RESEARCH ARTICLE

Rnai-Mediated Silencing of

@c;/ﬂ'dla/m %ﬁﬁlﬂ//y &a//ma/

ISSN: 0253-8318 (PRINT), 2074-7764 (ONLINE)
DOI: 10.29261/pakvetj/2025.253

Superoxide Dismutase in Toxocara Canis Affects the Development

and Survival of Eggs and Larvae

Tian-Le Wu !, Bing-Nan Wang?, Bin-Yu Li!, Zi-Ying Hu !, Yi-Ning You !, Yong-Li Luo 3, Shi-Cheng Bi ' and Rong-

Qiong Zhou " *

'College of Veterinary Medicine,

Southwest University, Chongging 402460, China; > Chongqing College of Chinese

Medicine, Chongqing 402760, China; 3 College of Animal Science and Technology, Chongging Three Gorges Vocational

College, Chongqing 404155, China

*Corresponding author: ronggiongzhou@126.com

ARTICLE HISTORY (25-474)

ABSTRACT

Received: May 06, 2025
Revised: August 21, 2025
Accepted: August 22, 2025

Published online: September 29, 2025
Key words:

Biological function

Infection

RNAI

Superoxide dismutase
Toxocara canis

Toxocara canis, a zoonotic parasitic nematode and one of the primary pathogens of
human toxocariasis, poses a serious threat to public health and biosafety. As a pivotal
component of the antioxidant system, superoxide dismutase (sod) promotes parasite
resistance to oxidative damage and sustains their survival. This study characterized
Tc-sod and investigated its expression patterns and tissue localization. The RNA
interference (RNAi) was employed to examine the function of 7c-sod in the growth,
development, and pathogenicity of 7. canis. The results indicated that Tc-sod is
expressed in female, male, and L3 larvae, and the immunofluorescence shows that it
is mainly localized in the ovary, uterus, and body wall of 7. canis, suggesting that Tc-
sod is involved in the growth, development, and reproductive processes of 7. canis.
Compared with the PBS group, the Tc-sod-siRNA-61 significantly reduced the
mRNA transcription and protein expression of Tc-sod, suggesting that siRNA-61
mediated specific silencing of the Tc-sod gene. It further affected the hatching rate of
eggs, leading to phenotypic changes, including embryonic development disorders and
larvae deformation. The larvae burden rate of infected mice in the Tc-sod-siRNA-61
group was 33.4%, and the motility of larvae was weakened. Mice in the Tc-sod-
siRNA-61 group showed reduced haemorrhagic lesions and inflammatory infiltration
in the liver, lungs, and brain tissues. These results demonstrate that Tc-sod is crucial
in the development and survival of 7. canis. It could also be a target candidate for the
anti-7. canis vaccine and drugs.
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INTRODUCTI

ON intestinal wall (Lopez-Alamillo et al., 2025). The L3 larvae

migrate to tissues and organs, including muscles, nerves,

Toxocara canis is a significant and highly prevalent
intestinal parasite, commonly found in tropical and
subtropical regions of the world (Roldan ef al., 2010; Chen
et al., 2018; Ma et al., 2018; Rostami et al., 2020).
Transmission occurs via ingestion of embryonated eggs
from contaminated environmental sources (water, soil,
fruits, and vegetables) or infective larvae in undercooked
meat/viscera of paratenic hosts (Bowman, 2020; Healy et
al.,2022,2023; Yang et al., 2024). In definitive hosts (e.g.,
dogs and wolves), the infective larvae complete their life
cycle in the intestine, developing into adults. In contrast,
when human and other paratenic hosts (e.g., rabbits, rats,
and chickens) ingest eggs, the infective larvae hatch in the
small intestine and enter the circulatory system through the

and viscera, causing mechanical and immunopathological
damage (Strube et al., 2013; Fava et al., 2020; Auer et al.,
2020). Infection in humans typically leads to various
clinical presentations, including asthma, muscle aches, skin
allergies, heart disease, and neurological disorders (Ma et
al., 2018; Rostami et al., 2019; Taghipour et al., 2021). It
is estimated that about 1.4 billion people worldwide are
infected with or exposed to Toxocara spp, posing a threat
to human health and global public security (Rostami ef al.,
2019; Ma et al., 2020).

Previous draft genome, transcriptome, small non-
coding RNAs, and secretome studies on 7. canis explored
invaluable data involved in the growth, reproduction, and
host-parasite interactions of 7. canis and improved the
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understanding of the genetic constitution (Zhu et al., 2015;
Ma et al., 2016; Zhou et al., 2017; da Silva et al., 2018;
Zheng et al., 2020). Although numerous antigens are
expressed during the 7. canis developmental life cycle,
including Tc-PEBP, Tc-MUC-1, and Tc-CTL-4, their
functional verification requires further research (Li et al.,
2021; Zhou et al., 2022; Abou-El-Naga ef al., 2023; Wu et
al., 2024). The multiple roles of parasites in exerting
immune escape strategies and causing pathogenic damage
are mediated by parasite-secreted effector molecules,
which play a role both in the induction of the host immune
response and host pathology, and in parasite metabolism
and survival (Crowe et al., 2017; Da Silva et al., 2018;
Abou-El-Naga et al., 2023).

