roche, Shanghai, China), cells were quantified using a BCA protein analysis kit (Meilun,
Dalian, China). After separation of the cell samples using 12% SDS-PAGE, Western blotting
was performed to analyze the protein samples and electroablation onto polyvinylidene
fluoride (PVDF) membranes. ImageJ was used to check the grayscale and quantify the
protein expression and degree of phosphorylation.

4.7. Statistical Analysis

Data are expressed as means ± S.E.M. The animals were randomly assigned (1:1:1
allocation) to receive PBS, EGF, or PM-7. For the cellular and animal experiments, two-tailed
paired t-tests were used to compare two groups, and one-way ANOVA followed by Tukey’s
post hoc test was used to evaluate differences among more than two groups. Statistical
analyses were performed using GraphPad Prism v.8 software (GraphPad Software Inc., San
Diego, CA, USA). A value of p < 0.05 was considered to be statistically significant.
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Abstract: The venom and transcriptome profile of the captive Chinese cobra (Naja atra) is not
characterized until now. Here, LC-MS/MS and illumine technology were used to unveil the venom
and trascriptome of neonates and adults N. atra specimens. In captive Chinese cobra, 98 co-existing
transcripts for venom-related proteins was contained. A total of 127 proteins belong to 21 protein
families were found in the profile of venom. The main components of snake venom were three finger
toxins (3-FTx), snake venom metalloproteinase (SVMP), cysteine-rich secretory protein (CRISP), cobra
venom factor (CVF), and phosphodiesterase (PDE). During the ontogenesis of captive Chinese cobra,
the rearrangement of snake venom composition occurred and with obscure gender difference. CVF,
3-FTx, PDE, phospholipase A2 (PLA2) in adults were more abundant than neonates, while SVMP and
CRISP in the neonates was richer than the adults. Ontogenetic changes in the proteome of Chinese
cobra venom reveals different strategies for handling prey. The levels of different types of toxin
families were dramatically altered in the wild and captive specimens. Therefore, we speculate that
the captive process could reshape the snake venom composition vigorously. The clear comprehension
of the composition of Chinese cobra venom facilitates the understanding of the mechanism of
snakebite intoxication and guides the preparation and administration of traditional antivenom and
next-generation drugs for snakebite.

Keywords: Captive; Chinese cobra; Ontogeny; Snake venom; Proteomics; Transcriptomics

Key Contribution: This is the first time to combine proteomic and transcriptomic approaches to study
the differences in venom composition between captive and wild individuals of Chinese cobras. The
difference in venom composition between captive and wild individuals demonstrates the plasticity
of venom composition under breeding conditions.

1. Introduction

On 8 April 2019, the WHO uploaded a report on its website about venomous snake
bites, a neglected public health problem in many tropical and subtropical countries [1].
Approximately 5.4 million snake bites occur each year, resulting in 1.8 to 2.7 million
envenomations from venomous snake bites, 81,410 to 137,880 deaths, and approximately
three times as many amputations and permanent disabilities. Most of these bites occur
in Africa, Asia, and Latin America. In Africa, approximately 435,000 to 580,000 snake
bites require treatment each year. In Asia, 2 million people are bitten by venomous snakes
each year. Women, children, and farmers in poor rural areas of low- and middle-income
countries are the most affected. The burden is the heaviest in countries with the weakest
health systems and scarce medical resources. Approximately 100–200,000 people were
bitten each year in China, 70% of whom are young people, with a 5% mortality rate
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and 25–30% disability rate [2]. The Chinese cobra (Naja atra) is one of the major snake
species in the epidemiology of snakebites in China [3]. Chinese cobra snakebites are
usually accompanied by local swelling, pain, tissue necrosis, palpitations, arrhythmia,
shock, cardiac arrest, severe coagulopathy, drooping eyelids, foaming at the mouth, slurred
speech, respiratory failure, and skeletal muscle paralysis [4]. Gender [5–7], age [3,8–10],
diet [11–14], and geographic distribution [15–17], may cause intraspecific variation in snake
venom, including variations in the protein content and type of venom fractions. The
plasticity of snake venom is a great challenge in the therapeutic process of snake bites.

Snake antivenom is the only treatment that is proven to be affective to treat snakebite
envenoming. Antivenoms are made of antibodies that are harvested from the serum of
hyperimmune animals, typically horse. Thus, the antivenom contains a large amount of
heterologous proteins. After the administration of antivenom, heterologous protein induces
life-threatening adverse effects such as serum sickness and shock [18]. Antivenom is not
always effective against the various complications associated with snake bites [19]. After a
snakebite occurs, it is often impossible to accurately determine how much venom of the
snake has expelled into the patient’s body through its fangs, or even the type of snake that
bit the patient. In addition, there are cases where not all venom components are targeted
by antivenom, especially the low molecular mass protein component, three-finger toxin
(3-FTx), which is a major contributor to death in patients with snake envenomation [20].
During the treatment of a snakebite, the administration of the dosage and type of antivenom
is extremely critical to reduce the possibility of side effects and to guarantee to completely
neutralize the corresponding snake venom. To date, the impact of changes in venom com-
ponents on the clinical symptoms of snakebites has been largely ignored in the treatment of
snakebites [18]. At the same time, the standardized production of antivenom does not fully
neutralize the venom component of snake venom, which can lead to increased mortality
in snakebite patients [21]. Although the next generation of antivenom (recombinant an-
tivenom) that is currently in development is independent of snake species, the formulation
and dosing of antivenom are highly dependent on knowledge of the comprehensive venom
profile [22]. Therefore, a clear understanding of the snake venom profile is essential for the
effective treatment of snakebites.

In recent years, omics studies become popular among Elapidae, Viperidae, and Hy-
drophiidae [23]. The traditional strategy of snake venom research was to isolate and
purify single snake venom proteins, following sequence determination, three-dimensional
structural studies, and functional studies. Therefore, the traditional method is inefficient.
Genomic, transcriptomic, and proteomic studies of Indian cobras (N. naja) have been com-
pleted [24,25]; transcriptomic studies of the venom glands of N. kaothia and N. sumatrana
have been reported [15,26]; according to PubMed search results, most of the proteomic
studies on the venom of the cobra genus have been reported. Currently, there is no report
omics study on captive Chinese cobra. In this study, the venom and venom glands of cap-
tive Chinese cobras were studied using LC-MS/MS and Illumina sequencing technology
separately, to investigate whether the captive breeding process could reshape the profile of
snake venom under captive progress and ontogenesis.

2. Results

2.1. SDS-PAGE

The electrophoretic profiles of snake venom that were obtained by SDS-PAGE showed
a similar pattern of approximately 10 protein bands for each group of snakes under reducing
conditions and non-reducing conditions (Figure 1). However, venom from female and male
snakes showed age-related variations in their electrophoretic profiles (differences in the
intensity of bands). Regarding SDS-PAGE under reducing conditions, partial bands of the
crude venom of adult and neonate snakes were distinctly varied. In neonate captive N. atra
venom, the protein bands of approximately 26, 54, and 66 kDa densimetric more strongly
than adult N. atra venom. In addition, four protein bands of about 14.4, 34, 45, and 100 kDa
were more abundant in the venom of adult N. atra venom. This implies that there were
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differences in certain components of snake venom. However, there were no sex-related
differences that showed up under reducing SDS-PAGE.

 
Figure 1. The 15% SDS-PAGE of N. atra crude venom (40 μg for each lane) under reducing. Lane 1:
marker; Lane 2: neonate males; Lane 3: neonate females; Lane 4: adult males; Lane 5: adult females.

2.2. Venom Protein Concentration and Captive Snake Growth Status

The process of hatching and breeding of N. atra is shown in Figure 2A. The standard
curve was obtained from the determination of BSA using a modified Bradford method
protein concentration assay kit. According to the standard curve, the proportion of protein
in each group of crude snake venom samples was calculated (Figure 2B). Indeed, there
were no significant differences in the protein proportion of the different groups. There
was no significant difference in the body total length between the diverse gender as well
(Figure 2C). The average body weight of female neonate and adult N. atra was greater than
males at the same age, respectively (Figure 2D).

2.3. Venom Proteomics

Accurate knowledge of snake venom proteomics contributes to an understanding of
the poisoning mechanism of venom components in snakebites. In this study, a venom
proteomics protocol was undertaken that included enzyme digestion, HPLC, LC-MS/MS,
and sequence matching (Proteome Discoverer 2.4, PD 2.4, Thermo). In all the sample groups,
a total of 127 proteins from 21 protein families were identified by MS analysis (Table 1).
The proteins were identified by finding at least one unique peptide per protein (Table S1).
The peptides that were used for sequencing after enzymatic hydrolysis ranged in length
from 6 to 31 amino acids, with a predominant distribution of 7–14 amino acids (Figure S1).
The most abundant protein component in snake venom was over 60% (Figure S2) and
had a molecular mass of 0–14 kDa. Our results showed that captive N. atra venom mainly
consisted of three-finger toxin (3-FTx, 60.87%, 62.22%, 67.99%, and 68.20% of total venom
from the neonate male, neonate female, adult male, and adult female group, respectively);
cysteine-rich secretory protein (CRISP, 11.39%, 9.37%, 7.08%, and 6.65%, respectively); snake
venom metalloproteinase (SVMP, 10.22%, 10.13%, 4.70%, and 4.93%, respectively); cobra
venom factor (CVF, 3.53%, 3.92%, 5.02%, and 4.78%, respectively); and phosphodiesterase
(PDE, 3.49%, 3.30%, 4.35%, and 4.51%, respectively) (Table 2). The number of proteins that
were jointly identified in the four groups was 119. Neonate female venom specimens had
higher relative levels of the three finger toxins (neurotoxins and cytotoxins) snake venom
proteins and lower relative levels of CVFs and PLA2 compared to adult female venom
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specimens. The venom of the neonate males contained higher relative levels of SVMPs,
CTXs, and neurotoxins than did the adult males. There were gender differences in the
venom composition of snakes. Neonate male snake venom had higher relative levels of
CTX, L-amino acid oxidase (LAAO), muscarinic tox-in-like protein (MTLP), kunitz-type
serine protease inhibitor (KUN), but (SNT, CTX) were relatively low. The SVMP content
was higher in the female adult specimens (Figure 3).

Figure 2. The breeding process of captive N. atra (A). Ratio of protein in crude venom (B). Snake body
total length (C). Snake body weight (D). ♀: female; ♂: male.Significance analysis was performed by
one-way ANOVA, p > 0.05 (ns), p < 0.002 (**).

Table 1. The list of proteins that were identified from N. atra snake venom by LC-MS/MS.

Protein Accessions Description

V8N8G0 Alkaline phosphatase
ENSNNAP00000025215.1* Acetylcholinesterase

Q9DF56 Acidic phospholipase A2
P00598 Acidic phospholipase A2 1

Q9DF33 Acidic phospholipase A2 2
ENSNNAP00000015782.1* Acidic phospholipase A2 2

P60045 Acidic phospholipase A2 3
Q6T179 Acidic phospholipase A2 4
Q9I900 Acidic phospholipase A2 D
P25498 Acidic phospholipase A2 E
A4FS04 Acidic phospholipase A2 natratoxin
P86542 Phospholipase A2 3
P00599 Basic phospholipase A2 1
P60043 Basic phospholipase A2 1
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Table 1. Cont.

Protein Accessions Description

V8ND68 Phospholipase B-like
Q7LZI1 Phospholipase A2 inhibitor 31 kDa subunit

ENSNNAP00000008460.1* PLIalpha-like protein
V8NQ76 Atriopeptidase
V8N495 Carboxypeptidase

ENSNNAP00000003269.1* Carboxypeptidase D
I2C090 Ophiophagus venom factor
Q91132 Cobra venom factor
Q91132 Cobra venom factor

ENSNNAP00000021869.1* Cobra venom factor
ENSNNAP00000023282.1* Cobra venom factor
ENSNNAP00000010931.1* Complement C3

ENSNNAP00000013063.1* Complement C3
Q01833 Complement C3
Q90WI6 C-type lectin BML-1
E3P6P4 Cystatin
P86543 Cysteine-rich venom protein
P84807 Cysteine-rich venom protein 25-A
P84808 Cysteine-rich venom protein kaouthin-2

Q7T1K6 Cysteine-rich venom protein natrin-1
Q53B46 Beta-cardiotoxin CTX15
P60305 Cytotoxin 1
P86541 Cytotoxin 10

Q9W6W6 Cytotoxin 10
ENSNNAP00000013731.1* Cytotoxin 11

Q98956 Cytotoxin 1b
P85429 Cytotoxin 1f
P01442 Cytotoxin 2

Q9DGH9 Cytotoxin 2
P01445 Cytotoxin 2
P01463 Cytotoxin 2
O93472 Cytotoxin 2c
P01452 Cytotoxin 4
O93473 Cytotoxin 4a
O73856 Cytotoxin 4b
P07525 Cytotoxin 5
P01457 Cytotoxin 5
P24779 Cytotoxin 5
P25517 Cytotoxin 5
P24779 Cytotoxin 5
Q98965 Cytotoxin 6
P01465 Cytotoxin 6
P49122 Cytotoxin 7
O73859 Cytotoxin 7
P86540 Cytotoxin 8
P60311 Cytotoxin KJC3
P60308 Cytotoxin SP15c
P62377 Cytotoxin-like basic protein
P18328 Muscarinic toxin 2
P82462 Muscarinic toxin-like protein 1
P82463 Muscarinic toxin-like protein 2
P82464 Muscarinic toxin-like protein 3

Q9PSN6 Neurotoxin 3
Q9DEQ3 Neurotoxin homolog NL1
Q9W717 Neurotoxin-like protein NTL2
P14613 Short neurotoxin 1
P01431 Short neurotoxin 1
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Table 1. Cont.

Protein Accessions Description

P68418 Short neurotoxin 1
P01424 Short neurotoxin 1
P01432 Short neurotoxin 3
E2IU01 Long neurotoxin 7
E2ITZ9 Cobrotoxin-b

P85092 Toxin AdTx1
P29180 Weak neurotoxin 6
O42256 Weak neurotoxin 6

Q2VBN2 Weak neurotoxin WNTX34
P01401 Weak toxin CM-11
P25679 Weak toxin CM-9a
P85520 Oxiana weak toxin
Q9YGI4 Probable weak neurotoxin NNAM2
P25669 Long neurotoxin 2

Q2VBP3 Long neurotoxin LNTX37
P01391 Alpha-cobratoxin

ENSNNAP00000012975.1* Cobrotoxin
P82849 Cobrotoxin II
P59275 Cobrotoxin-b
D9IX97 Natriuretic peptide Na-NP
V8NF35 Dipeptidyl peptidase 2
V8P9G9 Venom dipeptidylpeptidase IV

ENSNNAP00000025792.1* Dipeptidyl peptidase 7
V8P395 Glutathione peroxidase

ENSNNAP00000008637.1* Hyaluronidase-2-like isoform X1
ENSNNAP00000024830.1* Insulin like growth factor 1
ENSNNAP00000006918.1* Insulin like growth factor binding protein 3

V8N7H9 BPTI/Kunitz domain-containing protein-like
isoform X2

P20229 Kunitz-type serine protease inhibitor
ENSNNAP00000023266.1* Kunitz-type serine protease inhibitor 4-like

A8QL51 L-amino acid oxidase
ENSNNAP00000002373.1* L-amino-acid oxidase

A8QL58 L-amino-acid oxidase
V8P5W4 Putative serine carboxypeptidase CPVL

ENSNNAP00000011792.1* Serpin family E member 2
A0A2I4HXH5 5′-nucleotidase

V8NYW9 5′-nucleotidase
A8QL53 Snake venom serine protease NaSP
P86545 Thrombin-like enzyme TLP

V8NCP7 Vascular endothelial growth factor C
P61899 Venom nerve growth factor
Q5YF90 Venom nerve growth factor 1

A0A2D0TC04 Venom phosphodiesterase
P83234 Vespryn-21

D3TTC2 Zinc metalloproteinase-disintegrin-like atragin
ENSNNAP00000015130.1* Zinc metalloproteinase-disintegrin-like atragin

D5LMJ3 Zinc metalloproteinase-disintegrin-like
atrase-A

ENSNNAP00000015250.1* Zinc metalloproteinase-disintegrin-like
atrase-A

ENSNNAP00000015377.1* Zinc metalloproteinase-disintegrin-like
atrase-A

D6PXE8 Zinc metalloproteinase-disintegrin-like
atrase-B

Q9PVK7 Zinc metalloproteinase-disintegrin-like cobrin
A8QL59 Zinc metalloproteinase-disintegrin-like NaMP
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Table 1. Cont.

Protein Accessions Description

Q10749 Snake venom
metalloproteinase-disintegrin-like mocarhagin

P82942 Hemorrhagic
metalloproteinase-disintegrin-like kaouthiagin

“*” Matched with N. naja snake veonom reference proteome (ftp://ftp.ensembl.org/pub/release-
101/fasta/naja_naja/pep/, accessed on 22 January 2021) and the others matched with Uniprot (https://www.
uniprot.org/). Accessed on 22 January 2021.

Table 2. The relative abundance of venom components in N. atra venom and quantification of the
relative abundance of venom components using TMT label.

