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Abstract

Background Trichinella spiralis, a globally widespread zoonotic parasite, poses significant health and economic
burdens due to its complex life cycle and the scarcity of effective, multi-stage treatments.

Methods This study investigated the therapeutic potential of a novel curcumin-olive oil nanocomposite (CO-NC)
against three critical stages of T. spiralis infection in @ murine model: adult worms (3-5 days post-inoculation, dpi),
newborn larvae (8-10 dpi), and encapsulated larvae (33-35 dpi). CO-NC exhibited potent, stage-specific, and dose-
dependent antiparasitic activity.

Results Remarkably, a 100 mg/kg dose achieved complete eradication of both newborn and encapsulated larvae,
mirroring the efficacy of the current standard treatment, albendazole (50 mg/kg). This high dose also significantly
reduced adult worm burdens by 91.6%. Even at a lower dose of 50 mg/kg, CO-NC demonstrated substantial activity,
reducing adult worms and encapsulated larvae by 55.2% and 43.8%, respectively. Beyond its direct antiparasitic
effects, CO-NC (100 mg/kg) significantly mitigated infection-induced oxidative stress by restoring key redox markers
in muscle and intestinal tissues, including xanthine oxidase, glutathione, malondialdehyde, and total antioxidant
capacity. Furthermore, complementary in vitro studies revealed superior anticancer and anti-inflammatory properties
of CO-NC compared to crude curcumin and standard reference compounds at their respective 1Cg, values.

Conclusions These findings highlight CO-NC as a promising multi-faceted therapeutic candidate for trichinellosis,
offering potent antiparasitic efficacy comparable to albendazole alongside valuable antioxidant, anti-inflammatory,
and anticancer properties. This integrated approach underscores the potential of CO-NC as an innovative and
comprehensive solution for the challenges posed by T. spiralis infections.
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Introduction

Trichinella spiralis (T. spiralis), a globally distributed zoo-
notic nematode, is the etiological agent of trichinellosis, a
parasitic disease that poses significant public health and
economic burdens worldwide. This parasite exhibits a
complex life cycle, infecting the intestines and muscles of
a diverse range of hosts, including mammals, birds, and
reptiles [1]. Human infection primarily occurs through
the consumption of undercooked or raw meat harbor-
ing infective larvae. Upon ingestion, these larvae mature
into adults within the intestinal mucosa, subsequently
producing newborn larvae approximately 5-7 days post-
infection (dpi). These newborn larvae then migrate via
the bloodstream to striated muscle fibers, particularly in
the diaphragm and tongue, where they encapsulate and
remain infective [2]. Notably, undercooked pork, bear,
and horse meat are the predominant sources of human
trichinellosis.

Current therapeutic interventions for trichinello-
sis demonstrate limited efficacy, especially against the
encapsulated larval stage, which is notably resilient.
Commercially available anthelmintics often exhibit sub-
optimal performance across various parasitic stages,
primarily due to their poor water solubility and low bio-
availability [3]. These limitations underscore the urgent
need for novel, efficacious anthelmintic therapies [4]. In
this context, plant-derived bioactive compounds have
emerged as promising alternatives, offering potential
therapeutic efficacy coupled with a more favorable safety
profile. Consequently, there is growing interest in investi-
gating the antiparasitic potential of medicinal plants and
herbal remedies traditionally used for therapeutic pur-
poses [5].

Curcumin, a polyphenolic compound derived from the
rhizome of Curcuma longa, has been extensively studied
for its diverse pharmacological properties. This bioactive
molecule exhibits a broad spectrum of activities, includ-
ing anti-inflammatory, anticancer, antimicrobial, gastro-
protective, neuroprotective, and wound-healing effects
[6]. Moreover, curcumin has demonstrated significant
antiparasitic efficacy against a wide range of pathogens,
including species of Leishmania, Plasmodium, Ent-
amoeba, Trichomonas, Giardia,

Toxoplasma, Cryptosporidium, Eimeria, Schistosoma,
and Fasciola [7]. However, the therapeutic potential of
curcumin is hampered by its poor water solubility, low
bioavailability, and rapid degradation during preparation
and delivery. To address these limitations, nanotechnol-
ogy-based formulations, such as nanosized curcumin
(particles measuring 1-100 nm), have been developed,
significantly enhancing its stability, solubility, and effi-
cacy in medical applications [3].