Superoxide dismutase uses different metal cofactors to
convert superoxide anions(O;™) into molecular oxygen and
hydrogen peroxide (H.0O,), playing a critical role in
antioxidant defense (Miller et al., 2012; Broxton and
Culotta., 2016; Borgstahl and Oberley., 2018). Survival of
Leishmania amazonensis and L. braziliensis in the host
depends on this process (Khouri et al., 2009). Several
isoforms of SOD have been described in helminths and
their mammalian hosts based on their localisation and
metal cofactors, including Cu/Zn-SOD (Cytosolic)
(Extracellular), and Fe/Mn-SOD (Mitochondrial), which
have converged and evolved from different ancestral genes
(Cardoso et al., 2004). Previous investigations have
revealed that a series of biological processes, such as anti-
oxidative stress and maintaining homeostasis of the
internal environment, mediated by SOD, are integral to the
survival strategies of the parasite. For example,
microfilaria and adult worms of Onchocerca volvulus
produce SOD during migration and sojourning within host
tissues, decreasing ROS release and enhancing survival of
the parasite (Moustafa et al., 2022). In addition, the SOD
also acts as an immune effector molecule, activating the
host's protective immune response and preventing parasite
invasion and adhesion (Schistosoma mansoni, Taenia
solium, Fasciola hepatica, and Toxoplasma gondii)
(Shalaby et al., 2003; Vaca-Paniagua et al., 2008;
Lalrinkima et al., 2015; Jaikua et al., 2016; Liu et al.,
2017). Despite these insights, the molecular features and
biological roles of SOD in 7. canis remain uncharacterized.

This study aims to characterize the function of Tc-sod
through enzyme activity identification, expression pattern
analysis, and RNAi; to determine the potential role of Tc-
sod in the development, survival, and pathogenic processes
of T. canis. These findings may contribute fundamental
information for a deeper understanding of the functional
significance of Tc-sod in T. canis.

MATERIALS AND METHODS

Parasites and experimental animals: Puppies testing
positive for 7. canis eggs in the faeces underwent clinical
examination at the Animal Hospital of the College of
Veterinary Medicine, Southwest University, China. The T.
canis were collected from the faeces of infected dogs, post-
anthelmintic treatment with Albendazole 25mg/kg BW and
subjected to morphological and molecular biology
identification. The infective eggs were obtained using
previous methods with slight modifications (Zheng et al.,
2021; Raulfetal., 2021). Briefly, eggs were harvested from
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the first third of the female 7. canis uterus, and these
fertilized eggs were placed in a culture dish (containing
defatted cotton and filter paper and sterilized under high
pressure), incubating at 28°C for 3-4 weeks in a constant
temperature incubator. The eggs (containing infective L3
larvae) were washed repeatedly with sterile distilled water
to remove impurities before use. Then, the larvae were
hatched and collected through a funnel device (Bellman
method) (Fan et al., 2003).

The male Kunming mice (18-22g, aged 6 weeks) and
rabbits (about 2kg) were purchased from the Experimental
Animal Center of Southwest Medical University. All
animals were housed in suitable cages and provided with
food and clean water.

Bioinformatics analysis of Tc-sod: The full-length
sequence of Tc-sod (Cu/Zn-SOD) was retrieved from the
NCBI (GenBank accession no: AAB00227.1). The
molecular characteristics of Tc-sod were determined using
multiple bioanalytical software and servers. The possible
signal peptides and transmembrane regions were predicted

by SignalP Server 6.0
(https://services.healthtech.dtu.dk/services/SignalP-6.0/)
and TMHMM

(https://services.healthtech.dtu.dk/services/ TMHMM-
2.0/), respectively. The protein structure model and
functional prediction of 7¢-SOD were constructed by the
Iterative Threading ASSEmbly Refinement (I-TASSER)
(https://zhanggroup.org/I-TASSER/) (Yang et al., 2015,
Zhang et al., 2017, Zheng et al., 2021).

Expression of 7c-SOD recombinant protein and anti-
Tc-SOD polyclonal antibody: Total RNA was isolated
from T. canis using Trizol (Invitrogen, USA) and then
reverse transcribed into cDNA (TaKaRa, China). The Tc-
sod encoding sequence was amplified by PCR using

forward primer 5'-
CGCGGATCCATGCAAAGACCAAATTCA-3"  (Bam
HI) and reverse primer 5'-

CCGCTCGAGTTACGGTGCGCCTGAGCT-3"  (Xhol).
The PCR product was purified and cloned into the
expression vector pET-32a (Tsingke Biology, Beijing,
China) at the Bam HI and Xhol restriction endonuclease
sites. After verification of the sequence, the recombinant
plasmid was transformed into Escherichia coli BL21
(DE3). The recombinant SOD was expressed by 0.4mM
IPTG induction (Sangon, Shanghai, China) at 37°C for 8h
and purified with a Ni-NTA affinity chromatography. The
concentration of the recombinant protein was estimated by
BCA kit (Beyotime, Shanghai, China) using bovine serum
albumin (BSA) as standard.