% Proteome Neonate Males Neonate Females Adult Males Adult Females

PLB 0.07% 0.06% 0.10% 0.10%
HAase 0.09% 0.10% 0.11% 0.11%
DPP-IV 0.14% 0.14% 0.18% 0.14%
VEGF 0.22% 0.22% 0.23% 0.21%

PLI 0.19% 0.28% 0.26% 0.30%
CTL 0.35% 0.37% 0.47% 0.51%

LAAO 0.38% 0.32% 0.24% 0.27%
5′-NT 0.43% 0.39% 0.40% 0.45%

QC 0.49% 0.50% 0.40% 0.39%
SVSP 0.50% 0.50% 0.26% 0.27%

Acidic PLA2 0.53% 0.52% 0.94% 1.3%
Basic PLA2 0.02% 0.02% 0.07% 0.1%

KUN 0.95% 0.70% 0.71% 0.73%
NP 1.05% 1.83% 1.03% 1.08%

VESP 1.12% 1.18% 0.72% 0.86%
AChE 1.44% 1.23% 1.80% 1.41%
NGF 2.52% 2.70% 2.82% 2.94%
PDE 3.49% 3.30% 4.35% 4.51%
CVF 3.53% 3.92% 4.70% 4.78%

SVMP(P-III) 10.23% 10.13% 5.02% 4.93%
CRISP 11.39% 9.37% 7.08% 6.65%

LNX(3-FTx) 0.10% 0.09% 0.13% 0.14%
SNX(3-FTx) 15.67% 15.73% 11.00% 13.65%
WNX(3-FTx) 5.08% 6.18% 5.09% 5.79%
CTX(3-FTx) 40.00% 40.22% 51.77% 48.63%

2.4. Protein Sequence Alignment

3-FTx are the main components that make up the snake venom proteins and are
responsible for snakebite lethality [27]. According to our results, 3-FTx was most abundant
component in N. atra snake venom and can be classified into CTX and neurotoxin based
on their biological targets of action. There are two subfamilies, CTX and neurotoxin,
that were high in content and had massive members in each subfamily. Our results
revealed that 3-FTx contains 8–10 cysteine residues for disulfide bond formation and further
leads to the formation of the large family of 3-FTx. 3-FTx signal peptides were extremely
conserved (Figure 4). The neurotoxin long neurotoxin (LNX) had five pairs of disulfide
bonds (Figure 4A), weak neurotoxin (WNX) had five pairs of disulfide bonds (Figure 4B),
short neurotoxin (SNX) had four pairs of disulfide bonds (Figure 4C), and CTX had four
pairs of disulfide bonds (Figure 3D). LNX binds with high affinity to muscular (alpha-
1/CHRNA1) and neuronal (alpha-7/CHRNA7) nicotinic acetylcholine receptor (nAChR)
and inhibits acetylcholine from binding to the receptor, thereby impairing neuromuscular
and neuronal transmission. P01391was well studied and there were four forms of existence.

In Figure 4C (SNX), the muscarinic acetylcholine receptor antagonists consisted of
P18328, P82462, and P82463. The mechanism of toxin-receptor interaction was comprised
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of at least two steps. The first step is fast with no competition between the toxin and the
antagonist [28]. The second step is slow with the formation of a more stable toxin-receptor
complex and the inhibition of the antagonist binding. Other SNX bound to muscle nicotinic
acetylcholine receptor (nAChR) and inhibit acetylcholine from binding to the receptor,
thereby impairing neuromuscular transmission.

Figure 3. The relative differences of N. atra venomic groups. (A) Neonate males versus neonate
females. (B) Neonate males versus adult males. (C) Neonate females versus adult females. (D) Adult
females versus adult males. The red dots represent the upregulated and green dots present the
downregulated proteins. p < 0.05(−log10 p > 1.3), |log2FoldChange| > 1. Abbreviations: 3-FTX, three-
finger toxins; CRISP, cysteine-rich secretory protein; SVMP, snake venom metalloproteinase; CVF,
cobra venom factor; PDE, phosphodiesterase; NGF, nerve growth factor; AChE, acetylcholinesterase;
PLA2, phospholipase A2; NP, natriuretic peptide; VESP, vespryns; KUN, kunitz-type inhibitor; CTL,
C-type lectin; 5′-NT, 5′-nucleotidase; QC, glutaminyl-peptide cyclotransferases; PLI, phospholipase
A2 inhibitor; SVSP, snake venom serine protease; LAAO, L-amino acid oxidase; VEGF, vascular
endothelial growth factor; DPP, dipeptidylpeptidase; HAase, hyaluronidase; PLB, phospholipase B;
CTX, cytotoxin; WNX, weak neurotoxin; α-CbTx-I, type I alpha-neurotoxin (short neurotoxin, SNX);
MTLP, Muscarinic toxin-like protein; NLP, neurotoxin like protein.
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Figure 4. N. atra 3-FTx sequence alignment analysis. LNX (long neurotoxin) (A). WNX (weak
neurotoxin) (B). SNX (short neurotoxin) (C). CTX (cytotoxin) (D). ID: the ID number of the protein in
Uniprot. Online multi-sequence alignment by MAFFT Version 7, parameter default value.

In this study, more than 60% of the three-finger toxins were CTX, and they usually
induced apoptosis of multiple classes of cells. The main CTX shows cytolytic activity on
many different cells by forming a pore in the lipid membranes. In vivo, they increase
heart rate or kill the animal by cardiac arrest. In addition, it binds to heparin with high
affinity, interacts with Kv channel-interacting protein 1 (KCNIP1) in a calcium-independent
manner, and binds to integrin alpha-V/beta-3 (ITGAV/ITGB3) with moderate affinity [29].
However, there were some special CTX. Q53B46 Acts as a beta-blocker by binding to beta-1
and beta-2 adrenergic receptors (ADRB1 and ADRB2). It dose-dependently decreases the
heart rate (bradycardia), whereas conventional cardiotoxins increase it [30]. P60305 shows
cytolytic activity (apoptosis is induced in C2C12 cells). Basic protein (P01442) that binds to
the cell membrane and depolarizes cardiomyocytes (may interact with sulfatides in the cell
membrane which induces pore formation and cell internalization) and it also may target
the mitochondrial membrane and induce mitochondrial swelling and fragmentation [31].
P07525 functions as same as P01442 and also inhibits protein kinases C [32]. 3-FTx is
abundant in Chinese cobras with structural and functional diversity.

Snake venom metalloproteinases (SVMP) are part of the cobra venom. This class of
proteins consists of a combination of structural domains, forming assemblies of differ-
ent structural domains, leading to the formation of structurally and functionally diverse
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SVMP families. SVMP possesses substantial biological activity. It hydrolyzes human fibrin
(pro), acts as a prothrombin activator (activates blood coagulation factor X) [33], inhibits
platelet aggregation [34], promotes the inflammatory response of the body [35], inhibits
the activity of serine protease inhibitors in the blood [36], and hydrolyzes basement mem-
brane components (laminin, nestin, Type IV collagen) leading to bleeding. SVMP also has
pro-inflammatory effects [18]. Cofactors of the SVMP family members (Ca2+, Zn2+) and
glycosylation modifications of proteins (metalloproteases, disintegrin, cysteine-rich struc-
tural domains on peptide chains asparagine residues that are linked to glycosyl groups).
Glycosylation sites are present on the structural domains of the basal genus protease, dis-
integrin, and cysteine-rich, but not all three structural domains of the same protein have
glycosylation modifications (Table 3). The results show (Figure 5) that the described SVMPs
are all P-III metalloproteases, except for P82942 and D6PXE8, which only have 14 pairs of
disulfide bonds within the molecule, and the remaining SVMPs, which form 17 pairs of
disulfide bonds within the molecule. The active center of all the SVMPs is the amino acid
glutamate residue at position 343, only Q10749 at position 343 is a glutamine residue, with
opposite acidity.

Table 3. Distribution of the SVMP glycosylation modification sites.

ID

Distribution of Glycosylation Sites (N-linked Asparagine)

Metalloprotease
Structural Domains

Disintegrin
Structural Domain

Cysteine-Rich
Structural Domains

P82942 304 - -
D6PXE8 320 - 509
D3TTC2 - 438 -
Q9PVK7 - 438 -
Q10749 303 - 509
D5LMJ3 221, 273, 304 438 527
A8QL59 225, 268, 319 - 551

- No data available. ID: ID number of the protein in Uniprot.

The PLA2 family of snake venom proteins are widely distributed in the Elapidae,
Viperidae, and Colubridae. PLA2, active forms include dimers and monomers, has a highly
conserved Ca2+ binding loop (XCGXGG), and active center (DXCCXXHD) in both major
structures, corresponding to amino acid numbers 55–60 and 69–76, respectively, in Figure 6.
All PLA2s contain seven pairs of disulfide bonds according to the sequence comparison in
Figure 6. P00598 inhibits G protein-coupled muscarinic acetylcholine receptors and A4FS04
effectively inhibits A-type K+ currents (Kv/KCN) in acutely dissociated rat dorsal root
ganglion (DRG) neurons. This inhibitory effect is independent of its enzymatic activity.
The anticoagulant effect of Q6T179, Q9DF33, and P00598 is through interference with the
coagulation cascade. All are acidic PLA2s except for P60043 and P00599, which are basic
PLA2s. The active sites are located at positions 75 (Histidine) and 121 (Aspartic acid).
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Figure 5. SVMP of N. atra sequence alignment analysis. This was compared online by MAFFT Version 7,
parameter default value. ID: the ID number of the protein in Uniprot., *: active site.

148



Toxins 2022, 14, 598

Figure 6. N. atra PLA2 sequence alignment analysis. This was compared online by MAFFT Version 7,
parameter default value. ID: the ID number of the protein in Uniprot.

2.5. Venom Gland Transcriptome

Revealing the transcriptome profile of snake venom glands is essential to decipher
the functional role of snake venom, which was performed by next-generation sequencing.
In our results, from neonate male, neonate female, adult male, and adult female groups,
clean reads and unique gene (FPKM > 1) were identified, 43,700,115 and 11,153, 42,159,554
and 10,872, 42,965,160 and 10,456, 45,060,349, and 10,600, respectively. In the neonate male,
neonate female, adult male, adult female groups, 70% of the paired regions were exons,
the rest of the paired regions were intron and intergenic. However, we found 98 shared
snake venom unique genes, among these unique genes were contained 10 new transcripts
and 88 unique transcripts (FPKM > 1) (Table 4). Our results showed that the N. atra venom
gland transcriptome mainly consists of 3-FTx (85.31, 88.22, 87.82, and 80.40% of the total
transcriptome from the neonate male, neonate female, adult male, and adult female group,
respectively); PLA2 (1.31, 1.25, 3.41, and 1.83%, respectively); natriuretic peptide (NP, 4.74,
3.81, 2.56, and 6.93%, respectively); snake toxin and toxin-like protein (STLK, 1.67%, 2.18%,
1.85%, and 3.06%, respectively); and glutathione peroxidase (GPX, 2.35, 1.52, 1.39, and
2.59%, respectively) (Table 5). Based on the results of bioinformatics analysis, the total
percentage of low-abundance expression of the transcripts of venom components in the
four groups was less than 4% (Table 5).

Table 4. The list of genes that were obtained from the identification of the N. atra venom gland
transcriptome. All the genes co-existed in all the groups (FPKM > 1).

Gene ID Gene Chromosome Gene Coding Protein Abbreviation

ENSNNAG00000009518 3 Alpha-elapitoxin-Nk2a α-CbTx(3-FTx)
ENSNNAG00000009534 3 Muscarinic toxin-like protein 2 MTLP-2(3-FTx)

ENSNNAG00000011050 3 Muscarinic toxin-like protein 3
homolog MTLP-3(3-FTx)

ENSNNAG00000009404 3 Cytotoxin 3a CTX(3-FTx)
ENSNNAG00000009217 3 Cytotoxin 4N CTX(3-FTx)
ENSNNAG00000011032 3 Cytotoxin 2 CTX(3-FTx)
ENSNNAG00000011010 3 Cytotoxin 5 CTX(3-FTx)
ENSNNAG00000008699 3 Probable weak neurotoxin NNAM1 WNX(3-FTx)

ENSNNAG00000008719 3 Tryptophan-containing weak
neurotoxin WNX(3-FTx)

ENSNNAG00000009048 3 Neurotoxin-like protein NTL2 NTL2(3-FTx)
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Table 4. Cont.

Gene ID Gene Chromosome Gene Coding Protein Abbreviation

ENSNNAG00000011613 SOZL01001066.1 Neurotoxin homolog NL1 NL1(3-FTx)
ENSNNAG00000011709 SOZL01001066.1 Cardiotoxin 7 CTX(3-FTx)
ENSNNAG00000008731 3 Cobrotoxin CBT(3-FTx)
ENSNNAG00000007474 1 Snake venom 5′-nucleotidase 5′ NT
ENSNNAG00000007520 1 Snake venom 5′-nucleotidase 5′ NT

novel.2091 SOZL01000663.1 5′-nucleotidase 5′ NT
ENSNNAG00000018750 2 5′-nucleotidase 5′ NT
ENSNNAG00000016482 SOZL01001525.1 Acetylcholinesterase AchE
ENSNNAG00000016482 SOZL01001525.1 Acetylcholinesterase AchE
ENSNNAG00000015104 MIC_6 Aminopeptidase AP
ENSNNAG00000008828 2 Complement C3 C3
ENSNNAG00000008657 2 Complement C3 C3
ENSNNAG00000012844 SOZL01001814.1 Cathelicidin-related peptide CATH
ENSNNAG00000014282 1 Cysteine-rich venom protein ophanin CRISP
ENSNNAG00000014151 1 Cysteine-rich venom protein ophanin CRISP
ENSNNAG00000018595 MIC_4 Cysteine-rich secretory protein CRISP
ENSNNAG00000000526 2 C-type lectin CTL
ENSNNAG00000018045 7 C-type lectin lectoxin-Thr1 CTL
ENSNNAG00000000430 2 C-type lectin CTL
ENSNNAG00000009410 1 C-type lectin CTL
ENSNNAG00000018053 7 C-type lectin CTL
ENSNNAG00000016651 MIC_7 C-type lectin CTL

novel.1968 MIC_9 Cystatin (cysteine proteinase
inhibitor) CYS

ENSNNAG00000010061 2 Cystatin-B CYS
ENSNNAG00000005504 MIC_9 Cystatin CYS
ENSNNAG00000012223 3 Cystatin-2 CYS

novel.1967 MIC_9 Cystatin CYS
ENSNNAG00000006541 1 Dipeptidyl peptidase IV DPP-IV
ENSNNAG00000013472 2 Glutathione peroxidase 3 GPX
ENSNNAG00000013545 1 Glutathione peroxidase 2 GPX
ENSNNAG00000013509 2 Glutathione peroxidase 6 GPX
ENSNNAG00000008046 2 Glutathione peroxidase 1 GPX
ENSNNAG00000002583 2 Hyaluronidase HAase
ENSNNAG00000005815 MIC_2 Hyaluronidase HAase
ENSNNAG00000018577 MIC_3 Kunitz-type serine protease inhibitor KSPI
ENSNNAG00000018577 MIC_3 Kunitz-type protease inhibitor KSPI
ENSNNAG00000015199 3 Kunitz-type protease inhibitor KSPI
ENSNNAG00000001233 1 Kunitz-type protease inhibitor KSPI
ENSNNAG00000001705 2 L-amino-acid oxidase LAAO
ENSNNAG00000001808 2 L-amino-acid oxidase LAAO
ENSNNAG00000001642 2 L-amino-acid oxidase LAAO
ENSNNAG00000001705 2 L-amino-acid oxidase LAAO
ENSNNAG00000013519 MIC_2 Nerve growth factor NGF
ENSNNAG00000004808 3 Venom nerve growth factor NGF
ENSNNAG00000004800 3 Venom nerve growth factor1 NGF
ENSNNAG00000004808 3 Venom nerve growth factor NGF
ENSNNAG00000006727 4 Natriuretic peptide Na-NP NP
ENSNNAG00000006779 4 Natriuretic peptide Na-NP NP

ENSNNAG00000006809 4 Natriuretic peptide Na-NP NP
ENSNNAG00000006727 4 Natriuretic peptide Na-NP NP
ENSNNAG00000000097 1 Venom phosphodiesterase 1 PDE

ENSNNAG00000013762 MIC_11 Group IIE secretory phospholipase
A2

PLA2

ENSNNAG00000003407 1 Phospholipase A2 crotoxin basic
subunit PLA2

ENSNNAG00000010611 SOZL01000342.1 Acidic phospholipase A2 PLA2
ENSNNAG00000003618 4 Phospholipase A2 PLA2
ENSNNAG00000015696 7 Phospholipase B PLB
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Table 4. Cont.

Gene ID Gene Chromosome Gene Coding Protein Abbreviation

novel.1890 MIC_8 Phospholipase B PLB
novel.1889 MIC_8 Phospholipase B PLB

ENSNNAG00000005694 4 PLIalpha-like protein PLI
ENSNNAG00000003592 MIC_3 Phospholipase A2 inhibitor PLI
ENSNNAG00000003672 MIC_3 Phospholipase A2 inhibitor PLI
ENSNNAG00000013551 2 Snake venom serine protease NaSP SVSP
ENSNNAG00000015301 MIC_3 Snake venom serine protease SVSP
ENSNNAG00000015396 MIC_3 Snake venom serine protease SVSP
ENSNNAG00000017712 6 Venom prothrombin activator VPA
ENSNNAG00000017242 1 Vascular endothelial growth factor A VEGF
ENSNNAG00000011309 MIC_5 Vascular endothelial growth factor VEGF
ENSNNAG00000008620 MIC_9 Vascular endothelial growth factor A VEGF
ENSNNAG00000004103 MIC_2 Cysteine-rich with EGF-like domain CREGF

ENSNNAG00000001343 2 Cysteine-rich with EGF-like domain
protein CREGF

ENSNNAG00000007968 4 Vascular endothelial growth factor C VEGF
ENSNNAG00000017242 1 Vascular endothelial growth factor A VEGF
ENSNNAG00000013375 SOZL01001403.1 Cobra venom factor CVF
ENSNNAG00000008178 2 Cobra venom factor CVF
ENSNNAG00000013375 SOZL01001403.1 Cobra venom factor CVF
ENSNNAG00000008178 2 Cobra venom factor CVF

novel.1103 3 Snake toxin and toxin-like protein STLK
novel.1007 3 Snake toxin and toxin-like protein STLK
novel.1104 3 Snake toxin and toxin-like protein STLK
novel.2094 SOZL01000688.1 Snake toxin and toxin-like protein STLK

ENSNNAG00000009894 MIC_1
Zinc

metalloproteinase-disintegrin-like
NaMP

SVMP

ENSNNAG00000017863 MIC_8 Disintegrin and metalloproteinase
domain-containing protein 9 SVMP

ENSNNAG00000013917 2 A disintegrin and metalloproteinase
with thrombospondin motifs 12 SVMP

ENSNNAG00000011023 Z Disintegrin and metalloproteinase
domain-containing protein 11 SVMP

ENSNNAG00000010003 MIC_1
Zinc

metalloproteinase-disintegrin-like
atragin

SVMP

ENSNNAG00000008597 MIC_6 A disintegrin and metalloproteinase
with thrombospondin motifs 17 SVMP

ENSNNAG00000005308 MIC_1 Disintegrin and metalloproteinase
domain-containing protein 9 SVMP

novel.1209 4 Zinc metalloprotease SVMP

Table 5. The relative abundance of venom components of N. atra gland venom transcriptomes.
Quantification of relative abundance of venom components by TMT label.