The pathogenesis of trichinellosis is characterized by
significant tissue damage, which is closely associated
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with inflammatory responses and oxidative stress. This is
evidenced by elevated levels of oxidative stress markers,
including xanthine oxidase (XO), glutathione-S-transfer-
ase omega-1 (GSTO-1), and malondialdehyde (MDA),
coupled with depleted glutathione (GSH) levels [8]. Con-
sequently, antioxidant therapies have emerged as a prom-
ising approach to mitigate these pathological effects by
attenuating oxidative stress and inflammation [9].

Recently, a novel curcumin-olive oil nanocom-
posite (CO-NC) was developed to overcome the
limitations associated with conventional curcumin for-
mulations. This innovative nanocomposite is character-
ized by enhanced stability, improved bioavailability, and
nanoscale dimensions [10]. Our previous in vitro studies
have demonstrated significant antiparasitic activity of
CO-NC, with trichinocidal effects observed at concentra-
tions as low as 40 ppm over a 12-hour period [11]. Fur-
thermore, CO-NC has exhibited potent activity against
oocysts of Eimeria species, underscoring its potential as
a broad-spectrum antiparasitic agent.

Building on recent advances, nanotechnology has
emerged as a promising strategy to enhance drug deliv-
ery. Despite this progress, several key challenges remain.
Chief among these are the propensity of nanoparticles to
self-aggregate at low concentrations of loaded material
and the issue of polydispersity, both of which can com-
promise product stability and lead to variability in drug
entrapment. Particle size is another critical factor; while
particles smaller than 20 nm are preferred for optimal
loading, those exceeding 100 nm often display reduced
stability and bioavailability. Addressing these limitations
is essential for realizing the full potential of nanotechnol-
ogy-based drug delivery systems [12].

In light of these challenges and the promising findings,
the present study aims to comprehensively evaluate the
therapeutic potential of CO-NC against 7. spiralis infec-
tion. Specifically, we assess the safety profile, cytotoxicity,
antioxidant capacity, anti-inflammatory properties, and
anticancer potential of CO-NC in comparison to crude
curcumin through in vitro assays. Additionally, we inves-
tigate the in vivo efficacy of CO-NC as a trichinocidal
agent against multiple life stages of 7. spiralis, including
adult worms, migrating newborn larvae, and encapsu-
lated larvae, in experimentally infected mice. Finally, we
explore the capacity of CO-NC to mitigate infection-
induced oxidative stress by monitoring key redox param-
eters in treated and control animals.

Methods

Ethical approval and source of mice

Mice used in this study were purchased from a com-
mercial animal breeding facility (Vacsera, Egypt). Upon
arrival, the animals were housed in a controlled envi-
ronment under standardized conditions for a seven-day
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acclimatization period prior to the commencement of the
experiments. All experimental protocols were approved
by the Institutional Animal Care and Use Ethical Com-
mittee of Cairo University (Vet CU 01122022623), and
all methods were carried out in accordance with rele-
vant guidelines and regulations. Since the animals were
sourced from a university breeding unit, no additional
owner consent was required.

Production of curcumin-olive oil nanocomposite (CO-NC)
Materials used

To produce the CO-NC, three key components were uti-
lized: curcumin powder in its pure form (Sigma-Aldrich
Company), Tween 80 as a surfactant (Al-Nasr Pharma-
ceuticals, Cairo, Egypt), and olive oil (Sekem Company,
Cairo, Egypt). These materials were acquired under strict
quality control and used immediately to ensure the integ-
rity of the product during preparation.

Preparation of CO-NC

The synthesis of curcumin nanoparticles was carried out
using a sonochemical method, as described by Alsuraihi
et al. 2023 [13]. In this process, Tween 80 was employed
to create a stable oil phase, enabling the dispersion of
curcumin within a water-based medium. The resulting
nanocomposite was formulated into a water-soluble solu-
tion, with a concentration of 100 ppm of active curcumin
per milliliter. This preparation method ensured consis-
tent particle formation and stability.

Characterization of CO-NC

To comprehensively understand the physical proper-
ties of the CO-NC, advanced analytical techniques were
employed. Particle size and distribution were analyzed
using dynamic light scattering (DLS) with the NanoSight
NS500 model (Malvern Instruments Ltd, UK). Addition-
ally, the morphological features of the nanoparticles were
examined using scanning electron microscopy (SEM)
with a Prisma E (Thermo Scientific Company) instru-
ment and transmission electron microscopy (TEM) using
an EM-2100 high-resolution magnification device. These
methods provided a detailed characterization of the
shape and size of the nanoparticles, ensuring their suit-
ability for downstream applications.