For antibody production, healthy rabbits weighing
2.5kg were immunized by subcutaneous injection with
400pg Tc-SOD protein mixed with an equal volume of
adjuvant at a 2-week interval (Freund's complete and
incomplete adjuvant for the subsequent three
immunizations). Serum antibody titres were monitored by
indirect ELISA, with antigenicity confirmed through
Western blot analysis. Every experiment was repeated
three times.

Western blot analysis: The recombinant SOD protein was
transferred to PVDF membrane (Millipore, USA) as
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previously described (Li et al., 2021; Zhou et al., 2022).
The rabbit anti-7c-SOD polyclonal antibody diluted
1:8,000 was incubated at 4°C for 12-14h (anti-7¢c-SOD
antibody was purified in advance with A+G Agarose)
(Beyotime, Shanghai, China). Finally, the strips were
incubated with goat anti-rabbit IgG antibody (1:5,000) for
1h, and the images were visualized using a luminescence
imaging system (Tanon, Shanghai, China).

qRT-PCR: Total RNA was extracted from the 7. canis and
its tissues, including reproductive organs (e.g., ovary,
uterus, seminal vesicles, testis), intestines, body wall, and
muscles by the Trizol method. The concentrations and
purities of the total RNA were assessed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, MA, USA),
and reverse transcribed to cDNA as previously described.
The mRNA transcription levels of Tc-sod in T. canis and
its tissues were analyzed using qRT-PCR. A Light Cycler®
96 System (Roche, Switzerland) was used for qRT-PCR
analysis, and the procedure was as follows: 95°C for 30s
and 95°C for 5s, 60°C for 30s, for a total of 40 cycles.
Relative transcription levels of the Tc-sod gene were
calculated using the 2-22¢T method (Livak and Schmittgen,
2001), with 18S rRNA as the internal reference gene. The
primer sequences used in this study are listed in Table 1.
Each experiment was repeated three times.

Indirect immunofluorescence assay (IFA): Fixed T.
canis with 4% paraformaldehyde for 48h, and then
embedded it in paraffin blocks. Used a slicer to cut the
tissue into 4pum sections and dried them at 65°C. These
slices were soaked three times in xylene to remove paraffin,
then rehydrated sequentially with ethanol (100, 95, and
85%) and finally in water. The sections were blocked with
5% BSA in PBS (pH 7.2) for 30min, then incubated with
anti-7¢c-SOD IgG (1:2000) at 4°C overnight, followed by
incubation with FITC-conjugated goat anti-rabbit IgG
(1:1000) at 37°C for 1h. Slices were washed three times
with PBS and then incubated with 4,6-diamidino-2-
phenylindole (DAPI) at room temperature in the dark for
Smin, and observed under a Leica microscope (Leica,
Germany). Each experiment was repeated three times.

Transfection of siRNA: The L3 larvae were washed with
a sterile saline solution to remove excess impurities,
following established protocols (Fu et al., 2014). The
uptake of siRNA by 7. canis was assessed using FAM-
labelled (5'-carboxyfluorescein) control siRNA in RPMI-
1640 medium containing 1% penicillin/streptomycin
(Solarbio, Beijing, China). Electroporation was performed
on the eggs and larvae using a Gene Pulser II System (Bio-
Rad, USA) (1,000V, 200Q, 24uF). Following co-
incubation for 15min, the treated larvae and eggs were
transferred to the RPMI-1640 culture medium in the CO,
incubator for 24h. Fluorescence staining of the eggs and L3
larvae was subsequently observed under a fluorescence
microscope.

RNAIi: Three specific siRNA sequences targeting 7c-sod
and one negative control siRNA sequence (with no
homology to any T. canis sequence) were designed using
the website-based tool siDirect 2.1
(https://sidirect2.rnai.jp/). These siRNA molecules were
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designated Tc-sod-siRNA-61, Tc-sod-siRNA-243, Tc-sod-
siRNA-385, and NC-siRNA, which were tested and
synthesized by Sangon Biotechnology (Shanghai, China).
The siRNA was diluted with diethylpyrocarbonate (DEPC)
treated water to 125uM and stored at -80°C for future use.
The experiment was divided into five groups (Tc-sod-
siRNA-61 group, Tc-sod-siRNA-243 group, Tc-sod-
siRNA-385 group, NC-siRNA group, and PBS group).