FPKM% Neonate Males Neonate Females Adult Males Adult Females

PLI 0.001% 0.001% 0.001% 0.004%
C3 0.005% 0.002% 0.007% 0.008%

CREGF 0.015% 0.012% 0.006% 0.053%
AP 0.015% 0.013% 0.007% 0.062%

DPP-IV 0.017% 0.007% 0.014% 0.022%
VEGF 0.027% 0.015% 0.013% 0.059%
PLB 0.039% 0.037% 0.053% 0.083%

HAase 0.057% 0.031% 0.067% 0.067%
VPA 0.069% 0.025% 0.010% 0.063%
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Table 5. Cont.

FPKM% Neonate Males Neonate Females Adult Males Adult Females

CATH 0.072% 0.006% 0.011% 0.022%
AChE 0.091% 0.072% 0.049% 0.167%
CYS 0.107% 0.081% 0.064% 0.172%
PDE 0.112% 0.059% 0.134% 0.136%
SVSP 0.168% 0.124% 0.145% 0.210%

LAAO 0.213% 0.121% 0.055% 0.207%
KUN 0.221% 0.151% 0.203% 0.221%
CVF 0.223% 0.096% 0.213% 0.179%
CTL 0.253% 0.212% 0.177% 0.456%

5′-NT 0.347% 0.211% 0.154% 0.400%
CRISP 0.615% 0.346% 0.135% 0.497%
NGF 0.972% 0.887% 1.386% 1.450%

SVMP 0.985% 0.515% 0.078% 0.653%
Basic PLA2 1.305% 1.244% 3.405% 1.829%

Acidic PLA2 0.001% 0.001% 0.001% 0.001%
STLK 1.673% 2.182% 1.853% 3.056%
GPX 2.352% 1.521% 1.386% 2.593%
NP 4.738% 3.806% 2.556% 6.932%

LNX(3-FTx) 0.751% 2.630% 1.918% 7.968%
CTX(3-FTx) 37.825% 38.359% 26.955% 29.696%

WNX(3-FTx) 12.815% 9.078% 3.417% 3.429%
SNX(3-FTx) 33.919% 38.158% 55.530% 39.307%

Abbreviations: 3-FTx, three-finger toxins; NP, natriuretic peptide; STLK, snake toxin and toxin-like protein; GPX,
glutathione peroxidase; PLA2, phospholipase A2; NGF, nerve growth factor; SVMP, snake venom metallopro-
teinase; CRISP, cysteine-rich secretory protein; CTL, C-type lectin; 5′-NT, 5′-nucleotidase; KUN, kunitz-type
inhibitor; SVSP, snake venom serine protease; LAAO, L-amino acid oxidase; CVF, cobra venom factor; CYS,
cystatin; AChE, acetylcholinesterase; PDE, phosphodiesterase; PLB, phospholipase B; HAase, hyaluronidase;
VPA, venom prothrombin activator; AP, aminopeptidase; CREGF, cysteine-rich with EGF-like domain protein;
VEGF, vascular endothelial growth factor; DPP IV, dipeptidylpeptidase IV; CATH, cathelicidin-related peptide;
C3, complement C3; PLI, phospholipase A2 inhibitor; CTX, cytotoxin; WNX, weak toxin; SNX, short neurotoxin;
LNX, long neurotoxin; MTLP, muscarinic toxin-like protein.

2.6. Cooperative Proteomic and Transcriptomic Analysis

Among all the captive N. atra (neonate male, neonate female, adult male, and adult
female groups), we found that high correlations only for the transcriptomic and proteomic
statistical analysis of 3-FTx among dominant snake venom families, but significantly
different levels for other snake venom families.

3-FTx, a non-enzymatic snake venom protein, is present in the majority of Elapidae
snake venoms and contains a variety of biological activities. [37]. Based on the length of the
peptide chain and the biological target of the 3-FTx, 3-FTx can be classified into five sub-
classes, cytotoxins (CTX, 40.00% neonate male group, 40.22% neonate female group, 51.77%
adult male group, and 48.63% adult female group, respectively) including 26 proteins;
weak neurotoxins (WNX, 5.08, 6.18, 5.09, and 5.79%, respectively) including 7 proteins;
long-neurotoxins (LNX, 0.10, 0.09, 0.13, and 0.14%, respectively) including 3 proteins; and
short-neurotoxins (SNX, 15.67, 15.73, 11.00, and 13.65%, respectively) including 20 proteins
(Tables 1 and 2). The above results verified the 3-FTx plays an important role in the enveno-
mation of N. atra that is responsible for the death of victims. Our results showed that the
correlation between the changes in the proteome and transcriptome of cultured Chinese
cobra snake venom was not significant (p > 0.05), except for neonate females versus adult
females (Figure 7). Indeed, many previous studies lack concordance between transcriptome
and proteome, including Boiga irregularis [38], N. kaouthia [39], Crotalus simus [40].
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Figure 7. The correlation analysis of the proteome and venom gland transcriptome of N. atra venom.
Neonate males versus adult males (A); neonate females versus neonate males (B); neonate females
versus adult females (C); adult females versus adult males (D). T: transcript; P: protein; FC: fold
change; R2: Pearson R squared.

A total of 37 proteins of venom were matched to one or more transcript sequences
using BLAST, while the vast majority of other proteins did not match the corresponding
transcripts (Table 6).

Table 6. Matched N. atra snake venom proteome and venom gland transcriptome.

Protein Accessions Gene Protein Name

A0A2D0TC04 ENSNNAG00000000097 Venom phosphodiesterase

A8QL53
ENSNNAG 00000013551 Snake venom serine protease NaSP
ENSNNAG00000015396 Snake venom serine protease NaSP

A8QL58 ENSNNAG00000001808 L-amino-acid oxidase

A8QL59
ENSNNAG00000009894 Zinc metalloproteinase-disintegrin

-like NaMP

ENSNNAG00000008597 Zinc metalloproteinase-disintegrin
-like NaMP

D5LMJ3
ENSNNAG00000005308 Zinc metalloproteinase-disintegrin

-like atrase-A

ENSNNAG00000013917 Zinc metalloproteinase-disintegrin
-like atrase-A

Protein Accessions Gene Protein Name

D9IX97
ENSNNAG00000006809 Natriuretic peptide Na-NP
ENSNNAG00000006727 Natriuretic peptide Na-NP
ENSNNAG00000006779 Natriuretic peptide Na-NP
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Table 6. Cont.

E3P6P4 ENSNNAG00000005504 Cystatin

ENSNNAP00000002373.1
ENSNNAG00000001642 L-amino-acid oxidase

(Fragment chain B)
ENSNNAG00000001705 L-amino-acid oxidase

ENSNNAP00000008460.1 ENSNNAG00000005694 PLI alpha-like protein

ENSNNAP00000008637.1
ENSNNAG00000005815 Hyaluronidase-2-like isoform X1
ENSNNAG00000002583 Hyaluronidase-2-like isoform X1

ENSNNAP00000009791.1 ENSNNAG00000006541 Venom dipeptidylpeptidase IV

ENSNNAP00000011851.1
ENSNNAG00000008620 Vascular endothelial growth factor C
ENSNNAG00000007968 Vascular endothelial growth factor C
ENSNNAG00000017242 Vascular endothelial growth factor C

ENSNNAP00000012520.1 ENSNNAG00000008178 Cobra venom factor
ENSNNAP00000012975.1 ENSNNAG00000008731 Cobrotoxin
ENSNNAP00000013063.1 ENSNNAG00000008657 Complement C3
ENSNNAP00000014120.1 ENSNNAG00000009518 Alpha-cobratoxin

ENSNNAP00000015130.1 ENSNNAG00000010003 Zinc metalloproteinase-disintegrin
-like atragin

ENSNNAP00000021869.1 ENSNNAG00000013375 Cobra venom factor

ENSNNAP00000023044.1
ENSNNAG00000001233 BPTI/Kunitz domain-containing

protein-like isoform X2

ENSNNAG00000015199 BPTI/Kunitz domain-containing
protein-like isoform X2

ENSNNAP00000025215.1 ENSNNAG00000016482 Acetylcholinesterase
P00598 ENSNNAG00000010611 Acidic phospholipase A2 1

P01442
ENSNNAG00000009217 Cytotoxin 2
ENSNNAG00000011010 Cytotoxin 2

P01445 ENSNNAG00000011032 Cytotoxin 2
P29180 ENSNNAG00000008699 Weak neurotoxin 6
P61899 ENSNNAG00000004808 Venom nerve growth factor
P62377 ENSNNAG00000011709 Cytotoxin-like basic protein
P86540 ENSNNAG00000009404 Cytotoxin 8
Q01833 ENSNNAG00000008828 Complement C3

Q10749
ENSNNAG00000017863 Snake venom metalloproteinase

-disintegrin-like mocarhagin

ENSNNAG00000011023 Snake venom metalloproteinase
-disintegrin-like mocarhagin

Q5YF90
ENSNNAG00000004800 Venom nerve growth factor 1
ENSNNAG00000013519 Venom nerve growth factor 1

Q6T179
ENSNNAG00000013762 Acidic phospholipase A2 4
ENSNNAG00000003407 Acidic phospholipase A2 4

Q7LZI1 ENSNNAG00000003592 Phospholipase A2 inhibitor 31
kDa subunit

Q7T1K6 ENSNNAG00000014151 Cysteine-rich venom protein natrin-1

Q9DEQ3
ENSNNAG00000011613 Neurotoxin homolog NL1
ENSNNAG00000011050 Neurotoxin homolog NL1

Q9W717 ENSNNAG00000009048 Neurotoxin-like protein NTL2
Q9YGI4 ENSNNAG00000008719 Probable weak neurotoxin NNAM2

V8P395
ENSNNAG00000013472 Glutathione peroxidase
ENSNNAG00000008046 Glutathione peroxidase
ENSNNAG00000013545 Glutathione peroxidase
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2.7. Toxicological and Enzymatic Activity of N. atra Venom

To characterize the relationship of the dose-effects between the snake venom pro-
tein families and the corresponding functional assays, we performed toxicological and
enzymatic activities of N. atra crude venom. 3-FTx is thought to act on the neuromus-
cular junction, acetylcholine receptors, and muscarinic receptors to achieve a blocking
effect on nerve signaling transmission. The activity of SVMP, LAAO, and 5′-nucleotidase
(5′-NT) of neonate N. atra was higher than the adult and without a gender difference
(Figure 8A,B,D). There was a higher toxicity in the adult specimens. There were age dif-
ferences (adult > neonate) but no sex differences in PLA2 activity in N. atra crude toxin
(Figure 8C); there were neither sex nor age differences in AChE activity (Figure 8E). The
LD50 of crude venom of the neonate male, neonate female, adult male, and adult fe-
male groups were 0.73, 0.74, 0.82, and 0.82 μg/g (intraperitoneal injection), respectively
(Figure 8F). All of the tested enzymes indicated a good correlation (p < 0.05) between
enzyme activity and enzyme content in each group (Figure 9A–E).

Figure 8. The enzyme activities of N. atra crude venom. SVMP (A); LAAO (B); PLA2 (C); 5′-NT (D);
AChE (E); LD50 (F). ♀: female; ♂: male. Significance analyzed by Tukey’s multiple comparison test,
the value of p > 0.05 (ns), p < 0.05 (*), p < 0.002 (**), p < 0.001 (***).
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Figure 9. The correlation of N. atra venom protein ratios with corresponding enzyme activities.
SVMP (A). LAAO (B). PLA2 (C). 5′-NT (D). AChE (E). LD50 (F). 1: neonate males; 2: neonate females;
3: adult males; 4: adult females. Significance analyzed by Simple linear regression analysis, the value
of p < 0.05 considered significant.

3. Discussion

3.1. Ontogenetic Variation Predominates in the Snake Venom of Captive Species

Our results indicated that there were age differences in the venom composition of
captive Chinese cobras. The relative contents of SVMP and CRISP were higher in the
neonates; the relative contents of 3-FTX, CVF, and PLA2 were higher in the adults. This
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result is generally consistent with the variation of venom composition in neonate and adult
specimens of wild cobras in Guangxi Province [3]. The results of SDS-PAGE electrophoresis
of the crude venom of the snakes (Figure 1) indicated age differences in the venom content.
Furthermore, the results of enzyme activity and semi-lethal concentration assay further
confirmed this (Figures 8 and 9). It is noteworthy that the changes in the relative content of
the transcripts and proteins were consistent only for PLA2. In addition, the snake venom
components that showed gender differences included AChE (male specimens > female
specimens), NGF (male specimens < female specimens), and CRISP (male specimens >
female specimens). In our study, only AChE was more abundant in male specimens than
that in the female specimens, and both adult specimens and neonate specimens. Based on
the transcript of venom toxin distribution of toxin genes on chromosomes, no toxin-related
genes were found on the W and Z sex chromosomes. Therefore, the genes for these sexually
distinct snake venom components are not distributed on the sex chromosomes and the
cause of the appearance of sex differences is not companionship. Other non-genetic factors
may be suspected to cause the sex differences in the toxin.

Previous studies have shown that macroscopic factors contributing to changes in
snake venom composition during species ontogeny include prey species (ectothermic
prey or endothermic prey) [41], surface area to volume ratio (same prey species during
ontogeny) [8], ontogenetic shifts in dietary habits, competition, predation pressure [3], and
microscopic factors, such as miRNA [42,43]. In captivity, the environmental factors for
neonate and adult snakes were the same except for the food, which was thought to be
the same, and the adult and neonate snakes were fed block chicks and frogs (Pelophylax
nigromaculatus), respectively. Amphibian reptiles are variable temperature animals, while
chicks are constant temperature animals. The prey for wild Chinese cobra neonates is
mainly amphibious reptiles and small-sized fish, while the prey for adult snakes are mainly
birds and mice. Therefore, the difference in venom fractions during ontogenesis may be
due to the type of food (ectothermic prey or endothermic prey).

According to the results in Figure 6, the relative changes of snake venom proteins
during the growth and development of individuals in captive-bred Chinese cobras were
poorly correlated with the transcripts of the corresponding snake venom proteins. There are
several possible reasons for this result. First, the limited number of samples that were taken
and the variability of the sampled individuals. Second, the venom glands were sampled at
an inappropriate time. Third, inaccuracies in the proteomic or transcriptional sequencing
process. Fourth, improper handling and storage of proteomic and transcriptomic samples
resulted in the degradation or contamination of the samples.

We confirmed at the transcriptomic and proteomic levels that all snake venom met-
alloproteases in Chinese cobra venom were Class III SVMPs. Class III SVMPs exhibit
complex biological activities due to the diversity of molecular structures (metalloproteinase,
deintegrin, cysteine-rich domain). Another source of Class I and Class II SVMPs in snake
venom, in addition to the corresponding gene expression, is the self-hydrolysis process
of Class III [44]. However, the disappearance of metalloproteinase self-hydrolysis may
be due to its own glycosylation modifications (Table 3). The snake venom proteases are
associated with prey digestion (cytotoxins and hydrolases) [45]. For example, SVMP takes
responsibility for the local and systemic hemorrhage by hydrolyzing basement membranes,
extracellular matrix, promoting apoptosis, inhibiting platelet aggregation, hydrolyzing
collagen, fibrinogen, and also inducing leukocyte rolling [44,46]. The destruction of blood
vessels may promote the penetration and diffusion of other toxins and accelerate the di-
gestion process of prey. It is assumed that the neonate snake’s strategy to ensure survival
is rapid growth. What was puzzling was that females weighed significantly more than
the males at the same growth period, but there were no gender differences in the protein
hydrolase relative content levels. Moreover, there was no significant difference in the body
lengths between the sexes. Therefore, the levels of cytotoxic and hydrolytic enzymes might
not be directly related to the body length and weight.
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The relative content of CRISP protein in snake venom of captive Chinese cobras is rich.
CRISP is widely distributed in snake venom and acts on ion channels, the inflammatory
response, and smooth muscle contraction [47]. Snake venom CRISPs with a molecular
weight between 20 and 30 kDa are non-enzymatic proteins, containing 16 highly conserved
cysteine residues forming eight disulfide bonds, four of these residues form a cysteine-rich
domain (CRD region) at the C-terminus. Despite the richness of the biological targets of
action of CRISP, its specific function remains unclear. Since CRISP can promote smooth
muscle contraction, it is presumed that CRISP may act on the circulatory system, to raise
blood pressure and promote increased hemorrhage. The silica molecular docking study
of cobra CRISP in complex with TLR4-MD2 receptor shows that CRISP is involved in its
cysteine-rich structural domain (CRD) interacting with the complex [48]. The rich diversity
of CRISP in intra- and inter-species snake venoms suggests functional diversity. Dissecting
these rich structural and functional CRISPs promotes an understanding of the mechanism
of action of snakebites and exploits resources for drug development. Surprisingly, the
relative levels of CRISP in the venom of captive-bred individuals increased dramatically
compared to the wild individuals, but the exact reason for this is not clear.

CVF leads to a greater understanding of complement C3. CVF is a spherical glyco-
protein, a homologous molecule that is formed in evolution with complement C3, similar
in structure to C3a, and reversibly bound to factor B in the presence of Mg2+. The com-
plex CVF-B is then hydrolyzed by factor D in serum into two fragments, CVF-Bb and Ba.
CVF-Bb can be present in the blood for 6–7 h and the small fragment Ba is released. The
product CVF-Bb is a complement-activated alternative pathway C3/C5 convertase with
serine protease activity that hydrolyzes the peptide bond at position 77 of the alpha chain
of C3 (Arg-Ser) and the peptide bond at position 74 of the alpha chain of C5 (Arg-Leu)
to form C3b and C5b, releasing the allergenic toxins C3a and C5a. C5b contributes to the
formation of the membrane attack complex, leading to cell membrane perforation and
cell lysis. It also caused the depletion of C3 and C5–C9 components, and C3 was largely
depleted in the blood of rats after 2 h of intraperitoneal injection of CVF (1 mg/kg) [49].
Finally, CVF weakens complement resistance to other snake venom proteins and assists
other toxins in their toxicity.