Determination of LD50

The median lethal dose (LD50) of the CO-NC was deter-
mined to assess its safety profile, following the protocol
described by Hamed et al. 2022 [14]. Swiss albino mice
(20-25 g) were obtained from the Laboratory Animal
Breeding Unit, Department of Animal and Poultry Man-
agement and Behaviour, Faculty of Veterinary Medicine,
Cairo University [15]. Five groups of mice (n=5 per
group) were orally administered CO-NC at graded doses
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of 1,000, 3,000, 5,000, 8,000, and 10,000 mg/kg body
weight (bw), while a sixth group served as a non-treated
control. The mice were observed for three consecutive
days post-administration to monitor mortality and assess
hepatic and renal function, as well as histopathological
changes such as tissue distortion, inflammatory cell infil-
tration, and necrotic signs.

The LD50 value was calculated using the following
formula:

LD50=DM - (ZAXB) / NWhere:

+ DM =the highest dose killing all mice.

+ A =average number of dead mice between two
successive doses.

+ B=interval between two successive doses.

+ N=number of mice per group.

« YX=(AxB).

This calculation provided a reliable estimate of the dose
at which 50% of the mice population succumbed, thus
helping establish the safety threshold for CO-NC [16].

Biological characterization of CO-NC

Evaluation of antioxidant activity

To explore the antioxidant properties of CO-NC, the
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
assay was employed, as outlined by Hamed et al. (2022)
[14]. A series of dilutions (ranging from 0.19 to 100 ppm
as 100-50-25-12.5-6.25-3.12-1.56-0.78-0.39 and 0.19
ppm) were prepared by diluting the CO-NC stock solu-
tion with distilled water. Each dilution (1 mL) was then
mixed with 1 mL of DPPH solution (1 mM in metha-
nol) and incubated in the dark at room temperature for
30 min. After the incubation, absorbance was measured
at 517 nm using a UV-Vis spectrophotometer (Systronics
AU-2701).

Ascorbic acid (Vitamin C) was used as a positive con-
trol for antioxidant activity. The scavenging activity of
CO-NC was calculated using the following formula:

%ScaV = (Pc— Ps) / Pc X 100 Where:

+ Pc=absorbance of the DPPH control.
+ Ps=absorbance of the CO-NC or Vitamin C sample.

This method provided a quantitative assessment of the
ability of CO-NC to neutralize free radicals, highlighting
its potential as an effective antioxidant.

Cytotoxicity assay on HepG2 cells

The cytotoxic effects of CO-NC were evaluated against
the HepG2 liver cancer cell line (ATCC: HB-8056) using
the Methyl-Thiazolyl Tetrazolium (MTT) assay. HepG2
cells were cultured to form a monolayer and treated with
serial dilutions of CO-NC and crude curcumin. After
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24 h, MTT reagent (Bio Basic Canada Inc.) was added to
the wells, followed by incubation at 37 °C in a humidi-
fied atmosphere with 5% CO2. The resulting formazan
crystals were dissolved, and absorbance was measured at
560 nm, with background subtraction at 620 nm.

The concentration of CO-NC required to inhibit 50%
of cell viability (IC50) was calculated from the dose-
response curve, following the methodology of Kandeel et
al. (2022) [17]. This assay provided insight into the poten-
tial therapeutic effects and safety of CO-NC.

Anti-inflammatory activity evaluation

The anti-inflammatory potential of CO-NC was tested by
evaluating its ability to inhibit cyclooxygenase enzymes
(COX-1 and COX-2) using a COX inhibitor screening
assay kit (Cayman Chemicals, 560131, MI, USA). The
assay was conducted according to the protocols described
by Kazemzadeh et al. 2014 and Moryani et al. 2021 [18,
19]. This provided a detailed understanding of the capac-
ity of CO-NC to modulate inflammatory pathways.

In vivo trichinocidal efficacy of CO-NC

T. spiralis infection model

Swiss albino mice (6—8 weeks old, 28—32 g) were housed
under standard laboratory conditions, with ad libitum
access to water and balanced rodent feed. T. spiralis
larvae were extracted from naturally infected pig dia-
phragms using a digestion method (1% pepsin-HCI), as
described by Mayer-Scholl et al. 2017 [20]. The larvae
were counted using a McMaster chamber and confirmed
morphologically and genetically via PCR amplification of
the COXI locus (GenBank accession number: OR271983)
[21, 22]. Mice were orally inoculated with 200 larvae/
mouse [23].