T. canis were transferred to RPMI-1640 medium and
treated with siRNA by the immersion method (Ma et al.,
2019). The siRNA groups were treated with a concentration
of 100nM Tc-sod-siRNA-61, Tc-sod-siRNA-243, Tc-sod-
siRNA-385, and NC-siRNA, and cultured at 37°C with 5%
COs for 12h and 24h, respectively. Thereafter, transcription
levels of Tc-sod across the different groups were
determined by qRT-PCR using specific primers (Table 1).
For experimental condition optimization, 7. canis were
immersed in 100nM and 200nM Tc-sod-siRNA-61,
respectively, and cultivated at 37°C under 5% CO;
conditions for 24, 48, and 72h. The total RNA and protein
of the T. canis were extracted at 72h post-interference, and
the mRNA transcription and protein expression levels were
analyzed using qRT-PCR and Western blot, respectively.
The siRNA silence sequences are displayed in Table 2.

Table I: Primer sequences used in the present study

Name Sequence (5'-3")

g-Tc-sod-F CTCCAACCGATAGCATAAGA
g-Tc-sod-R ACAACTACTGAACGACCAAT
18S rRNA-F AATTGTTGGTCTTCAACGAGGA
18S rRNA-R AAAGGGCAGGGACGTAGTCAA

Table 2: Tcsod specific siRNAs and control siRNAs used in the RNA
interference assay
Name
Tc-sod-siRNA-6 | -sense
Tc-sod-siRNA-6 | -antisense
Tc-sod-siRNA-243-sense
Tc-sod-siRNA-243-antisense
Tc-sod-siRNA-385-sense
Tc-sod-siRNA-385-antisense
Negative control-sense

Sequence
AAGACCAAAUUCACAUUACTT
GUAAUGUGAAUUUGGUCUUTT
UAGCAUUUCCGACAAGCAUTT
AUGCUUGUCGGAAAUGCUATT
UACAUCAAUACGGUGAUACTT
GUAUCACCGUAUUGAUGUATT
UUCUCCGAACGUGUCACGUTT

Treatment of eggs and larvae with 7c-sod-siRNA-61: T.
canis eggs and larvae were transfected with 200nM Tc-sod-
siRNA-61, while the NC-siRNA group and PBS group
received NC-siRNA and sterile PBS, respectively. The
eggs were incubated under sterile conditions at 30°C in a
final volume of 3mL, with counts performed every 24h
over 7 days. The proportion of eggs exhibiting normal
development (the eggs in the stage of egg cell
differentiation and development) and restricted
development (where the differentiation of egg cells was
limited and incomplete) was calculated, analyzed and a
curve was drawn based on the developmental ratios.
Finally, the phenotypic changes of eggs and larvae after
interference (72h) were observed and recorded under an
optical microscope.

Infection of mice with treated eggs: To cvaluate the
survival rate and pathogenicity of larvae treated with 7c-
sod-siRNA-61, 45 mice were divided into 3 groups (7c-
sod-siRNA-61 group, NC-siRNA group, and PBS group,
with 15 mice in each group). Subsequently, 3,000 eggs
transfected with Tc-sod-siRNA-61 / NC-siRNA, or
treated with PBS, were orally administered to each group
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of mice, respectively. The health status of the mice was
monitored daily, and mice were euthanized at 7dpi. The
liver, lungs, and brain tissues from 6 mice were sectioned
into fragments, and larvae were collected by artificial
gastric juice digestion (consisting of 1% pepsin and 1%
HCI in water at 37°C for 4-5h) (Healy et al., 2022). The
larvae load was assessed, and each sample was counted
10 times.

The liver, lungs, and brain tissues from 6 mice were
separated and fixed with 4% paraformaldehyde, as
previously described. Subsequently, the tissue sections
were stained with hematoxylin and eosin (H.E.), and
histopathological changes were observed under a light
microscope. Finally, according to the scoring criteria (Fan
et al., 2003) and light microscope images, the inflammatory
damage and pathological changes in the samples were
scored by three individuals who were blinded to the mice
group assignments.

Statistical analysis: All statistical analyses of the data
were performed using GraphPad Prism 8.0 software
(GraphPad Software, San Diego, CA, USA) and are
expressed as the mean +SD. Experiments were performed
independently in triplicate. Student’s #-test and ANOVA
were used to analyze the differences among groups. When
the P-values were less than 0.05, the difference was
considered statistically significant. "ns" stands for no
significant difference.
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RESULTS

Characterization and structure analysis of Tc-sod: The
coding sequence of Tc-sod was 573 bp in length and
encoded 190 amino acids. 7c-sod contained a signal
peptide, a transmembrane domain, and the SOD domain
(Fig. 1A, B) (Supplementary Fig. S1). Tc-sod showed a
highly significant similarity of 80.79% with Ov-SOD of
O.volvulus (Genbank accession no. P24706.1) and 79.87%
with Brugia malayi (Genbank accession no. AAR06638.1).
The secondary structure shows that the Tc-SOD protein
comprises 14.74% a-helix, 24.21% extended strand, 6.84%
B-turn, and 54.21% random coil elements. The homology
modeling was further used to construct the predicted three-
dimensional structures of the SOD protein. The
Ramachandran plots revealed that 90.81% of residues were
in favored regions, 97.84% of residues were in allowed
regions, while only 2.16% of residues were in outlier
regions, suggesting the validity of the Tc-sod model
(Supplementary Fig. S2).