Snake venom PDEs are among the least studied snake venom enzymes. During
envenomation, they exhibit various pathological effects, ranging from the induction of
hypotension, to the inhibition of platelet aggregation, edema, and paralysis [50]. In the
present study, only one phosphodiesterase was obtained and was not an abundant com-
ponent. In addition, no PDE transcripts were found in the venom gland transcriptome of
wild N. atra that were collected from Zhejiang Province [51].

PLA2 is distributed among various families of snakes. Generally, PLA2 is exceptionally
plentiful in biological activities, including neurotoxicity, hemorrhagic toxicity, myotoxicity,
cardiotoxicity, and the induction or inhibition of platelet aggregation. In our study, the
proportion of acid PLA2 content was significantly higher than that of alkaline PLA2. The
active catalytic center of all PLA2 matched was His48-Asp49-Tyr52, the motif underlying
the high activity of PLA2. There are two major amino acids, Lys115 and Arg117, that are
thought to underlie the neurotoxicity of these enzymes and indicated that 3 out of 11 PLA2
has neurotoxicity among all the groups. The conserved structures of these enzymes are
essentially the same in different snake species they have the same evolutionary origin. They
both have 14 cysteine residues and form seven disulfide bonds. According to the results of
previous studies, N. atra expressed up to 12.2% PLA2 in their venom in the wild (n = 13, all
adults), while the expression of PLA2 in the venom of the artificially hatched individuals in
this study was less than 1% (among all groups) [52].

3.2. Neonate and Adult Snakes have Different Strategies for Handling Prey

The biological functions of snake venom include predation, defense, and digestion [53].
In the process of prey predation, snake venom neurotoxins play a key role in immobilizing
and then killing the prey, increasing the efficiency of prey predation, which likewise is the
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synergistic effect of 3-FTx and fewer abundance components in the venom [54,55]. Different
components of snake venom play different biological functions, among which enzymes
have the role of helping to digest prey, and 3-FTx is mainly used to kill prey. In the present
study, the content of 3FTx was lower in the neonates than in the adults, while the content
of enzymes was higher in the neonates than in the adults. The predation strategy of the
cobra family is to violently control the movement of the prey after completing the injection
of venom into the prey until the toxicity kicks in and the prey is incapacitated. In addition,
the prey of neonate Chinese cobras is mainly small-sized amphibians, while the prey of
adults is mainly rodents and reptiles [56]. Therefore, the venom pattern of neonate and
adult Chinese cobras differs, with neonates having high enzymatic activity and low toxicity
and adults having low enzymatic activity and high toxicity. High doses of neurotoxin are
incompatible with high protein hydrolytic activity [57]. The LD50 of venom from adult
Chinese cobras was significantly lower than that of juveniles when measured in mice. In
conclusion, the predation strategies of adult and neonate captive N. atra were different.

3.3. The Hatchery Breeding Process Rearranges Snake Venom

Snake venom composition is regulated by intrinsic factors and also environmental
factors. Differences in the venom fractions between captive-bred and wild individuals
have been reported for both cobras and vipers [58–62]. However, a comparison of the
proteome of venom from long-term captive and recently wild-caught eastern brown snakes
(Pseudonaja textilis) showed that the venom was not altered by captivity. In this study, the
humidity (70%) and temperature (28 ◦C) were constant during captive breeding, food was
the same, and the snakes went without hibernation. The habitat of wild Chinese cobras
is more complex and variable. The protein number of wild Chinese cobra venom that
was determined by Shotgun-LC-MS/MS, 1DE-LC-MS/MS, GF-LC-MS/MS, and GF-2DE-
MALDI-TOF-MS were 78, 65, 77, and 16, respectively [63]. However, this study lacked
the description of protein sequence and protein function annotation. In addition, the
venomic profile of Chinese cobra that separately inhabited eastern and western Taiwan
were described and the results indicated that dominating component contents both were the
same and but the proportion of protein families were not equal. The most components of the
eastern inhabitants are 3-FTx, phospholipase A2 (PLA2), and cysteine-rich secretory protein
(CRISP) (76.35%, 16.82%, and 2.41%, respectively) and the western inhabitants were 3-FTx,
PLA2, and CRISP (79.96%, 13.95%, and 2.16%, respectively) [16]. The main components
of adult N. atra (Zhoushan, Zhejiang province, China) venom was 3-FTx, PLA2, CRISP,
SVMP, and nerve growth factor (NGF) (84.3, 12.2, 1.8, 1.6, and 0.1%, respectively) [52]. A
similar proteome profile was discovered in N. kouthia that was caught in China [39]. The
transcriptome profile of the Chinese Cobra showed that the 3-FTx was 95.80%, followed
by PLA2 1.20%, CRISP 0.70%, C-type lectins 0.60%, and vespryn 0.50% [51]. In our study,
the consequence of the venomic (Table 2) and transcriptomes (Table 5) of captive Chinese
cobras were distinct from the wild ones about the previous description of snake venom
composition. The main components of wild Chinese cobra venom are 3-FTx, PLA2, and
CRISP. Although 3-FTx was still the main component of captive Chinese cobra venom, its
content was significantly lower than that of wild specimens; however, PLA2 was not the
main component, and its content was nearly ten times lower. Although CRISP was the
main component of both cultured and wild specimens, the content of CRISP in captive
specimens increased by more than two times compared with that of the wild specimens.
Therefore, the captive breeding process with strictly controlled conditions may alter snake
venom partial composition.

3.4. Asynchronous Snake Venom Synthesis Process

The process of snake venom secretion involves the secretion of a complex mixture of
peptides and proteins by secretory columnar cells of the glandular epithelium and storage in
the lumen of the venom gland. The process of venom release involves muscle contraction of
the venom gland to expel the venom through the fangs. However, there are different views
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on the origin of the venomous gland apparatus. The venom gland of the king cobra is rich in
vertebrate pancreas-specific miRNA (miR-375), confirming that its venom gland originates
from the pancreas [64]. In contrast, Kochva proved that the snake venom gland has been
adapted from the salivary gland during vertebrate evolution [65]. Heterogeneity of venom
gland cells in snakes was observed in king cobra (Ophiophagus annah) and horned coral
snake (Aspidelaps lubricus cowlesi) [64,66]. In addition, the secretory processes of both the
snake venom gland and the pancreas are under hormonal and neurological control [67–69].
The snake venom that is stored in the lumen is secreted by the venom gland secretory
cells after a process of transcription, translation, and modification. The transcript directs
the synthesis and modification of the toxin, and the transcript is hydrolyzed by nucleic
acid endonucleases once the toxin synthesis process is completed [70]. By comparing the
protein sequences of snake venom with the transcript sequences, we found that some of
the transcripts of the toxins were absent from the secretory cells of the venom glands and
only the corresponding proteins remained, or the transcripts were present but the proteins
were missing (Tables 1, 4 and 6). These results suggest that there was a sequential order in
the synthesis and secretion of toxins. It is hypothesized that the response times of different
toxic gland secreting cells to toxic gland milking stimuli differ.

3.5. Widespread Distribution of Toxin Gene on Chromosomes

Snake venom, which contains more than 20 well recognized protein families (also
including many non-toxic proteins), is a result of different protein families being recruited
to the venom gland at different times in the evolution of the snake. The generation and
diversity of snake venoms are attributed to gene recruitment, doubling, and neogeniza-
tion [71,72]. The vast majority of snake venom genes have been shown to originate from
gene recruitment during venom evolution, and toxin recruitment events have been found to
have occurred at least 24 times [73,74].In addition, the process of snake venom recruitment
seems to be uninterrupted, with new members of the snake venom metalloproteinase
family recently reported in rear-fanged snake venom [72].

Genomic data and karyotype maps of Indian cobras were used as a reference for our
study. We found that the majority of Chinese cobra snake venom genes were distributed on
macro-chromosomes (2n = 38) 1–4, 6, and 7, micro-chromosomes (11 pairs) 1–9 and 11, and
without toxin genes were found on the sex chromosomes (Table 4). The gene distribution
of the 3-FTx, DPP-IV, PDE, VPA, NP, LAAO, C3, and AP family is located on macro-
chromosome 3, 1, 1, 6, 4, 2, 2, and micro-chromosome 6, respectively. Since all 3-FTx genes
are localized on the same chromosome, it is speculated that this gene family is amplified by
tandem duplication [46]. The gene distribution of the other protein families is scattered
across multiple chromosomes, for instance, CTL (macro-chromosome 1, 2, and 7, micro-
chromosome 7), VEGF (macro-chromosome 1, 2, 4, micro-chromosome 5, and 9), SVMP
(macro-chromosome 4, micro-chromosome 1, 6, and 8), and PLA2 (macro-chromosome 1
and 4, micro-chromosome 11). The snake venom gene family expands diversely. These
data on the genetic distribution of snake venom protein genes on chromosomes provide the
basis for the theoretical analysis of the evolutionary study of toxins and evidence that toxin
recruitment and toxin family expansion have occurred over a long period and through a
large number of evolutionary events.

To date, transcriptomics and proteomics technology have been widely used in snake
venom research. In the past decades, a large number of toxic or non-toxic venom proteins
have been sequenced and characterized for physicochemical properties and function. With
the popularity of toxin proteomics, a large number of proteins regarding snake venom
components have been identified at a very fast rate [75]. In snake venom and venom gland
studies, the combination of venomics and venom gland transcriptomics is increasingly
being applied jointly to find evidence of intra- and inter-specific individual differences
in snake venom secretion species, and the combination of these two omics approaches
helps to explain the differences that already exist more scientifically and rigorously. All
snakebite treatments rely on accurate snake venom protein profiles, including antivenom,
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next-generation treatments (including monoclonal antibodies and antibody fragments,
nanobodies, small molecule inhibitors, aptamers, and peptides, metal ion chelators, and
antivenoms that are manufactured using synthetic immunogens) [76]. In the present
study, a combined transcriptomic and proteomic approach was adopted to study the
corresponding changes of captive snakes in ontogenesis. Based on the results of our study,
we found that 3-FTx relative content varied in a discrete and uncorrelated manner between
3-FTx transcriptional and proteomic levels among different ages and gender specimens.
Moreover, the same trend of variation was not synchronous in the relative content of 3-FTx
subclasses. The same was true for several other major components of snake venom, the
CRISP, CVF, SVMP, PDE, and NGF. The relative content of the venom protein family varied
considerably among the captive N. atra individuals of different ages, and secondly, the
venom composition between the captive and wild individuals also differed significantly.

4. Conclusions

In the present research, the transcriptome, proteome, and functional assays of captive
N. atra venom was depicted. Under the captive conditions, females grew faster than males
during ontogenesis. Ontogenesis has an overwhelming effect on the venom protein profile
of captive N. atra, while there is an obscure gender difference. The main components
of captive N. atra venom was very different from the wild specimens, although they
were obtained from the same geographical distribution area, Guangxi province, China.
Presumably, the loss of transcripts of some toxin proteins indicates that the expression
of different snake venom families was asynchronous under the same toxin extraction
stimulation conditions. An analysis of the proteomic and transcriptomic results revealed
significant effects of ontogenesis and captive breeding on the relative content of the snake
venom protein, demonstrating the plasticity of snake venom expression and secretion.
The protein profile of snake venom provides the foundation for the formulation and
administration of traditional antivenom and next-generation antivenom.

5. Materials and Methods

5.1. Animals Keeping and Feeding

All the experimental procedures involving animals were carried out under the Chinese
Animal Welfare Act and our protocol (20090302 on 10 January 2021) was approved by
Chongqing Municipal Public Health Bureau. The healthy female Kunming mice (20 ± 2 g
of body weight) were obtained from the Laboratory Animal Center of the Army Medical
University. They were housed in temperature-controlled rooms and received water and
food ad libitum until use.

Snake eggs were obtained from Guangxi province, China. All the eggs were incubated
and all snakes were captive in our laboratory without hibernation, Chongqing, China.
Newborn snakes were fed with a starter diet (gutted and chopped frog) for three months
and a gradual increase in the feeding of dehaired, frozen chicks (gutted and chopped).
The feeding frequency was once every two days. The constant ambient temperature was
28 ◦C, the humidity was 70%, and a supply of sterilized water. An average of 50 snakes in
a four-square meter enclosure, which were enclosed in nylon netting.

5.2. Snake Venom and Gland

A total of 10 snakes in each group (neonate male, neonate female, adult male, and
adult female group), were randomly selected to measure the body total length and body
weight. The venom milking process was that snake bites on parafilm-wrapped jars along
with gently massaging the venomous glands or aspirate snake venom with a pipette aimed
at the fangs. A total of five snakes were randomly selected from each group (neonate
male, neonate female, adult male, and adult female group) to collect venom and venom
glands. The fresh venom was centrifuged to remove impurities for 15 min at 10,000 g 4 ◦C,
lyophilized, marked, and stored at −80 ◦C until use. During the lyophilization process,
the lyophilizer that was used was a SCIENTZ-18N (SCIENTZ, Ningbo, China) with the
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condition of −70 ◦C sample temperature and −45 ◦C cold trap temperature. The venom
gland was dissected four days after the venom was milked and stored in RNA later solution
at −80 ◦C until use.

5.3. Library Preparation for Transcriptome Sequencing

A total amount of 1 μg RNA per sample was used as the input material for the RNA
sample preparations. Sequencing libraries were generated using NEBNext® UltraTM RNA
Library Prep Kit for Illumina® (NEB, San Diego, CA, USA) following the manufacturer’s
recommendations and index codes were added to attribute sequences to each sample.
Briefly, mRNA was purified from the total RNA using poly-T oligo-attached magnetic
beads. Fragmentation was carried out using divalent cations under elevated temperature
in NEBNext First Strand Synthesis Reaction Buffer (5×). First-strand cDNA was synthe-
sized using random hexamer primer and M-MuLV Reverse Transcriptase. Second strand
cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H.
The remaining overhangs were converted into blunt ends via exonuclease/polymerase
activities. After adenylation of 3′ ends of DNA fragments, NEBNext Adaptor with hairpin
loop structure was ligated to prepare for hybridization. To select cDNA fragments of
preferentially 250–300 bp in length, the library fragments were purified with the AMPure
XP system (Beckman Coulter, Beverly, CA, USA). Then, 3 μL USER Enzyme (NEB, San
Diego, CA, USA) was used with size-selected, adaptor-ligated cDNA at 37 ◦C for 15 min
followed by 5 min at 95 ◦C before PCR. Then PCR was performed with Phusion High
-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. At last, the PCR
products were purified by AMPure XP system(Beckman Coulter, Beverly, USA) and the
library quality was assessed on the Agilent Bioanalyzer 2100 system (Agilent, Santa Clara,
CA, USA).

5.4. cDNA Sequencing and Data Analysis

The clustering of the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia, San Diego, CA, USA) according
to the manufacturer’s instructions. After cluster generation, the library preparations were
sequenced on an Illumina Novaseq platform and 150 bp paired-end reads were generated.
At the same time, the Q20, Q30, and GC content of the clean data were calculated. All
the downstream analyses were based on clean data with high quality. Reference genome
and gene model annotation files were downloaded from the genome website directly.
Index of the reference genome was built using Hisat2 v2.0.5 and paired-end clean reads
were aligned to the reference genome (GenBank GCA_009733165.1) using Hisat2 v2.0.5.
StringTie uses a novel network flow algorithm as well as an optional de novo assembly step
to assemble and quantitate the full-length transcripts representing multiple splice variants
for each gene locus. FeatureCounts v1.5.0-p3 was used to count the reads numbers that
are mapped to each gene. The FPKM of each gene was calculated based on the length
of the gene and the read counts that were mapped to this gene. Differential expression
analysis of two conditions/groups (two biological replicates per condition) was performed
using the DESeq2 R package (1.16.1, Bioconductor, Seattle, DC, USA, 2005). The resulting
p-values were adjusted using Benjamini and Hochberg’s approach for controlling the
false discovery rate. Genes with an adjusted p < 0.05 found by DESeq2 were assigned as
differentially expressed.

5.5. TMT Labeling of Peptides

Each equivalent snake protein sample was taken and the volume was made up to 100 μL
with DB dissolution buffer (8 M Urea, 100 mM TEAB, pH 8.5). Trypsin (Promega/V5280,
Madison, WI, USA) and 100 mM TEAB buffer (Sigma/T7408-500ML, St. Louis, MO, USA)
were added, the sample was mixed and digested at 37 ◦C for 4 h. Then, trypsin and CaCl2
were added and the sample was digested overnight. Formic acid was mixed with the di-
gested sample, adjusted pH under 3, and centrifuged at 12,000 g for 5 min at room temper-
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ature. The supernatant was slowly loaded to the C18 desalting column (Waters BEH C18,
4.6 × 250 mm, 5 μm, Milford, MA, USA), washed with washing buffer, including 0.1% formic
acid (Thermo Fisher Scientific/A117-50, Waltham, MA, USA), 3% acetonitrile (Thermo Fisher
Chemical/A955-4, Waltham, MA, USA), 3 times, then eluted by some elution buffer (0.1%
formic acid, 70% acetonitrile). The eluents of each sample were collected and lyophilized. A
total of 100 μL of 0.1 M TEAB buffer was added to reconstitute, and 41 μL of acetonitrile-
dissolved TMT labeling reagent was added, the sample was mixed with shaking for 2 h at
room temperature. Then, the reaction was stopped by adding 8% ammonia. All the labeling
samples were mixed with equal volume, desalted, and lyophilized.

5.6. Separation of Fractions

Mobile phase A (2% acetonitrile, adjusted pH to 10.0 using ammonium hydroxide) and
B (98% acetonitrile) were used to develop a gradient elution. The lyophilized powder was
dissolved in solution A and centrifuged at 12,000 g for 10 min at room temperature. The
sample was fractionated using a C18 column (Waters BEH C18, 4.6 × 250 mm, 5 μm, Milford,
MA, USA) on a Rigol L3000 HPLC system (Rigol, Shanghai, China), the column oven was
set as 45 °C. The detail of the elution gradient is shown in Table S2. The eluates were
monitored at UV 214 nm, collected for a tube per minute, and combined into 10 fractions
finally. All the fractions were dried under vacuum, and then, reconstituted in 0.1% (v/v)
formic acid in water. During the lyophilization process, the lyophilizer that was used was
a SCIENTZ-18N (SCIENTZ, Ningbo, China) with a sample temperature of −70 ◦C and a
cold trap temperature of −45 ◦C.

5.7. LC-MS/MS Analysis

For transition library construction, shotgun proteomics analyses were performed using
an EASY-nLCTM 1200 UHPLC system (Thermo Fisher, Waltham, MA, USA) coupled with
a Q ExactiveTM HF-X mass spectrometer (Thermo Fisher, Waltham, MA, USA) operating
in the data-dependent acquisition (DDA) mode. A total of 1 μg sample was injected into a
homemade C18 Nano-Trap column (4.5 cm × 75 μm, 3 μm). The peptides were separated
in a homemade analytical column (15 cm × 150 μm, 1.9 μm), using a linear gradient elution
as listed in Table S3. The separated peptides were analyzed by Q ExactiveTM HF-X mass
spectrometer (Thermo Fisher, Waltham, MA, USA), with ion source of Nanospray Flex™
(ESI), spray voltage of 2.3 kV, and ion transport capillary temperature of 320 ◦C. Full scan
ranges from m/z 350 to 1500 with the resolution of 60,000 (at m/z 200), an automatic gain
control (AGC) target value was 3 × 106, and a maximum ion injection time was 20 ms. The
top 40 precursors of the highest abundant in the full scan were selected and fragmented by
higher-energy collisional dissociation (HCD) and analyzed in MS/MS, where the resolution
was 45,000 (at m/z 200) for 10 plex, the automatic gain control (AGC) target value was
5 × 104 the maximum ion injection time was 86 ms, the normalized collision energy was
set as 32%, the intensity threshold was 1.2 × 105, and the dynamic exclusion parameter
was 20 s.

5.8. The Identification and Quantitation of Protein

The resulting spectra from each run were searched separately against the Uniprot
database by Proteome Discoverer 2.4 (Thermo, Waltham, MA, USA). The searched parame-
ters are set as follows: mass tolerance for precursor ion was 10 ppm and mass tolerance for
production was 0.02 Da. Carbamidomethyl was specified as fixed modifications, oxidation
of methionine (M) and TMT plex were specified as dynamic modification, acetylation,
and TMT plex were specified as N-terminal modification in PD 2.4. A maximum of 2 mis-
cleavage sites was allowed. To improve the quality of analysis results, the software PD
2.4 further filtered the retrieval results and peptide spectrum matches (PSMs) with the
credibility of more than 99% were identified PSMs. The identified protein contained at least
1 unique peptide. The identified PSMs and protein were retained and performed with FDR
no more than 1.0%. The protein quantitation results were statistically analyzed by t-test.
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5.9. Protein and Transcript Alignment

The protein family members sequence alignment was performed using online multiple
sequence alignment analysis (MAFFT version 7) with default parameters. The protein
sequence and transcriptome sequence alignment analysis were performed using BLASTx,
E-value < 1 × 10−5, with the other parameters set as default.

5.10. Snake Protein Concentration Determination

The protein concentration of each snake venom was obtained using the Pierce ®

Bicinchoninic Acid (BCA) Protein Assay (Thermo Scientific, Rockford, IL, USA) following
the manufacturer’s instructions and using bovine serum albumin (BSA) as a standard.

5.11. SDS-PAGE

A total of 40 μg of 15 μL snake protein sample was loaded to 15% SDS-PAGE gel
electrophoresis, wherein the concentrated gel was performed at 80 V for 20 min, and
the separation gel was performed at 120 V for 90 min. Electrophoresis instrument (BIO-
RAD/PowerPac Basic, Hercules, CA, USA) and electrophoresis tank (Bei-jing JUNYI
DONGFANG/JY-SCZ2+, Beijing, China) were used in this research. The gel was stained by
Coomassie brilliant blue R-250 (Beyotime Biotechnology, Jiangsu, China) and decolored
with elution solution until the bands were visualized clearly by a gel reader (Beijing
Liuyi/WD-9406, Beijing, China).

5.12. Median Lethal Dose (LD50) Determination

Groups of 5 healthy female Kunming mice (20 ± 2 g) from the Laboratory Animal
Center of Army Medical University were intraperitoneally injected with various doses of
captive crude N. atra venom, which was dissolved in 100 μL sterile saline, while the control
test with an equal volume of sterile saline injection only. The deaths were recorded 6 h after
injection, and the LD50 was calculated using the Spearman–Karber method.

5.13. Enzyme Activity Assay

For the SVMP activity assay [77], 0.5 mL of substrate (0.2 M Tris-HCl, pH 8.5, con-
taining 1% azo-casein) was added to the snake venom solution (30 μg dissolved in 10 μL
of dd water), mixed well, and incubated at 37 ◦C for 1 h. A total of 75 μL of 10%
TCA(Sigma/T6508-100ML, St. Louis, MO, USA) was added and incubated at 37 ◦C for
30 min to complete the reaction. An equal amount (100 μL) of supernatant was collected,
50 μL of 2 M Na2CO3 (Sigma/5330050050, St. Louis, MO, USA)was added and mixed, and
the absorbance values of the samples were measured at 440 nm (Flash ® SP-Max2300A2,
Shanghai, China).

For the PLA2 activity assay [78], the preparation of egg yolk solution was conducted
as follows: the egg yolk was mixed in 0.85% NaCI (SCR/10019318-500g, Shanghai, China)
solution at a ratio of 1:3, centrifuged at 3000 r/min for 5 min (IKA ® VORTEX, Guangzhou,
China), the supernatant was removed, and left to stand at −20 ◦C. For the plates preparation:
add 0.05 M pH 6.5 NaAC (SCR/10018818-500g, Shanghai, China) solution, add 1% agarose
(SCR/10000561-250g, Shanghai, China) without shaking and microwave for 90 s. Reduce
the temperature of the agarose to 50 ◦C, add 4% egg yolk solution and 2% 0.01 M CaCl2
(SCR/20011160-500g, Shanghai, China), mix the mixture well, and spread it on the plates.
The mixture was allowed to cool to room temperature in the plate, and then the plates
were punched and 30 μg venom was loaded per well. After incubation at 37 ◦C for 8 h, the
diameter of the transparent circle was measured using vernier calipers.

For the LAAO activity assay [79], a total of 30μg venom was added to 90μL of the substrate
system, containing 50 mM Tris-HCl (Sigma/T5941-100g, St. Louis, MO, USA), pH 8.0, 5 mM
L-leucine (Sigma/L8000-25g, St. Louis, MO, USA), 2 mM O-phenylenediamine (Sigma/P23938-
5g, St. Louis, MO, USA), and 0.81 U/mL horseradish peroxidase (Sigma/P8375-5KU, St. Louis,
MO, USA), mixed, and incubated at 37 ◦C. After one hour of incubation, the reaction was
stopped by adding 50 μL of 2 M sulfuric acid. The absorbance was recorded at 490 nm (Flash ®
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SP-Max2300A2, Shanghai, China). The change in the absorbance at 0.3 units/min/μg venom
was used to express the activity.

For the 5′-NT activity assay [80], a total of 40 μg venom was added to 90 μL of substrate
solution, containing 50 mM Tris-HCl, pH 7.4, containing 10 mM MgCl2 (Sigma/M8266-
100g, St. Louis, MO, USA), 50 mM NaCl, 10 mM KCl (Sigma/P3911-25g, St. Louis, MO,
USA), and 10 mM 5′-AMP (Sigma/01930-5g, St. Louis, MO, USA), incubated at 37 ◦C
for 60 min, then 20 μL of 2.5 M sulfuric acid was added and mixed and stood for 5 min,
and 80 μL of chromogenic solution (8% The absorbance values were measured at 660 nm
(Flash ® SP-Max2300A2, Shanghai, China). The H2PO4- activity was expressed as nmol
/min/mg of venom that was produced, using kH2PO4 (SCR/10017605-250g, Shanghai,
China) as the standard.

For the AChE activity assay [81], the substrate solution contained 75 mM acetylcholine
iodide and 10 mM DTNB (Sigma/D8130-1g, St. Louis, MO, USA) that was dissolved in
0.1 M PBS (pH 8.0) buffer containing 0.1 M NaCl and 0.02 M MgCl2.6H2O, respectively. A
total of 100 μL of substrate was added to each 96-well plate, 30 μg of snake venom was
added immediately, and the reaction was carried out at 37 °C for 30 min. The samples were
vortexed gently for 15 s (IKA ® VORTEX, Guangzhou, China) and the absorbance values
were measured at 412 nm (Flash ® SP-Max2300A2, Shanghai, China).

Each of the enzyme activity enzyme activity test methods were simply modified.

5.14. Statistical Analyses

There were three replicates per treatment that were used in all the studies. The means
were obtained by taking the average of three measurements for each experiment with
the standard error of the means (±SE; standard error) obtained. An analysis of variance
(ANOVA) was applied to analyze the variation of the means with a 95% confidence interval.
With p < 0.05 as a significant difference, using the same statistical software GraphPad
prism 9.0.0.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14090598/s1, Figure S1: Distribution of peptides in enzymatic
hydrolysis of N. atra snake venom; Figure S2: Molecular weight distribution of N. atra venom protein;
Table S1: Protein matches that were obtained by tandem MS/MS of tryptic peptides from captive N.
atra venom in different ages and genders; Table S2: Peptide fraction separation liquid chromatography
elution gradient table; Table S3: Liquid chromatography elution gradient table.
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Abstract: The venom of the Russell’s viper (Daboia siamensis) contains neurotoxic and myotoxic phos-
pholipase A2 toxins which can cause irreversible damage to motor nerve terminals. Due to the time
delay between envenoming and antivenom administration, antivenoms may have limited efficacy
against some of these venom components. Hence, there is a need for adjunct treatments to circumvent
these limitations. In this study, we examined the efficacy of Chinese D. siamensis antivenom alone,
and in combination with a PLA2 inhibitor, Varespladib, in reversing the in vitro neuromuscular
blockade in the chick biventer cervicis nerve-muscle preparation. Pre-synaptic neurotoxicity and
myotoxicity were not reversed by the addition of Chinese D. siamensis antivenom 30 or 60 min after
venom (10 μg/mL). The prior addition of Varespladib prevented the neurotoxic and myotoxic activity
of venom (10 μg/mL) and was also able to prevent further reductions in neuromuscular block and
muscle twitches when added 60 min after venom. The addition of the combination of Varespladib
and antivenom 60 min after venom failed to produce further improvements than Varespladib alone.
This demonstrates that the window of time in which antivenom remains effective is relatively short
compared to Varespladib and small-molecule inhibitors may be effective in abrogating some activities
of Chinese D. siamensis venom.

Keywords: neurotoxicity; myotoxicity; Russell’s viper; Daboia siamensis; Varespladib; antivenom

Key Contribution: This study provides further evidence that antivenoms are unlikely to reverse
already established pre-synaptic neurotoxicity and myotoxicity caused by Chinese D. siamensis
venom. Varespladib, a specific PLA2 inhibitor, can both prevent and delay in vitro PLA2-mediated
pre-synaptic neurotoxicity, supporting the further use of specific toxin inhibitors against venom toxicity.

1. Introduction

The Russell’s viper (Daboia siamensis) has a vast but disjointed distribution across many
regions of South and South-East Asia. It is found in parts of Pakistan, India, Bangladesh
and Sri Lanka and, further east, in Taiwan, Thailand, Indonesia and Mainland China [1,2].
Across this distribution, D. siamensis is responsible for a large number of envenomings,
which can result in marked local and systemic injuries in envenomed humans [3–7]. Al-
though data regarding the incidence of bites in China are not available, clinical anecdotes
suggest that they are relatively common. Combined with a lack of standardised and effec-
tive antivenom treatment, the overall fatality and disability rate is concerning [8]. Typically,
envenoming by Daboia species is characterised by haemostatic disturbances, systemic
bleeding, neurotoxicity, acute kidney injury, muscle damage, ecchymosis, swelling and
pain [1,4,6–13].
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Most viper venoms are dominated by three major protein families, including snake-
venom metalloproteases (SVMPs), snake-venom serine proteases (SVSPs) and phospho-
lipase A2 (PLA2) toxins [14]. Accordingly, these families represent more than 60% of all
toxins found in viper venoms [14]. Of major interest are snake venom PLA2 toxins, as they
have a critical role in the early morbidity and mortality of snake-bite victims. PLA2 toxins
are a large family of enzymatic proteins that exert a wide variety of pharmacological and
biochemical effects and have been isolated from both elapid and viperid species [15–20].
Those present in elapids are categorised within group I, whereas those found in Viperidae
venoms are within group II [21,22]. Such toxins have been reported to be responsible for
neurotoxicity (i.e., taipoxin from Oxyuranus scutellatus, Coastal taipan) [16,23], myotoxicity
(i.e., crotoxin from Crotalus durissus terrificus, South American rattlesnake) [24,25], pain
and oedema, cardiovascular disturbances, haemolysis and coagulation disorders, amongst
other effects [18,26–30].

Proteomic studies of Daboia species have shown that the venoms contain large amounts
of PLA2 that display pre-synaptic neurotoxicity, myotoxicity or cytotoxicity in different
models [5,8,12–14,18,31]. Previous biochemically characterised pre-synaptic PLA2 toxins
from Daboia species include Daboiatoxin (Myanmar), Viperitoxin F (Taiwan) and Russtoxin
(Thailand) [31–33]. Our laboratory has previously characterised the major PLA2 toxins,
i.e., U1-viperitoxin-Dr1a and U1-viperitoxin-Dr1b, from Sri Lankan Russell’s viper venom,
which are postulated to be responsible for neurotoxicity and mild myotoxicity in enven-
omed patients [6,18]. While envenoming by Chinese D. siamensis has not been reported to
produce clinically evident neurotoxicity, we have shown the venom displays pre-synaptic
neurotoxicity and myotoxicity in the chick biventer cervicis nerve-muscle preparation [34].
These activities of the venoms from Daboia species have been attributed to the presence of
PLA2s, both clinically and in vitro [13,15,18,32,35–38].

Antivenoms are the main treatment for systemic envenoming in humans. However,
challenges remain with the use of antivenoms, including poor efficacy against some local
venom effects and the presence of immunoglobulins that do not bind all toxins. In addition,
the need to administer antivenoms in healthcare facilities, the risk of adverse reactions and
cold-storage requirements and supply chain issues, especially in rural/remote areas where
snake bites are often widespread, remain [30,39,40]. Unless given early, antivenoms are
generally considered ineffective against some effects of snake-bite envenoming, given that
the effectiveness of antibodies is limited by their penetrability into peripheral sites [41].
In the case of venoms containing pre-synaptic neurotoxins, neuromuscular paralysis is
generally irreversible, as these toxins result in damage to the nerve terminal after exposure
to venom [23,42]. As a result, treatment with antivenoms or acetylcholinesterase inhibitors
often has limited effectiveness [41]. This has been reported clinically [6,43] and replicated
in studies using ex vivo neuromuscular junctions [16,36,42].

The high specificity of polyclonal antibodies means that antivenoms are normally
highly efficacious against the venom for which they are raised, but generally display
less efficacy against snake venoms of different genera or families [44]. There is currently
no specific antivenom, commercially available, for envenoming by Chinese D. siamensis.
Fortunately, a species-specific monovalent antivenom has been developed, which we
have shown to be efficacious in preventing in vitro neurotoxic and myotoxic effects [34].
However, studies testing the efficacy of this antivenom in reversing venom-mediated
effects and examining the window of time in which antivenom remains effective are
required. Given that D. siamensis venom appears to contain pre-synaptic neurotoxins and
myotoxins, both of which are considered clinically and experimentally difficult to reverse,
the exploration of an alternative or a complementary treatment for D. siamensis envenoming
is important.

As PLA2 toxins are functionally critical and ubiquitous in many venoms, targeting this
toxin class is an ideal target for treating many aspects of snake envenoming [14,19,40]. In
this context, small-molecule inhibitors have been gaining attention as potential alternatives
to immuno-based therapies due to their promising safety profile and general inhibitory
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broadness across snake species. Most notable is Varespladib (or LY315920), a PLA2 inhibitor
that shows pre-clinical efficacy against a wide variety of elapid and viper venoms [44,45].
Varespladib demonstrates inhibitory activity against a variety of snake venoms and tox-
ins, including against the ‘irreversible’ pre-synaptic neurotoxins and myotoxins [23,45–47].
Lewin et al. [45] demonstrated that Varespladib and methyl-Varespladib had a wide breadth
of efficacy against the venoms from 28 different snake species, all with variable PLA2 ac-
tivity. Additionally, the anti-pre-synaptic neurotoxic capability of Varespladib has been
demonstrated against isolated toxins, such as taipoxin, in an in vitro neuromuscular prepa-
ration [23]. It has also been observed that Varespladib extends the window of time for
the prevention or reversal of neuromuscular paralysis, muscle damage or venom-induced
lethality in mice [23,48,49].

Given that PLA2 toxins are present in D. siamensis venom, and there is currently not
a specific antivenom available for clinical use, we examined the efficacy of Varespladib
to inhibit PLA2 toxicity of D. siamensis venom. We also compared the ability of Chinese
D. siamensis monovalent antivenom to reverse the toxicity of Chinese D. siamensis venom
alone and in combination with Varespladib.

2. Results

2.1. In Vitro Antivenom Reversal Studies
2.1.1. Effect of Chinese D. siamensis Monovalent Antivenom on Pre-Synaptic Neurotoxicity
Induced by D. siamensis Venom

Chinese D. siamensis venom (10 μg/mL) in the absence of antivenom caused a re-
duction in indirect (nerve-mediated) twitches in the chick biventer cervicis nerve-muscle
preparation, with a time to reach 50% twitch inhibition (i.e., t50 value) of 147 ± 12 min
(n = 11–12, Figure 1a,b). Post-venom contractile responses to exogenous ACh, CCh or KCl
were obtained to identify the site of neurotoxic activity, and were unaffected by the venom
when compared to vehicle control, indicative of pre-synaptic neurotoxicity (Figure 1c).