Tc-sod contained the potential Cu?®' binding sites (H78,
HS80, H95, and H152), the Zn*'binding sites (H95, H103,
H112, and D115), enzyme active sites (H95 and R178), and
the SOD signature sequence (Fig. 1C, D). There were two
cysteine residues (Cys-89 and Cys-181) in this sequence,
which are key factors in the formation of disulfide bonds in
Tc-sod (Fig. 1E). GO analysis further indicated roles in
metal ion binding and extracellular superoxide scavenging.

A
SiIRNA-61 SIRNA-243 siRNA-385
5! ? ? ? 3'
Complete coding sequence
1 Te-sod (573 nt) 573
B
R178
H152
D115

H112
H103
pgo  H9S

Cu-Zn-SOD

[
181 190 aa

Fig. I: Characterization of the Tc-sod gene from T. canis. (A) Complete coding sequence of Tc-sod. (B) Amino acid sequence and functional domain
prediction of T. canis Tc-sod (190 aa). (C-D) It represents the Cu?* and Zn?" ion binding sites and active sites. (E) Two cysteine residues are shown

at Cys-89 and Cys-18I.
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SignalP 6.0 prediction: AAB00227.1 superoxide dismutase _Toxocara canis_
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Identification and tissue expression of 7c-SOD: The
Tc-SOD recombinant protein (with a size of 37kDa)
demonstrated strong antigenicity and could be recognized
by the host immune system, and the antibody titre reached
more than 1:32,0000 after the third immunization (Fig.
2B, C). The transcription profiles of Tc-sod in the life
stage of 7. canis were compared using qRT-PCR,
revealing differential levels at various stages of the T.
canis life cycle (Fig. 2D). The Tc-sod transcription was
observed in female, male, and L3 larvae of T. canis, and
the mRNA transcription level in females was significantly
higher than that in males and L3 larvae (P<0.01). The
differences in Tc-sod transcription levels across various
tissues were significant. The mRNA transcription level of
Tc-sod was relatively abundant in reproductive (e.g.,
ovary and uterus) and intestinal tissues, and was
considerably higher than that in muscle and body wall
tissues (Fig. 2E, F). Indirect immunofluorescence
histochemistry revealed that 7c-SOD was expressed in the
uterus, ovary, and egg cells of female adults (Fig. 2G), as
well as in the body wall of male adults.
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siRNA delivery to T. canis larvae: The FAM-siRNA was
transfected into L3 larvae by electroporation and
immersion methods, and the fluorescence staining within
the larvae was observed under a fluorescence microscope.
The result showed that the fluorescence distribution of
larvae treated with the immersion method (Fig. 3c, d) was
stronger than that of the electroporation method. However,
no fluorescence staining was observed in the untreated
larvae (Fig. 3a, b), indicating that siRNA can be effectively
delivered to 7. canis through the immersion method.

Tc-sod mRNA transcription level after silencing the 7c-
sod gene: The qRT-PCR results showed that the mRNA
transcription levels of the 7Tc-sod-siRNA-61 and Tc-sod-
siRNA-243 groups were decreased by 55.05% and 39.86%,
respectively. After 24h of interference, the mRNA
transcription levels of Tc-sod-siRNA-61 and Tc-sod-
siRNA-243 groups were suppressed by 62.94% and
60.05%, respectively (P<0.01). However, no significant
inhibition occurred with NC-siRNA or Tc-sod-siRNA-385
on Tc-sod mRNA transcription (Fig. 4A).
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Fig. 2: Identification of Tc-SOD protein antigenicity and expression pattern. (A). Schematic diagram of pET-32a (+)-Tc-sod prokaryotic expression
vector construction. (B). M: Protein Marker, Lane |. Western blot of canine positive serum binding to Tc-SOD protein; lane 2. Western blot of mice
positive serum binding to Tc-SOD protein; lane 3. Western blot of negative serum binding to Tc-SOD protein. (C). Titer determination of polyclonal
antibodies after the final immunization was measured by indirect ELISA. (D-F). The mRNA transcription levels of Tc-sod in T. canis and tissues were
assessed by qRT-PCR. (G). Tissue localization of Tc-SOD in T. canis. B: Body wall; U: Uterus; I: Intestine; O: Ovary. Scale bars = 50 um. All the assays
are performed as the mean + SD of triplicate experiments. Statistically significant differences with * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.
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Fig. 3: Detection of siRNA delivery to T. canis larvae via fluorescence microscopy. (A). The FAM-siRNA delivery to L3 larvae and no fluorescence was
observed in untreated L3 larvae. (a, b) Larvae untreated with FAM-siRNA. (c, d) larvae treated by immersion with FAM-siRNA. (e, f) treated by

electroporation with FAM-siRNA. Scale bars = 50 pm.
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Fig. 4: Specific siRNA suppresses mRNA transcription levels of Tc-sod.
(A). The mRNA transcription levels of Tcsod in adult T. canis after
treatment with different siRNAs. (B). treatment with 100 and 200 nmol/L
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** P<0.01, ¥* P<0.001, and **** P<0.0001.

Dose-response  studies revealed concentration-
dependent silencing, where 100nM and 200nM Te-sod-
siRNA-61 decreased transcription levels by 39.36% and
49.39% (P<0.01), respectively, compared with the PBS
group (P<0.01) (Fig. 4B). The results related to the efficacy
of siRNA-mediated knockdown showed that the silencing
efficiency achieved with 200nM Tc-sod-siRNA-61 was the
optimal knockdown effect. Therefore, 200nM Tc-sod-
siRNA-61 was used to optimize the working conditions. At
this concentration, the mRNA transcription levels of Tc-
sod decreased with the extension of interference time, by
41.46% (P<0.001), 52.8%, and 76.87% (P<0.0001) at 24,
48, and 72h, respectively (Fig. 4C).

Tc-sod-siRNA-61 inhibits the expression of 7¢-SOD
protein: The 7. canis was washed and cultured in medium
with a final concentration of Tc-sod-siRNA-61 at 200nM
for 72h. The mRNA transcription level and protein
expression of 7c-sod were analyzed using qRT-PCR and
Western blot, respectively under optimal interference
conditions. The results revealed that compared with the
PBS group, the mRNA transcription level of Tc-sod was
reduced by 78.49% (P<0.001) (Fig. 5A), and the protein
expression level of Tc-SOD was suppressed by 62.64%
(P<0.01) (Fig. 5B). This silencing was effective, both at the
mRNA transcription and protein expression levels.

The indirect immunofluorescence histochemistry
demonstrated that the fluorescence staining of the uterus,
body wall, and muscles of T. canis in the PBS and NC-
siRNA groups was intense, indicating high expression of
Tc-SOD  protein. On the contrary, the fluorescence
distribution in the Tc-sod-siRNA-61 group was
significantly reduced (Fig. 5C, D) (P<0.05).

Tc-sod is essential for the growth and development of
eggs and larvae: Fluorescence distribution inside the eggs
confirmed that the siRNA can be transferred into the eggs
through the immersion method (Fig. 6A). Regarding
development and morphology of eggs, the proportion of
eggs with developmental inhibition and defects in the 7c-
sod-siRNA-61 group noticeably increased (P<0.01),
compared to the PBS group. Concurrently, the egg hatching
rates were markedly reduced in the Tc-sod-siRNA-61
group (P<0.05) (Fig. 6B-E). As shown in Fig. 6F,
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Fig. 5: Tc-sod-siRNA-61 inhibits the transcription and expression of Tc-sod. (A). gRT-PCR and (B) Western blot analysis of relative mRNA transcription
levels and protein expression of Tc-sod under optimal interference conditions. (C). The immunofluorescence signal was analyzed with Image J. (D). The
T. canis sections were detected using anti-Tc-SOD serum, while normal serum was used as a negative control. T. canis were stained with FITC (green)
and DAPI (blue). Strong immune staining was observed of T. canis in the PBS and NC-siRNA groups, while the fluorescence signal in the Tc-sod-siRNA-
61 group was weak. U: Uterus; B: Body wall; M: Muscle. Scale bars = 50 pm. All the assays are performed as the mean + SD of triplicate experiments.
Statistically significant differences with * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.
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Fig. 6: The silencing of Tc-sod affects the activity and developmental status of eggs. (A). The FAM-siRNA was transfected into the eggs; (a) Eggs without
FAM-siRNA transfection. (b-c) Eggs treated by immersion with FAM-siRNA. Scale bars = 50 pm. (B-C) The proportion and curve of inhibition and
unhatched eggs. (D-E) The proportion and curve of hatching eggs. (F) The phenotypic changes were recorded by a microscope. (al-a8) PBS group; (bl-
b8) NC-siRNA group; (cl-c8) Tc-sod-siRNA-61 group, showing detachment of damaged cuticle. (1-2) Eggs hatching; (3-4) Infective eggs; (5-6) L3 larvae.
Images were taken at 40 x magnification. All the assays are performed as the mean + SD of triplicate experiments. Statistically significant differences
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developmental defects of eggs, increasing gaps between
embryonic cells, and larvae deformities were observed in
the Tc-sod-siRNA-61 group, while larvae displayed
cuticular defects, motility impairment, and reduced
flexibility and extensibility.