Figure 1. Effect of post-venom addition of antivenom (AV; 15 μL) on venom (10 μg/mL) induced
pre-synaptic neurotoxicity in the chick biventer cervicis nerve-muscle preparation. Effect of AV added
(a) 30 or (b) 60 min after venom on indirect twitch inhibition. Arrows indicate the times of addition
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of AV; n = 5–6; * p < 0.05, significantly different from vehicle control at corresponding time point;
# p < 0.05, significantly different from venom alone at corresponding time point, one-way ANOVA
followed by Bonferroni’s post hoc test. Effect of (c) vehicle, venom alone or AV added either 30 min
or 60 min after venom on responses to exogenous agonists; ACh (1 mM), CCh (20 μM) and KCl
(40 mM). n = 11–12, where n is the number of preparations from different animals; error bars indicate
standard error of the mean.

Chinese D. siamensis antivenom (15 μL; 3x recommended concentration; [33]) added
either 30 or 60 min after venom did not have a marked effect on the inhibitory action of
the venom (Figure 1a,b). There was a slight reduction in twitch inhibition after 3 h when
antivenom was added at the 30 min timepoint (Figure 1a). Antivenom added 30 or 60 min
after venom had no significant effect on the agonist responses in the presence of venom
(Figure 1c).

2.1.2. Effect of Chinese D. siamensis Monovalent Antivenom on Myotoxicity Induced by
D. siamensis Venom

Chinese D. siamensis venom (10 μg/mL) caused a reduction in direct twitches in the
chick biventer cervicis nerve-muscle preparation, with a time to reach 50% twitch inhibition
(i.e., t50 value) of 115 ± 4 min (Figure 2a,c). Chinese D. siamensis venom (10 μg/mL) also
caused an increase in resting baseline tension (Figure 2b,d), indicative of myotoxicity.

Figure 2. Effect of post-venom addition of antivenom (AV; 20 μL) on venom (10 μg/mL) induced
myotoxicity in the chick biventer cervicis nerve-muscle preparation. Effect of AV added (a) 30 or
(c) 60 min after venom on direct twitch inhibition. Arrows indicate the times of addition of AV;
* p < 0.05, significantly different from vehicle control at corresponding time point. Effect of AV added
at (b) 30 or (d) 60 min after venom on baseline tension, where * p < 0.05, significantly different from
vehicle response, all one-way ANOVA followed by Bonferroni’s post hoc test. n = 4–6, where n is the
number of preparations from different animals; error bars indicate standard error of the mean.

174



Toxins 2023, 15, 62

Chinese D. siamensis antivenom (20 μL; 4x recommended concentration; [33]) added
either 30 or 60 min after venom did not restore twitch height (Figure 2a,c) but did cause
a slight reduction in the increase in baseline tension, at both time points, although this
effect was not statistically significant compared to venom in the absence of antivenom
(Figure 2b,d).

2.2. Phospholipase A2 Assay

The sPLA2 activity of Chinese D. siamensis venom was 865 ± 158 μmol/min/mg. The
PLA2 activity of venom was abolished by Varespladib (20 μM), i.e., undetectable when
incubated with the inhibitor. Bee venom was used as a positive control and displayed an
activity of 554 ± 6 μmol/min/mg.

2.3. In Vitro Protection Studies Using Varespladib
2.3.1. Effect of Varespladib on the Pre-Synaptic Neurotoxicity of D. siamensis Venom

Pre-incubation (15 min) of Chinese D. siamensis venom (10 μg/mL) with Varespladib
(0.8 or 26 μM), before addition to the organ bath, prevented the effects of venom, i.e.,
a reduction in indirect twitches in the chick biventer cervicis nerve-muscle preparation
(Figure 3a). Varespladib alone (0.8 or 26 μM) had no significant effect on twitch response
or contractile responses to agonists (Figure 3a,b), although the combination of venom
and Varespladib slightly potentiated contractile responses to ACh and CCh, but not KCl
(Figure 3b).

Figure 3. Effect of venom (10 μg/mL) in the presence or absence of Varespladib (0.8 μM or 26 μM)
on (a) indirect (nerve-mediated) twitches and (b) contractile responses to exogenous agonists ACh
(1 mM), CCh (20 μM) and KCl (40 mM) in the chick biventer cervicis nerve-muscle preparation. (a) Pro-
tective effect of Varespladib on venom-induced pre-synaptic neurotoxicity; * p < 0.05, significantly
different to Varespladib alone; # p < 0.05, significantly different to venom in the absence of Vares-
pladib, two-way ANOVA followed by Tukey’s post hoc test. (b) Effect of Varespladib on responses to
exogenous agonists; * p < 0.05, significantly different from pre-venom response to the same agonists,
student’s paired t-test; # p < 0.05, significantly different from venom alone, two-way ANOVA, fol-
lowed by Tukey’s post hoc test, n = 5–6, where n is the number of preparations from different animals;
error bars indicate standard error of the mean.

2.3.2. Effect of Varespladib on the Myotoxicity of D. siamensis Venom

Chinese D. siamensis venom (10 μg/mL) caused a reduction in direct twitches in the
chick biventer cervicis nerve-muscle preparation. Pre-incubation (15 min) of venom with
Varespladib (0.8 or 26 μM) significantly inhibited the reduction in direct twitch height
mediated by Chinese D. siamensis venom, with slightly lower neutralisation by the lower
concentration of Varespladib (Figure 4a). Varespladib also abolished the increase in baseline
tension when compared to venom alone, with no concentration-dependent difference
between the effects of the two concentrations (Figure 4b).
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Figure 4. Effect of Chinese D. siamensis (10 μg/mL) venom in the presence or absence of Varespladib
(0.8 or 26 μM) on (a) direct twitches and (b) baseline tension in the chick biventer cervicis nerve-
muscle preparation. (a) Protective effect of Varespladib against venom-induced myotoxicity; * p < 0.05,
significantly different to Varespladib alone; # p < 0.05, significantly different to venom in the absence
of Varespladib; + p < 0.05, significantly different from venom + Var 26 μM; two-way ANOVA followed
by Tukey’s post hoc test. (b) Effect of Varespladib on venom-induced increases in baseline tension;
* p < 0.05, significantly different from Varespladib alone; two-way ANOVA followed by Tukey’s post
hoc test; # p < 0.05, significantly different to venom in the absence of Varespladib n = 5–6, where n is
the number of preparations from different animals; error bars indicate standard error of the mean.

2.4. In Vitro Reversal Studies by Varespladib
2.4.1. Effect of Post-Venom Addition of Varespladib on the Pre-Synaptic Neurotoxicity of
D. siamensis Venom

To determine the ability of Varespladib to reverse the neurotoxic effects of Chinese
D. siamensis venom, Varespladib (0.8 or 26 μM) was added 60 min after venom. Varespladib
was able to partially restore the venom-mediated reduction in indirect twitches at both
concentrations (Figure 5). This effect was transient, but Varespladib also prevented a further
decline in twitch height.

Figure 5. Effect of the addition of Varespladib (0.8 or 26 μM), 60 min post venom, on venom-induced
pre-synaptic neurotoxicity (indirect twitches) in the chick biventer cervicis nerve-muscle preparation.
* p < 0.05, significantly different to Varespladib alone; # p < 0.05, significantly different to venom in
the absence of Varespladib; two-way ANOVA followed by Tukey’s post hoc test. n = 5–6, where n is
the number of preparations from different animals; error bars indicate standard error of the mean.

2.4.2. Effect of Post-Venom Addition of Varespladib on the Myotoxicity of
D. siamensis Venom

Varespladib (26 μM), added 60 min after Chinese D. siamensis venom, prevented a
further decline in direct twitches compared to venom alone (Figure 6a). However, a lower
concentration of Varespladib (0.8 μM) did not cause a statistically significant delay in direct
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twitch inhibition. Both concentrations of Varespladib (i.e., 0.8 and 26 μM) reversed the
venom-induced increase in baseline tension (Figure 6b).

Figure 6. Effect of the addition of Varespladib (0.8 or 26 μM), 60 min post venom, on venom-induced
myotoxicity. Arrows indicate the time of addition of Varespladib. (a) Effect of Varespladib on direct
twitch reduction induced by venom; * p < 0.05, significantly different to Varespladib alone; # p < 0.05,
significantly different to venom alone, two-way ANOVA followed by Tukey’s post hoc test. (b) Effect
of Varespladib on venom-induced increases of baseline tension; * p < 0.05, significantly different from
Varespladib alone; # p < 0.05, significantly different to venom in the absence of Varespladib, two-way
ANOVA followed by Tukey’s post hoc. n = 4–6 where n is the number of preparations from different
animals; error bars indicate standard error of the mean.

2.4.3. Effect of Post-Venom Addition of the Combination of Varespladib and Antivenom on
the Pre-Synaptic Neurotoxicity of D. siamensis Venom

The combination of the lower concentration of Varespladib (0.8 μM) with Chinese
D. siamensis antivenom (15 μL) prevented a further decline in twitch height when added
60 min post-venom (Figure 7). However, this effect was not significantly different from
Varespladib (0.8 μM) alone, indicating no synergistic effect of the combination.

Figure 7. Effect of the addition of antivenom (AV; 15 μL) and Varespladib (0.8 μM), 60 min post venom,
on the pre-synaptic neurotoxic effects of venom (10 μg/mL). Arrows indicate the time of addition of
combined treatment. * p < 0.05, significantly different to Varespladib alone; # p < 0.05, significantly
different to venom in the absence of treatment, one-way ANOVA followed by Bonferroni’s post
hoc test. n = 4–6 where n is the number of preparations from different animals; error bars indicate
standard error of the mean.

2.4.4. Effect of Post-Venom Addition of the Combination of Varespladib and Antivenom on
the Myotoxicity of D. siamensis Venom

The combination of the lower concentration of Varespladib (0.8 μM) with Chinese
D. siamensis antivenom (20 μL) had a small but significant effect on venom-induced twitch
inhibition (Figure 8a). However, this effect was not significantly different from Varespladib
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(0.8 μM) alone. The combination of Varespladib (0.8 μM) and Chinese D. siamensis an-
tivenom (20 μL) also reversed the increase in baseline tension induced by the venom, but
this was not different from Varespladib (0.8 μM) alone, indicating no synergistic effect of
the combination (Figure 8b).

Figure 8. Effect of the addition of antivenom (AV; 20 μL) and Varespladib (0.8 μM), 60 min post venom,
on the myotoxic effects of venom (10 μg/mL). Arrows indicate the time of addition of combined
treatment. (a) Effect on direct twitches; * p < 0.05, significantly different to Varespladib alone; one-way
ANOVA followed by Bonferroni’s post hoc test. (b) Effect on baseline tension; * p < 0.05, significantly
different from vehicle response; # p < 0.05, significantly different from venom alone; all one-way
ANOVA followed by Bonferroni’s post hoc test. n = 4–6 where n is the number of preparations from
different animals; error bars indicate standard error of the mean.

3. Discussion

We previously reported that the in vitro pre-synaptic neurotoxic and myotoxic effects
of Chinese D. siamensis venom are neutralised (i.e., prevented) by the pre-addition of specific
Chinese D. siamensis monovalent antivenom, indicating the efficacy of this antivenom [34].
However, as these observations would not readily translate into clinical effectiveness, in the
current study, we examined the ability of Chinese D. siamensis monovalent antivenom to
prevent a further decline in and/or reverse the already established neurotoxicity and my-
otoxicity. We found that the antivenom was largely ineffective in preventing neuromuscular
blockade when added 30 min or 60 min after venom. Additionally, the antivenom did not
reverse the myotoxic effects when added at either time point. Therefore, the antivenom was
unable to reverse the effects of the venom and prevent an ongoing decline in neuromuscular
transmission, caused either by the action of neurotoxins (i.e., preventing neurotransmitter
release) or myotoxins (i.e., damaging skeletal muscle). The limited ability of antivenoms
to reverse pre-synaptic neurotoxicity and myotoxicity has been well established, both in
clinical and experimental settings [6,18,23,42,43]. The lack of effectiveness of the antivenom,
administered post-venom, indicates that the antibodies contained in the antivenom are
unable to access the toxins, causing neuromuscular failure/damage, and/or that the effects
of the ‘irreversible’ damage are likely to be occurring internally [6,19,20,36,41].

In agreement with our findings, an in vitro study on Naja naja (Indian Cobra) venom-
induced muscle injury indicated a very short lag period before cytotoxins and myotoxins
exerted irreversible injury, with the failure of Indian polyvalent antivenom to prevent
further damage, even after 5 min [50]. The window of time in which antivenom re-
mains effective, at least in in vitro experiments, such as these, may be very short. Indeed,
we have shown that Australian polyvalent antivenom remains effective in neutralising
O. scutellatus (Coastal taipan) venom or taipoxin-mediated pre-synaptic neurotoxicity only
up to 10–15 min after addition of the venom/toxin [16,42]. This highlights the need for
early antivenom administration for both neurotoxicity and myotoxicity, as has been de-
scribed in case series where the severity of envenoming by various Australian elapids is
largely reduced with antivenom administration within 2 to 6 h [51,52]. It has been sug-
gested that local vascular alterations, i.e., haemorrhage and oedema, associated with local
tissue and muscle damage, which are hallmarks of many viperid envenomings, including
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D. siamensis, can affect the pharmacokinetics of antivenoms. Irrespective of molecular
masses of either IgG or F(ab’)2 fragments, these types of venom-induced injuries favour the
extravasation of antibodies and may contribute to the difficulty in neutralising or reversing
locally acting myotoxins [53–55]. The irreversibility of the pathophysiological effects of
some toxins limits the effectiveness of antivenoms, although this is primarily due to the
nature of the venoms/toxins, rather than an issue with the efficacy of the antivenoms
per se [53,56]. Apart from endocytosed toxins with an intracellular site of action, toxins
that target membrane-bound receptors (e.g., neurotoxins), located in the extracellular ma-
trix (e.g., metalloproteases) or in the bloodstream (e.g., pro-coagulants), have a higher
probability of binding with circulating antibodies [53]. Moreover, the mismatch between
low-molecular-weight toxins and antivenom pharmaco-kinetics and -dynamics means that
antivenoms are ineffective at neutralizing both locally acting toxins (e.g., myotoxins and
cytotoxins) and those with an intracellular site of action [53]. This can be explained by the
fact that by the time antibodies and fragments reach the site of action, significant tissue
damage has occurred. Antibodies cannot cross the blood/tissue barrier, as previously
mentioned, when treating local and microvascular damage, while also having reduced
antibody binding and neutralisation interactions [22,41].

Immunotherapy of snake envenoming presents a difficult challenge; hence, it has been
proposed that the addition of potent enzyme inhibitors may circumvent the problem of
poor antivenom efficacy, especially against poorly immunogenic toxins with low molecular
weight and faster absorption rate [22]. In our study, we found that pre-incubation with
Varespladib prevented both the neurotoxic and myotoxic effects of D. siamensis venom, indi-
cating the key role PLA2 toxins play in these effects. Our findings support previous reports
showing that Varespladib prevents PLA2-mediated neurotoxicity and myotoxicity across a
diverse range of snake venoms [23–25,45,47,48,57–60]. The important role of PLA2 toxins in
Daboia spp. envenoming is also supported by our previous work, showing that removal of
the major PLA2 toxins, i.e., U1-viperitoxin-Dr1a and U1-viperitoxin-Dr1b, from Sri-Lankan
D. russelii venom resulted in a loss of in vitro neurotoxicity and myotoxicity [18,37].

Interestingly, Varespladib was also able to significantly reverse or, at least, prevent
a further decline in indirect (nerve-mediated) and direct (muscle) twitches induced by
venom, whereas antivenom did not display this ability. However, the administration
of a combination of antivenom and Varespladib after venom addition did not result in
an additive or synergistic inhibitory effect against the neurotoxic or myotoxic effects. A
similar finding of greater efficacy of Varespladib over antivenom has also been reported
against O. scutellatus venom, an elapid venom with PLA2-mediated neurotoxicity [23], and
C. d. terrificus venom, from a viperid with PLA2-mediated neurotoxicity and myotoxic-
ity [24,25]. These observations support in vivo experiments in mice, where Varespladib was
able to inhibit the myotoxic effects of four Chinese snake venoms [44] as well as attenuate
the myonecrotic and haemorrhagic activity induced by Deinagkistrodon acutus (sharp-nosed
pit viper) venom [46]. In contrast, the concomitant administration of antivenom and Vare-
spladib appeared to provide additional survival benefits following O. scutellatus [49], as
well as Micrurus corallinus (Coral snake) envenoming [60] in mice and rats, respectively.

The positive effects of Varespladib raise the question of whether the morphological
changes to the neuromuscular junction caused by pre-synaptic neurotoxins are, indeed,
irreversible, or at least partially reversible in the time frame of the current study. The
reversal studies demonstrate the inability of antivenom, both alone and in combination
with Varespladib, to reverse/further prevent D. siamensis venom-mediated neurotoxicity
and myotoxicity, suggesting that the antibodies are either unable to reach the target sites
as efficiently as small-molecule inhibitors, have a slower onset of action or are unable
to displace or bind to the antigenic site of toxins already bound to target sites [42,50,56].
Considering that the effectiveness of the treatment combination was no different to the
inhibitory actions of Varespladib alone, it also indicates that the efficacy of antivenoms
is limited by the bite-to-antivenom time disparity, as well as toxin–target/substrate inter-
action, as previously described. Furthermore, the efficacy of antivenoms also depends
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on a different mechanism, such as steric hindrance, by trapping the toxin in the central
compartment and enhancing the efficiency for toxin removal [50,53,56].

In this regard, the higher efficacy of Varespladib over antivenoms to inhibit the ac-
tivity of these toxins may be due to (1) higher potency of Varespladib to inhibit PLA2
activity at low concentrations; (2) the ability of Varespladib to bind with high affinity to
neurotoxins and myotoxins, possibly displacing even those already bound extracellularly
to their target sites or reducing affinity between toxin and substrate; or (3) the ability of
Varespladib to enter the nerve terminal or cells, perhaps inhibiting intracellular snake
venom PLA2s [20,23,24]. It is worth noting that while the progression of direct twitch
inhibition induced by venom was halted, but not reversed, by Varespladib, baseline ten-
sion was restored to pre-venom levels. This suggests that changes in baseline tension are
due to alterations that are not related to mechanical damage to contraction mechanisms
of myofibrils.