Tc-sod reduces the larvae burden in infected mice: To
investigate ~ whether  Tc-sod-siRNA-61 mediated
phenotypic changes, affecting parasite survival in the host,
mice were orally infected with treated eggs. Compared with
the PBS group, the larvae reduction rate of the Tc-sod-
siRNA-61 group was 33.4% (P<0.05) (Fig. 7), indicating
that the motility of the larvae was inhibited. Nevertheless,
there was no significant change in the larvae burden
observed in the NC-siRNA group.

Tc-sod is significant for 7. canis infection and invasion:
Gross and histopathological analyses were performed on
the mice liver, lung, and brain tissues. In the PBS and NC-
siRNA groups, hepatic morphology showed significant
alterations, with edema and degeneration of hepatocytes,
and showed a severe inflammatory infiltration composed of
eosinophils and neutrophils (Fig. 8B). By contrast, the mice
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Fig. 7: Tc-sod is essential for the growth and survival of T. canis. The
larvae reduction rate of mice at 7 dpi, the mice of groups treated with
PBS, NC-siRNA, and siRNA-6 were humanely euthanized. All the assays
are performed as the mean + SD of triplicate experiments. Statistically
significant differences with * P<0.05, ** P<0.01, *** P<0.001, and ***
P<0.0001.
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Fig. 8: Tc-sod-siRNA-61 alleviate the pathogenicity of T. canis to host tissues. (A). Gross pathological changes in the liver, lungs, and brain were examined
at 7 dpi, with black arrows denoting prominent larvae migratory traces. (B) liver, (C) lungs, and (D) brain tissues of mice were stained with hematoxylin
and eosin (H&E), and the histopathological changes were observed under an optical microscope. Scale bars = 50 um. (E-G) Average histopathological
lesion scores; D: liver; E: lungs; F: brain. Three observers scored the tissues damage without a clear grouping of mice. Statistically significant differences

with * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.



in the Tc-sod-siRNA-61 group only showed mild local
inflammatory infiltration and nuclear morphological
changes.

Lung pathology revealed marked lesions in the PBS
and NC-siRNA groups, characterized by many red blood
cells extravasation, and perivascular inflammation was
mainly characterized by inflammatory infiltration of
eosinophils, lymphocytes, and neutrophils. The interstitial
space around the blood vessels was widened, and there was
exudate accumulated in the alveolar cavity (Fig. 8C).
Nevertheless, compared with the control group, mice in the
Tc-sod-siRNA-61 group exhibited minor pneumonia,
haemorrhagic lesions, inflammatory cell infiltration, and
pulmonary membrane degeneration.

In brain tissues, both PBS and NC-siRNA groups
showed red blood cells and varying numbers of
inflammatory cells (eosinophils and lymphocytes), while
only showing slight haemorrhagic lesions and
inflammatory reactions in the Tc-sod-siRNA-61 group
(Fig. 8D). In addition, the surface of the cerebral cortex in
the brain tissue of mice in each group showed spotty
bleeding lesions and obvious traces of migration, with the
lesions being relatively less serve in the Tc-sod-siRNA-61.

The histopathological damage score based on
inflammatory cell infiltration and tissue degeneration
showed that merely mild to moderate inflammatory
damage in the tissues of mice in the Tc-sod-siRNA-61
group, especially in the lungs (Fig. 8E-G) (mean injury
index: P<0.05).

DISCUSSION

Superoxide dismutase, as the primary barrier of the
antioxidant system, plays multiple effector functions in the
oxidative defense of organisms, such as maintaining
parasite proliferation, replication, and survival (Fernandez-
Garcia et al.,2013; Yuan et al., 2019; Motavallihaghi et al.,
2022). These characteristics facilitate the parasite to exert
its ability to eliminate various harmful reactive products,
especially during infection. Therefore, exploring the
expression of SOD in the T. canis and its developmental
stages is a prerequisite for understanding the role of this
protein. Here in this study, the expression of the SOD was
detected in the egg and larval stages as well as in the
reproductive organs, body wall, and musculature of the T.
canis. The expression profiling and immunolocalization
study suggested that 7c-SOD may be related to the
development and growth of 7. canis. Localization of the
SOD in T. canis contrasts sharply with the localization of
SOD in Angiostrongylus cantonensis and Fasciola
hepatica (Yuan et al., 2019; Calvani et al., 2022), which
may be related to different parasite species and life cycle
characteristics. However, in all three types of parasites,
immune localization occurs on the parasite's surface,
supporting the postulate that the worms utilize SOD to
defend against superoxide damage. Sod has been detected
in both the larvae and adult stages of 7. solium and S.
erinacei, suggesting its importance in the physiological
processes and life cycle of the parasites (Castellanos-
Gonzaélez et al., 2002; Vaca-Paniagua et al., 2008; Li et al.,
2010).