An important limitation of our study is the extrapolation of these data into clinical
settings. Considering that the inhibitory action of Varespladib is rapid but has a relatively
short half-life in vivo [48], multiple dosing amounts or continuous infusion of Varespladib
to maintain concentrations high enough for toxin neutralisation may be required. For
future in vitro studies, repeated dosing may accommodate for the time gap between venom
addition and antivenom administration, as well as the further abrogation of venom damage,
mirroring a clinical situation.

4. Conclusions

Our findings suggest that while small-molecular inhibitors are unlikely to replace
the use of antivenoms, Varespladib could be used for short-term, immediate treatment to
delay the onset of venom toxicity and increase the window of opportunity for antivenom
administration before efficacy is diminished. Our work is in line with the initiative of
the World Health Organisation (WHO) to accelerate snake-bite prevention and control
protocols, as well as reduce snake-bite-related cases in South-East Asia by 50% by 2030 [61].

5. Materials and Methods

5.1. Animals

5–10-day-old male brown chicks (White Leghorn crossed with New Hampshire) were
used in this study and obtained from Wagner’s Poultry, Coldstream, Victoria. Animals were
housed with food and water ad libitum at Monash Animal Services (Monash University,
Clayton). Animal experiments were approved by the Monash University Ethics Committee
(approval number 22575).

5.2. Chemicals and Drugs

The following chemicals and drugs were purchased from Sigma-Aldrich, St Louis, MO,
USA: acetylcholine (ACh), carbamylcholine (CCh), d-tubocurarine (dTC), bovine serum
albumin (BSA), Varespladib (CAS:172732-68-2) and dimethyl sulfoxide (DMSO). Potassium
chloride (KCl) was purchased from Merck (Darmstadt, Germany). All chemicals were
dissolved in MilliQ water, except Varespladib, which was dissolved in DMSO.

5.3. Venoms and Antivenoms

The Chinese Daboia siamensis venom used in this study was a pooled, freeze-dried sam-
ple from snakes collected from Yunnan province and obtained from Orientoxin Co., Ltd.
(Laiyang, Shandong, China). Venom was dissolved in 0.05% (w/v) BSA to a final concentra-
tion of 2 mg/mL and frozen at −20 ◦C until required. Chinese D. siamensis monovalent
antivenom (Batch number 20200401; expiry date: 1 April 2022) was purchased from Shang-
hai Serum Biological Technology Co., Ltd. (Shanghai, China). According to manufacturer’s
instructions, 1 μL of Chinese D. siamensis antivenom neutralises 6 μg of D. siamensis venom.
Antivenom was filtered prior to use with a 10 kDa centrifugal filter unit and centrifuged at
8000 rpm for 5 min. The supernatant was discarded and the retentate was stored at −20 ◦C
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until required. Based on the manufacturer’s neutralisation ratio the amount of antivenom
was adjusted be equivalent to the concentration of unfiltered antivenom.

5.4. Isolated Chick Biventer Cervicis Nerve-Muscle Preparation

Chicks were euthanised by exsanguination following CO2 inhalation. Two biventer
cervicis nerve-muscle preparations, from each chick, were dissected and suspended on wire
tissue holders under 1 g resting tension in 5 mL organ baths. Tissues were bubbled with
95% O2 and 5% CO2 in physiological salt solution of the following composition: 118.4 mM
NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 25 mM NaHCO3 and 11.1 mM glucose,
and maintained at a temperature of 34 ◦C.

Indirect (nerve-mediated) twitches of tissues were evoked by stimulating the motor
nerve (0.1 Hz, 0.2 ms) at supramaximal voltage (10–20 V) using an LE series stimulator
(ADInstruments, Pty Ltd., Bella Vista, Australia). Twitches were measured and recorded
on a PowerLab system (ADInstruments, Pty Ltd., Bella Vista, Australia) via a Grass FT03
force-displacement transducer. The abolishment of twitches following addition of dTC
(10 μM) ensured selective stimulation of the motor nerve. The twitches were restored to
baseline levels by repeated washing of the preparation with physiological salt solution
over the course of 20 min. Following this period, electrical stimulation was ceased and the
tissue was allowed to rest for approximately 5 min. Contractile responses to exogenous
ACh (1 mM for 30 s), CCh (20 μM for 60 s) and KCl (40 mM, 30 s) were then obtained.
Electrical stimulation was then recommenced for 20–30 min or until twitches were stable.
For experiments examining myotoxicity, the electrode was placed around the muscle,
which was directly stimulated (0.1 Hz, 2 ms) at supramaximal voltage (20–30 V). Residual
nerve-mediated responses were abolished by the addition of dTC (10 μM), which remained
in the organ bath throughout the experiment. All preparations were stabilised for at least
20–30 min before commencement of the experiment.

5.5. Protection and Reversal Protocols

The neutralising ability of Varespladib was tested by either (1) pre-incubation of
venom with Varespladib for 15 min prior to addition of the mixture to the organ bath or
(2) by the addition of Varespladib 60 min after venom. The concentration and ratio of
Varespladib used in this study was adapted from the protocol described in a previous
study, Maciel et al. [25]. To determine the ability of antivenom to reverse venom-induced
neurotoxicity or myotoxicity, antivenom was added to the organ bath 30 or 60 min after
venom addition. Antivenom was used at 3× the recommended concentration for neuro-
toxicity experiments and 4× the recommended concentration for myotoxicity experiments
based on our previous study where these concentrations were shown to almost abolish
neurotoxicity/myotoxicity when added prior to the venom [33].

5.6. Phospholipase A2 Activity

PLA2 activity of D. siamensis venom was determined using a PLA2 assay kit (Cayman
Chemical, Ann Arbour, MI, USA) according to the manufacturer’s instructions. Venom
stock solution (1 mg/mL) was serially diluted to a final concentration of 7.8 μg/mL, and
a pre-mixed solution containing Varespladib (20 μM), assay buffer and indicator DTNB
[5,5′-dithio-bis-(2-nitrobenzoic acid)], was added to wells of a 96-well plate. Substrate
solution diheptanoyl thio-PC was added to each well, and the plate was read every 2 min
at a wavelength of 414 nm for 22 min. Absorbance values were measured to calculate
PLA2 activity, expressed as micromoles of phosphatidylcholine hydrolysed per min per
mg of enzyme (μmol/min/mg) of each venom dilution sample, and values indicated are
the mean of triplicate wells. Bee venom PLA2 was used as a positive control. Varespladib
concentration was chosen based on the neutralisation capabilities demonstrated in previous
studies [45].
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5.7. Data Analysis and Statistics

For chick biventer experiments, twitch height was measured every four minutes after
venom addition and expressed as a percentage of the pre-venom twitch response. For
neurotoxicity experiments, post-venom contractile responses to exogenous agonists ACh,
CCh and KCl were expressed as a percentage of the corresponding pre-venom contractile
response. For myotoxicity experiments, changes in baseline tension, were measured every
10 min after venom addition. Either one-way or two-way analysis of variance (ANOVA)
was performed for comparisons between different treatments. Comparisons of responses
to exogenous agonists before and after venom treatment were performed using a student’s
paired t-test. All ANOVAs were followed by Bonferroni’s multiple comparison or Tukey’s
post hoc test, respectively. Data are presented as the mean ± standard error of mean
(SEM) where n is the number of tissue preparations. All data and statistical analyses were
performed using Prism 9.4.1 (GraphPad Software, San Diego, CA, USA, 2022). p < 0.05 was
considered statistically significant for all analyses.
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Abstract: Pyemotes zhonghuajia Yu, Zhang & He (Prostigmata: Pyemotidae), discovered in China, has been
demonstrated as a high-efficient natural enemy in controlling many agricultural and forestry pests. This
mite injects toxins into the host (eggs, larvae, pupae, and adults), resulting in its paralyzation and then gets
nourishment for reproductive development. These toxins have been approved to be mammal-safe, which
have the potential to be used as biocontrol pesticides. Toxin proteins have been identified from many
insects, especially those from the orders Scorpions and Araneae, some of which are now widely used as
efficient biocontrol pesticides. However, toxin proteins in mites are not yet understood. In this study, we
assembled the genome of P. zhonghuajia using PacBio technology and then identified toxin-related genes
that are likely to be responsible for the paralytic process of P. zhonghuajia. The genome assembly has a size of
71.943 Mb, including 20 contigs with a N50 length of 21.248 Mb and a BUSCO completeness ratio of 90.6%
(n = 1367). These contigs were subsequently assigned to three chromosomes. There were 11,183 protein
coding genes annotated, which were assessed with 91.2% BUSCO completeness (n = 1066). Neurotoxin
and dermonecrotic toxin gene families were significantly expanded within the genus of Pyemotes and they
also formed several gene clusters on the chromosomes. Most of the genes from these two families and
all of the three agatoxin genes were shown with higher expression in the one-day-old mites compared
to the seven-day-pregnant mites, supporting that the one-day-old mites cause paralyzation and even
death of the host. The identification of these toxin proteins may provide insights into how to improve
the parasitism efficiency of this mite, and the purification of these proteins may be used to develop new
biological pesticides.

Keywords: Pyemotes; genome annotation; protein; toxin

Key Contribution: Pyemotes zhonghuajia is an important biocontrol agent against Isoptera, Homoptera,
Hymenoptera, Lepidoptera, and Coleoptera pests. However, the genetic resources are largely lacking
in the genus of Pyemotes; which has impeded our understanding of the parasitic and physiological
mechanism of those venomous ectoparasitic mites at the molecular level. In this study, we have provided
a genome assembly of P. zhonghuajia with a specific description of the toxin-related gene families. Our
resources have provided opportunities for understanding the molecular mechanism underlying the use
of toxins in this mite in order to improve its parasitism efficiency.
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1. Introduction

Pyemotes zhonghuajia Yu, Zhang & He (Prostigmata: Pyemotidae) is a native viviparous
mite initially collected from Sinoxylon japonicum Lesne and Phloeosinus hopehi Schedl by
Lichen Yu in the 1990s [1]. It distributes naturally in Shanxi, Xinjiang, Ningxia, Hebei,
Tianjin, and Beijing, China [2]. Pyemotes zhonghuajia is a dominant efficient ectoparasitic
mite and is regarded as an important natural enemy in controlling many agricultural and
forest pests [3]. This mite can inject toxins through puncturing the intersegmental cuticle
using its mouthpart to paralyze a large number of pests including Isoptera, Homoptera,
Hymenoptera, Lepidoptera, and Coleoptera [4–7]. After the host is completely paralyzed,
the mite finds an optimal position to settle down and then obtains nourishment for repro-
ductive development [7]. The gland of P. zhonghuajia is located at the junction of the head
and neck, and those toxins are produced in secretory cells in the gland. The toxins produced
by the mite are highly efficient in paralysis. A one-day-old mite P. zhonghuajia female can
kill a third Spodoptera litura instar larva heavier than 680,000 times its own weight [7–9].
One single P. zhonghuajia female can lead to over 50% mortality rate of the first to third
instar larvae of Mythimna separata Walker and Spodoptera frugiperda (Smith) [3,6]. The toxins
are also found to be safe to mammals, which have the potential to be used as biological
pesticides [6]. Nowadays, Pyemotes zhonghuajia is mass-produced and commercialized to
control M. separata, Aphis citricola van der Goot, S. frugiperda Smith, Sinoxylon japonicus
(Motschulsky), Monochamus alternatus Hope, and Zeuzera leuconotum Bulter [3,4,6,10–13].

Toxin proteins from the order Scorpiones and Araneae have been widely studied,
some of which are now used for pest control. The scorpion insect-specific neurotoxins
AaIT and LqhIT2 target the insect’s voltage-gated sodium channels that bind to the host’s
motor nerve branches to play critical roles in electrical signaling in stimulating skeletal
muscles [14]. Identified from the highly toxic scorpion Androctonus australis [15], AaIT
is a single-chain polypeptide containing 70 amino acids and four disulfide bridges [16].
As it is safe to mammals, AaIT can be used for pest control [17,18]. AaIT-expressed bac-
ulovirus has shown to reduce the survival time of the pests coupled with a significantly
enhanced infection efficiency of this virus [19]. For example, AaIT-expressed Bombyx mori
nucleopolyhedrovirus (BmNPV) can reduce feeding damage from silkworms to the host,
and introducing AaIT gene into entomopathogen Beauveria bassiana can enhance its vir-
ulence to mosquitoes [14]. LqhIT2 is another protein known with the potential of pest
control. It was isolated from the scorpion Leiurus quinquestriatus hebraeus, which comprises
61 amino acids with four disulphide bridges [17]. The feeding capacity of the rice leafrol-
ler (Cnaphalocrocis medinalis Guenee) was shown to be decreased in the LqhIT2-inserted
transgenic rice compared to the wild type [17]. In Araneae, more than 800 toxins have
been isolated and described [20]. Dermonecrotic toxins, well-characterized from the Brown
spider (Genus Loxosceles), are biochemical constituents in spider crude venom, and it can
also induce necrotic and dermonecrotic lesions on rabbits and mice [21]. Agatoxins are
neurotoxins, identified from Agelenopsis aperta and classified into three classes (α-, μ-, and
ω- agatoxins), specifically targeting three classes of ion channels (voltage-activated calcium
channels, transmitter-activated cation channels, and voltage-activated sodium channels),
respectively [22]. The α-agatoxins have an acylpolyamine structure and can induce im-
mediate but reversible paralysis. The μ-agatoxins do not have this structure and cause
immediate but irreversible paralysis. The ω- agatoxins divide into four types (ω-Aga-1A,
ω-Aga-IIA, Type III ω-Agatoxins, and Type IV ω-Agatoxins), and inhibit voltage-activated
calcium channels in nerve terminals. Some enzymes also play important roles in arachnid
biotoxins. Identified from spider venoms, enzymes mainly serve two important functions:
(1) lysing polymers in the extracellular matrix and (2) binding to the compounds in the
membrane [23,24].

There are only a few studies on toxin proteins in mites. In straw itch mite (Pyemotes
tritici), a low molecular weight protein TxP was identified and showed inducing a rapid,
muscle-contracting paralysis [25]. The toxicity of TxP -1 has shown to be comparable to AaIT
or even stronger [26]. The TxP proteins were found to be translated by a range of cDNAs with
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variable length that are homologs to the insect-selective paralytic neurotoxin tox34 [25]. It is
notable that more than 18 recombinant baculoviruses engineered with tox34 have been used
for pest control [19,26]. In P. zhonghuajia, 12 tox34 homologs were identified with sequence
similarity ranging from 84.21% to 90.42% compared with those found in P. tritici [9]. However,
other than these sequences, there is little genetic information about toxin-related proteins in
the genus of Pyemotes that contains many venomous ectoparasitic mites.

Here, we sequenced the genome of P. zhonghuajia using Pacific Bioscience technology
on the single-molecule real-time (SMRT) platform. The assembled genome was annotated
with protein-coding genes, repeats, and non-coding RNAs (ncRNAs). We analyzed gene
family evolution across Arachnida (1 Araneae, 1 Scorpiones, and 10 Acarina) with the main
focus on the toxin-related genes.

2. Results and Discussion

2.1. Genome Assembly

A total of ~13 Gb and ~11 Gb Illumina short reads (150 bp) and PacBio long reads
(average length of 9699.12 bp and N50 of 12.537 kb) were generated for genome assembly.
The k-mer analysis based on short reads estimated genome size of 69.33 Mb comprising
7.09 Mb repetitive regions with genome heterozygosity of 0.04% (Supplementary Table S1).
The P. zhonghuajia genome was assembled into 19 scaffolds containing 71.943 Mb with N50
of 21.248 Mb (Table 1), and 68.511 Mb was assigned to three pseudo-chromosomes. This
assembled genome has a size comparable to the k-mer estimation and achieved a BUSCO
complete gene ratio of 90.6% with duplicated and missing gene ratios of 1.3% and 7.9%,
respectively. The mapping back rates from short and long reads as well as RNA-Seq data
were 98.44%, 96.72%, and 92.84%, respectively. Compared with the other two mite genome
assemblies containing thousands of scaffolds/contigs, our P. zhonghuajia genome assembly
is much more continuous (Table 1). This genome assembly has a comparable size with the
other two mite genomes.

Table 1. Genome Assembly and Annotation Statistics of P. zhonghuajia, Tetranychus urticae, and
Dermatophagoides pteronyssinus.

Elements Pyemotes zhonghuajia Stratiolaelaps scimitus Tetranychus urticae

Genome assembly
Assembly size (Mb) 71.943 426.50 89.6

Number of scaffolds/contigs 19/20 158 -/2035
Longest scaffold/contig (Mb) 25.136/22.128 31.29 7/0.929

N50 scaffold/contig length (Mb) 22.128/21.248 7.66 10/120
GC (%) 25.02 45.85 -

Gaps (%) 0.00 0.00 -
BUSCO completeness (%) 90.6 93.1 -

Annotation
Protein-coding genes 11,183 13,305 18,414

Mean protein length (aa) 480.97 500.59 -
Mean gene length (bp) 3243.42 7870.13 2652
Exons/introns per gene 3.59/2.45 6.24/- 3.82/-

Exon (%) 26.77 7.25 -
Mean exon length 475.53 372.35 178

Intron (%) 24.07 5.02 -
Mean intron length 626.12 1105.66 400

BUSCO completeness (%) 91.2 95.8 -

2.2. Genome Annotation

There was 11.4% of the assembly annotated as repetitive regions, which contained
77.050 repeats taking up ~8.2 Mb. The most abundant repeat class was LTR elements, taking
up 3.62% of the assembly, followed by simple repeats (2.92%), unclassified repeats (1.98%),
low complexity repeats (1.42%), and DNA elements (0.79%) (Supplementary Table S2).
There were 11,183 gene models annotated with the average length of 3243.42 bp and
3.59 exons per gene. The average lengths of exon and intron were 475.53 bp and 626.12 bp,
respectively. The BUSCO result showed 91.2% complete genes with duplicated and missing
genes being 2.5% and 6.5%, showing that most of the annotated genes are likely to have
complete lengths. It is noticed that the BUSCO complete gene ratio resulted from the
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annotated gene set is slightly higher than the genome assembly. It is likely because BUSCO
only employs AUGUSTUS for gene prediction and has less power to predict complete genes
correctly compared with our gene annotation method that was supported by RNA-Seq
data. [27]. There were 218 ncRNAs annotated in the genome assembly, including eight
miRNA, 48 rRNA, nine snRNA, and 112 tRNA. The annotated snRNAs included five
spliceosomal RNAs (U1, U2, U4, U5 and U6), one minor splicesomal RNA (U6atac), and
three C/D box snoRNAs (U3 and snoR38) (Supplementary Table S3). The tRNAs Supres
and SelCys were absent in the annotation. This is the first non-coding RNA set annotated
in a mite genome.