Earlier studies in 7. canis have shown that transfection
by immersion could inhibit gene expression of 7c-PPlca
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and 7c-AQP-1 and decrease the reproductive and drug
transport abilities in 7. canis (Ma et al., 2015; Ma et al.,
2019). By contrast, in Trichostrongylus colubriformis and
Litomosoides sigmodontis, transfection by electroporation
was found to be more efficient than immersion (Issa ef al.,
2005; Pfarr et al., 2006). Three siRNAs (si-61, si-243, and
si-385), targeting three different positions in the 7c-sod
transcript, were designed. The immersion method was
found to exhibit higher efficiency in transfecting siRNA
and successfully inhibited the mRNA transcription and
expression of the SOD protein. It is worth noting that other
SODs exist in the genome database of 7. canis, and the
nucleotide sequences of these SODs may have some degree
of homology with Cu/Zn-SOD. However, here, initial
studies of the role of SOD in 7. canis did not distinguish
between the Cu/Zn-SOD and other isoforms. In this study,
by detecting the transcription and translation levels of 7c-
SOD, we demonstrated that the downregulation of SOD
activity and functional effects can be attributed to the
inhibition of Cu/Zn SOD. The reason is that previous
sequence analysis showed that low nucleotide homology
between Cu/Zn-SOD and other isoforms, particularly
within the siRNA-targeted region, which substantially
reduces the possibility of SOD interference effects (cross-
silencing) accumulating. Of course, considering the
direction of future research, specific siRNA targeting
different SODs should be designed to analyze the role of
SOD isoforms more accurately in the pathogenicity and
survival of T. canis.

Phenotypic analysis is considered a key indicator for
assessing the effectiveness of RNAi and for investigating
the specific role of genes in the life activities of a parasite.
In this study, delayed egg hatching and an increase in the
proportion of morphologically abnormal eggs upon Tc-sod
silencing were observed. The eggs and larvae of the Tc-
sod-siRNA-61 group exhibited developmental disorders
and abnormal morphology, characterized by increased
eggshell space and cuticle damage. The cuticle, a critical
host-parasite interface, mediates the absorption of
nutrients, the secretion of substances, osmotic regulation,
cell protection, and the host immune response process.
Here, these defects likely result from a compromised SOD-
mediated oxidative defense, leading to disruption of the
cuticle structures and cellular / tissue integrity in 7. canis,
which further affected the survival of larvae. Extracellular
SOD has been reported to not only participate in the
clearance of reactive oxygen species but is also related to
the apoptosis of epidermal cells (Amstad et al., 1991). In
Caenorhabditis elegans and mosquito Culex pipiens,
activating the expression of SOD-3 prolongs the survival
period of nematodes, while inhibiting SOD-2 shortens the
survival time of adult mosquitoes (Sim et al., 2011;
Zimmerman et al., 2014). These studies indicate that
inhibition of SOD can affect the survival cycle of parasites
and insects, as well as the integrity of the cell epidermis.

Phenotypic changes observed in vitro may lead to the
clearance of T. canis in vivo, which combined with these
RNAi-induced effects and the host immune response, could
impair the worm's ability to withstand host-induced
oxidative or immunological stress. Here, suppressing Tc-
sod remarkably reduced larvae burden in infected mice.
Yuan et al. (2019) found that A. cantonensis SOD-3 was
closely related to the survival rate of larvae, and its high



expression can reduce the oxidative damage in larvae.
Considering that Tc-sod gene silencing could weaken the
growth and survival of larvae, this intervention may further
influence the pathogenicity of larvae toward host tissues.
Notably, the invasion efficiency of larvae and the degree of
tissue lesions in mice were significantly reduced when 7Tc-
sod was blocked in the present study. This situation is
similar to that of Leishmania, where the deficiency of SOD
significantly affects the survival rate and replication of the
parasites in macrophages, weakening its pathogenic ability
to the skin (Mittra et al., 2017). SOD has been postulated
to play a role in adapting the microbes to the internal
environment of the host and is essential in microbial
survival and virulence (Pratt et al., 2015; Mittra et al.,
2017; Schatzman and Culotta, 2018). Combining the
perspectives of RNAi and immune prevention
(Unpublished data), the possibility of Tc-sod as the target
candidate against T canis infection and treatment strategies
warrants further investigation. The functional diversity of
SOD is crucial for parasite survival, and further studies on
SOD protein in T.canis are required to understand the
critical role played by the protein in the development and
survival of the parasite in different host tissues during its
parasitic phase of the life cycle.

Conclusions: T. canis SOD was successfully silenced both
at the transcriptional and protein levels in this study. This
study suggests that the 7c-SOD protein may be involved in
the reproductive and growth processes of the parasite.
These findings highlight the functional diversity of Tc-sod,
which has the potential to serve as a drug target and as an
intervention measure for preventing 7. canis infection.
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