2.3. Species Phylogeny and Gene Family Evolution

There were 12 species including P. zhonghuajia selected for phylogenetic construction.
In total, 180,720 genes were clustered into 17,407 gene families. In P. zhonghuajia, a total of
11,183 genes were analyzed, and there were 8388 genes assigned into 6224 gene families
with species-specific gene families and genes being 178 and 761, respectively (Figure 1).

 

 

Figure 1. Histogram shows the number of genes assigned to different groups. The “1:1:1” and
“N:N:N” groups represent single- and multi-copy genes found in all the species. The group “Acari-
formes” represents orthologs unique to Acariformes. The “Others” group indicates other orthologs
which do not belong to any above-mentioned ortholog categories. The group “Unassigned” represent
the orthologs which can’t be assigned to any orthogroups.

There were 527 single-copy genes found in all the species, 473 of which contained
143,759 amino acid sites were used to construct a phylogenetic tree. All node supports were
100/100 (SH-aLRT support /ultrafast bootstrap support). The phylogenetic tree shows
that P. zhonghuajia is sister to the two-spotted spider mite (T. urticae) and they are clustered
with the other two mite species: chigger mite (Leptotrombidium delicense) and red velvet
mite (Dinothrombium tinctorium) (Figure 2). The phylogenetic tree was consistent with the
published classifications [1] and our calculation indicated P. zhonghuajia together with T.
urticae emerged during Triassic (223.43~247.66 Mya).
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Figure 2. Dating tree with node values representing the number of expanded, contracted.

Compared with the closely related T. urticae that has over one thousand gene families
identified as expanded families, P. zhonghuajia only has 621(containing 1224 genes) gene
families that were calculated as expanded families (Figures 2 and 3). These families are
related to digestion, detoxification, and toxins, and those such as ABC transporter, Lipase,
Trypsin, Dermonecrotic toxin, CD36 family, and neurotoxins (Supplementary Table S4).
The families of dermonecrotic toxins and neurotoxins are mostly likely to participate in
the parasitic mechanism [25,28–31]. There were 3927 genes lost in 3664 contracted families,
including 15 gene families that were identified as significantly contracted families. These
contracted families might be associated with viviparous reproduction in pyemotid mite;
no free-living stages of larvae and nymph occur during the life cycle of P. zhonghuajia
(Supplementary Table S5) [32].

 

Figure 3. Top fifteen significantly expanded families with gene numbers of the families shown above
the bars.

The results from the enrichment analysis of GO terms and KEGG pathways also showed
the expanded gene families belong to the categories of digestion, such as lipid metabolic
process and phosphatidic acid biosynthetic process (Supplementary Figure S1A), and PPAR
signaling pathway and Biosynthesis of unsaturated fatty acids (Supplementary Figure S1B).
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This suggests some of the gene family expansions are likely to be involved in the extensive
feeding habits. The expanded chitin-binding families (Supplementary Figure S1A) may be
related to intense enlargement of the parasitoid body during the reproductive period [33].

2.4. Neurotoxin, Dermonecrotic Toxin and Agatoxin Genes

It is interesting that we found significant expansion of neurotoxin and dermonecrotic
toxin gene families in the P. zhonghuajia genome. Neurotoxins in spiders were found as
the main component of the venom that targets the prey’s ion channels leading to paralysis
or death [34]. The P. zhonghuajia neurotoxin gene family was expanded within the Acari
clade (Figure 4B). The 12 neurotoxin genes were present on all the three chromosomes with
a six-gene locus being located near the end of chromosome 1 (Figure 4A). PzNT3 and 4
were located nearby and closely related on the phylogenetic tree with nearly 85% sequence
similarity (Supplementary Table S6), suggesting they were recently duplicated under a
tandem duplication event. Similar observations were from PzNT5 and 6. Located on the
two different chromosomes, a recent duplication event might have also occurred between
PzNT7 and 12 as they were closely related on the phylogenetic tree with high sequence
similarity. PzNT2 was present as a homologous sequence to P. tritici TxP2-1 (80% sequence
similarity) and they were closely related to P. tritici TxP-1 (endcoded by Tox34) that was
found playing a role in paralyzing and even killing insects [26,35]. Most neurotoxin genes
(except PzNT1 and 11) have a higher number of reads aligned from RNA-Seq data obtained
from the one-day-old mites compared with the seven-day-pregnant mites, indicating higher
levels of gene expression (Supplementary Figure S2). PzNT1 was located distantly from
the six-gene locus on chromosome 1 and had shown to be distantly related to the rest of
the neurotoxin genes on the phylogenetic tree. It is possible that there was a functional
divergence of this gene compared with the rest of the family members.

Dermonecrotic toxins have been demonstrated to cause dermonecrotic lesions on
the prey in spiders [21] and it is likely that the dermonecrotic toxins of P. zhonghua-
jia may also cause the dermonecrotic lesion of the host. In P. zhonghuajia, all nine der-
monecrotic toxin genes were present roughly close to each other on the second half of
chromosome 3 (Figure 4A). Our phylogenic tree showed these genes formed a single clade
with the gene family expansion occurring after Pyemotes separated from Leptotrombid-
ium and Dinothrombium (Figure 4C). PzDNT1 and 2 were located next to each other and
showed to be closely related on the phylogenetic tree with over 97% sequence similarity
(Supplementary Table S8), suggesting a recent tandem gene duplication event. However,
their expression divergence (higher expression of PzDNT1 in the one-day-old mites com-
pared with seven-day-pregnant mites and PzDNT2 is opposite) suggests a functional
difference. A recent duplication event was also shown between PzDNT6 and 7, both of
which exhibited similar expression patterns in the two adult forms. Similar to PzDNT2,
PzDNT5 was also shown with higher expression level in the seven-day-pregnant mites
compared with the one-day-old mites.

α-agatoxins was found to paralyze the prey in funnel web spiders [22]. There were
three agatoxin genes identified in the P. zhonghuajia that formed a gene cluster on chromo-
some 2, which, with each other, has shown relatively distantly related on the phylogenetic
tree (Figure 4D). PzAg2 and 3 were separated from PzAg1 at a very early stage during
evolution. All three genes exhibited higher expression in the one-day-old mites compared
with seven-day-pregnant mites, suggesting a role in paralyzing the hosts.
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Figure 4. Distribution of toxin genes on the chromosomes and phylogenetic trees of the three toxin
gene classes. (A) Distribution of toxin genes on the chromosomes. Blue: neurotoxin genes; Orange:
agatoxin genes; Purple: dermonecrotic toxin genes. (B–D) Phylogenetic trees of neurotoxin genes,
dermonecrotic toxin genes, and agatoxin genes. The “*” indicates the gene was shown with higher
expression in the seven-day-pregnant mites compared with the one-day-old mites. The accession
numbers of all the sequences used in the phylogenies are listed in Supplementary Table S12.
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3. Conclusions

Pyemotidae is a significant family with several species being natural enemies, such as P.
tritici and P. zhonghuajia. They can paralyze and even cause the death of the stored product
insects and agriculture and forestry insects. Understanding the composition and function
of toxin-related proteins of P. zhonghuajia is crucial to improve its predation efficiency and
it can also provide the knowledge for the potential of transferring the mite toxin-related
genes into crop genomes for pest control. In this study, we have generated a chromosome-
level genome assembly of P. zhonghuajia, which is the first whole-genome assembly in
Pyemotidae that provides an important genomic resource for the study of biocontrol
potential and ecological importance. The two gene families encoding neurotoxins and
dermonecrotic toxins were found with significant expansion within the genus of Pyemotes,
which also formed several gene clusters on the chromosomes. It is possible that gene
expansion provides a high dosage of toxin proteins that are released during parasitic
process. Gene expansion might also result in a highly diverged population of toxins that
enable the mite to have a wide range of hosts. Several recent gene duplication events
that we observed from the two gene phylogenies indicate they may underlie key adaptive
events in the evolution of P. zhonghuajia. All the toxin-related genes including the three
agatoxin genes were shown with expression in the adults, and most of them exhibited
higher level of expression in the one-day-old mites compared with seven-day-pregnant
mites. This matches our observations on the one-day-old mite forms paralyzing and killing
the hosts such as S. frugiperda, M. separata, and S. litura [3,6,7]. Future research will focus on
confirming the presence of the proteins encoded by these genes through proteomic studies
and functional characterization of the proteins through protein purification approaches
and feeding experiments in P. zhonghuajia. Similar studies will also be conducted in other
venomous ectoparasitic species from Pyemotes.

4. Materials and Methods

4.1. Sample Collection and Sequencing

Colonies of P. zhonghuajia were reared on mature larvae of Sitotroga cerealella (Oliver)
(Lepidoptera: Gelechiidae) with wheat bran in a climate chamber at 25 ± 1 ◦C with 60 ± 5%
relative humidity (RH) at Changli Institute of Pomology, Hebei Academy of Agriculture
and Forestry Sciences. There were 2000 seven-day-pregnant mites used for Illumina whole-
genome and PacBio sequencing, respectively. Genomic DNA was extracted using the
QIAGEN DNeasy Blood & Tissue kit, which was then used to construct a 350 bp insert-
size library using the Truseq DNA PCR-free kit for sequencing on the Illumina NovaSeq
6000 platform and a 15 kb insert-size library using the SMRTbell™ Template Prep Kit 2.0
for sequencing on the PacBio Sequel II platform. The whole-individual transcriptome was
performed using RNA-Seq from 2000 one-day-old mites and 2000 seven-day-pregnant
mites with three biological replicates for each group. Total RNA was extracted using the
TRIzol™ Reagent kit and the RNA-Seq library was constructed using TruSeq RNA v2
kit. DNA/RNA extraction, library construction, and sequencing were performed at Berry
Genomic (Beijing, China).

4.2. Genome Assembly

Illumina raw reads were cleaned using two tools under BBTools v38.67 [36] with the
following steps: (1) removing duplicated reads; (2) trimming low-quality reads; (3) remov-
ing poly-A/G/C tails; (4) filtering reads less than 15 bp; and (5) correcting reads based on
overlapping ends between pairs. The tool Clumpify was used for step (1) and steps (2)
to (5) were performed using BBDuk with parameters “qtrim = rl trimq = 20 minlen = 15
ecco = t maxns = 5 trimpolya = 10 trimpolyg = 10 trimpolyc = 10”. K-mer analysis based
on Illumina short reads was performed using BBNorm (k-mer: 21) and the k-mer profile
was visualized using the online version of Genomescope v2.0 [37] with parameters “-k 21 -p
2m 1000”. A preliminary PacBio long-read assembly was performed using Flye v2.7.1 [38]
with parameters “-i 2-m 3000”. Purge_Dups v1.0.0 [39] was used to remove allelic contigs
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based on the read depth with a minimum alignment score of 70 after the long reads were
mapped back to the assembly with Minimap2 (v2.17) [40]. Illumina short reads were used
for two rounds of contig polishing performed by NextPolish (v1.1.0) [41] after mapping
the reads back to the assembly using Minimap2. The contaminated contigs were assessed
and removed using “blastn” from BLAST+ (v2.9.1) [42] with the sequence similarity search
against nt and UniVec databases (both were downloaded in December 2020). The cleaned
contigs were then uploaded to NCBI for an additional check of contamination. Assembly
completeness was estimated using BUSCO (v3.1.0) [43] with the sequence similarity search
against the arthropod single-copy gene set (arthropoda_odb9: n = 1367). To estimate the
mapping rate from raw reads, both short and long genomic reads as well as RNA-Seq short
reads were aligned back to the genome assembly using Minimap2.

4.3. Genome Annotation

Three essential genomic elements of P. zhonghuajia genome: repetitive elements, non-
coding RNAs (ncRNAs), and protein-coding genes were annotated. To annotate repeats,
RepeatModeler v2.0.1 [44] with LTR search process (-LTRStruct) was used to generate
a de novo repeat library, which was then combined with Dfam 3.1 [45] and RepBase-
20181026 [46] databases to form a custom repeat library. The repeat-masked genome
assembly was produced using RepeatMasker v4.0.9 [47].

The MAKER v2.31.10 [48] pipeline was used to predict protein-coding genes by
integrating ab initio, transcript- and homology-based evidence. The ab initio prediction was
generated by a BRAKER v2.1.5 [49] pipeline to train Augustus v3.3.3 [50] and GeneMark-
ES/ET/EP 4.48_3.60_lic [51] with the utilization of RNA-Seq data and protein sequences
to increase prediction accuracy. The input alignments from mapping RNA-seq data to
the genome assembly were produced using HISAT2 v2.2.0 [52] and the arthropod protein
sequences were obtained from OrthoDB10 v1 database [53]. The genome-guided assembler
StringTie v2.1.2 [54] was used to assemble transcripts as transcriptome evidence to integrate
in MAKER. The protein sequences that were also utilized by MAKER for final prediction
were downloaded from NCBI including the sequences from Drosophila melanogaster (Insecta),
Daphnia magna (Crustacea), Ixodes scapularis, Varroa destructor, Tetranychus urticae, and
Dermatophagoides pteronyssinus (Acari). Gene functional annotation was performed using
Diamond v0.9.24 [55] from searching against the UniProtKB database with the sensitive
mode “–more-sensitive -e 1e−5”. InterProScan 5.41–78.0 [56] was used to search against the
databases including Pfam [57], SMART [58], Gene3D [59], Superfamily [60] and CDD [61].
The protein domains, gene ontology (GO), and gene pathways (KEGG, Reactome) were
annotated using ggnog-mapper v2.0.1 [62] from searching against ggnog v5.0 [63].

NcRNAs including rRNA, snRNA, and miRNA were identified using infernal v1.1.3 [64]
by searching sequence similarity against Rfam database. TRNAs were predicted using
tRNAscan-SE v2.0.6 [65] and the high-confident sequences were maintained as the final tRNA
set by the tRNAscan-SE script “EukHighConfidenceFilter”.

4.4. Gene Ontology Analysis and Species Evolution

The protein sequences from 11 species across three orders (Araneae: Stegodyphus du-
micola; Scorpiones: Centruroides sculpturatus; Arachnoidea: Dermatophagoides pteronyssi-
nus, Dinothrombium tinctorium, Galendromus occidentalis, Ixodes scapularis, Leptotrom-
bidium deliense, Sarcoptes scabiei, T. urticae, Tropilaelaps mercedesae, and Varroa destruc-
tor) were downloaded from NCBI in December 2020 together with the annotated protein set
from P. zhonghuajia for gene family orthology inference using OrthoFinder v2.3.8 [66] after
aligning sequences using Diamond. The resulting single-copy orthologs from OrthoFinder
were used for phylogenetic analysis. The sequence alignment as input for phylogenetic
construction was generated using the following steps: (1) aligning orthologous protein
sequences using MAFFT v7.394 [67] with “L-INS-I”; (2) filtering ambiguous aligned regions
using BMGE v1.12 [68] with the parameters “-m BLOSUM90 -h 0.4”; (3) Concatenating
all the protein alignments generated above using FASconCAT-G v1.04 [69] as the input
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for phylogenetic construction. The species phylogeny was constructed using IQ-TREE
v2.0-rc2 [70] with the parameters “-m MFP –mset LG –msub nuclear–rclusterf 10 -B 1000
–alrt 1000 –symtest-remove-bad –symtestpval 0.10”. The estimated time of species diver-
gence was calculated using MCMCTree from PAML v4.9j [71] with parameters “clock = 2,
BDparas = 1 1 0.1, kappa_gamma = 6 2, alpha_gamma = 1 1, rgene_gamma = 2 20 1,
sigma2_gamma = 1 10 1”. There were four fossil evidences downloaded from the PBDB
database (https://www.paleobiodb.org/navigator/, accessed on 14 August 2022) as cali-
brations used in this estimation above: Allopalaeophonus caledonicus (4.305–4.438) from
the order Scorpiones as the root, Pseudoprotacarus scoticus (4.076–4.192) from Arachnida,
Carbolohmannia maimaiphilus (3.114–3.232) from Acariformes, and Deinocroton draculi
(0.935–1.455) from Mesostigmata.

4.5. Identification of Gene Family Expansion and Contraction

The gene family expansion and contraction in P. zhonghuajia genome compared with
the 11 species used for phylogenetic construction were estimated using CAFÉ v4.2.1 [72]
with the model of single birth–death parameter lambda and a significance level of 0.01
(p = 0.01). The identified significantly expanded gene families were then assigned with
GO and KEGG categories using R package clusterProfiler v3.10.1 [73] with the default
parameters (p = 0.01 and q = 0.05).

4.6. Phylogeny Construction and Gene Expression of Toxin-Related Gene Families

The P. zhonghuajia neurotoxin, dermonecrotic toxin, and agatoxin protein sequences
were predicted from the genome assembly using BITACORA v1.2 [74] based on homology
searches using the sequences from Chelicerata and Myriapoda downloaded from NCBI Ref-
Seq (Supplementary Table S11) and confirmed by searching against protein database using
the online blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome, accessed on 14 August 2022). The HMM pro-
files generated from HMMER v3.2.1 [75] using “hmmbuild” were used in BITACORA.
Multiple alignments were performed using Geneious prime V 2021.1.1 (created by Biomat-
ters. Available from https://www.geneious.com, accessed on 5 November 2020) with the
method of Clustal Omega. FastTree [76] was used to construct neurotoxin, dermonecrotic
toxin, and agatoxin protein phylogenies based on the maximum likelihood method. We
used RNA sequencing data to detect the expression of toxin-related genes in seven-day-
pregnant mites and one-day- old mites. The estimation of gene expression levels was
performed using Salmon [77] with the Gaussian axial fluctuation (GAF) model to generate
normalized read counts. The gene expression heatmap was generated using the heatmap
function (heatmap) from the R package NMF [78] (Supplementary Figure S2).
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