Treatment regimen and administration
Mice were divided into three groups (G1, G2, G3) based
on the parasite stage:

+ Adult worms (G1): Treated on days 3, 4, and 5 post-
infection (dpi).

+ Newborn larvae (G2): Treated on days 8, 9, and 10
dpi.

+ Encysted larvae (G3): Treated on days 33, 34, and 35
dpi.

Each group was further subdivided into four subgroups
(n=7 each) receiving 50 mg/kg or 100 mg/kg CO-NC,
albendazole (ABZ) (50 mg/kg, reference drug), or no
treatment (control). Treatments were administered orally
using an esophageal tube. Albendazole 2.5% solution
(produced by Pharma Swede) was used as the reference
anti-helminthic drug at a dose of 50 mg/kg B.W. orally
[24, 25].
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Efficacy evaluation metrics

Three days post-treatment, mice were euthanized using
isoflurane (5% in oxygen; Ohmeda Isotec 4 Vaporizer),
and their intestinal and muscle tissues were processed to
recover worms and larvae using digestion and sedimenta-
tion techniques [26]. Drug efficacy was calculated using:

Mean number from the control —
Mean number from the
drug inoculatedgroups

Cutworm/larvae rate = x 100

Mean number from
the control

Redox parameters analysis

Biochemical analyses of intestinal and muscle tissues
were performed to measure redox biomarkers, including
TAC, MDA [27], GSH [28], and XO activity, using com-
mercially available kits [29].

Statistical analysis

Statistical analyses were performed using SPSS software
version 27 [30]. One-way ANOVA with Fisher’s LSD
post-hoc test was used for single-factor comparisons,
while two-way ANOVA with Fisher’s LSD post-hoc test
was applied for two-factor analyses (e.g., treatment types
and concentrations) [31]. A significance level of a=0.05
was used for all tests [32].

Results

The experimental workflow detailing the evaluation of
the biological characterization and therapeutic efficacy
of CO-NC was presented. Specifically, the study system-
atically investigated its safety profile, antioxidant activity,
cytotoxicity, anti-inflammatory effects, and in vivo effi-
cacy against 7. spiralis. By combining these findings, the
experiments provide a thorough assessment of CO-NC’s
potential as a multifunctional therapeutic agent.

Characterization

The average particle size of CO-NC was found to be
63 nm with a polydispersity index (PDI) of 0.41, ideal for
distribution. SEM & TEM images revealed the nanopar-
ticles to be predominantly spherical in shape, further
confirmed these findings, showing a clear, uniform
nanoparticle structure, with an average size range from
35.5 nm to 63.0 nm.

Safety profile: acute toxicity and LD50 of CO-NC

The safety profile of CO-NC was assessed through acute
toxicity studies following oral administration of increas-
ing doses (1000, 3000, 5000, 8000, and 10,000 mg/kg bw)
in mice. Notably, no mortality or observable toxic effects
were recorded, including histopathological changes such
as distorted tissue architecture, congestion, necrosis, or
inflammatory cell infiltration. Given these findings, the
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Fig. 1 Antioxidant Activity of Vitamin C and CO-NC

LD50 of CO-NC was determined to exceed 10,000 mg/
kg, highlighting a wide safety margin and confirming its
biocompatibility for therapeutic applications.

Antioxidant capacity of CO-NC

Following the confirmation of CO-NC’s safety, its anti-
oxidant activity was evaluated using a DPPH radical
scavenging assay. CO-NC demonstrated significant dose-
dependent antioxidant activity comparable to ascor-
bic acid (Fig. 1). At a high concentration (1000 pg/ml),
CO-NC achieved a scavenging activity of 97.72%, closely
matching that of ascorbic acid (98.5%).

Furthermore, at mid-range concentrations (125 pg/ml),
CO-NC retained substantial antioxidant activity (84.2%)
relative to ascorbic acid (87.5%), while at lower concen-
trations (1.95 pg/ml), CO-NC exhibited 39.6% scaveng-
ing activity compared to 43.8% for ascorbic acid.

The IC50 values further confirmed the antioxi-
dant potential of CO-NC, with values of 9.28 pg/ml
for CO-NC and 5.12 pg/ml for ascorbic acid (Fig. 1D).
While CO-NC required slightly higher concentrations
to achieve 50% scavenging activity compared to ascor-
bic acid, these results underscore its robust antioxidant
properties and its potential applications in combating
oxidative stress.

Antioxidant activity (%) was assessed across varying
concentrations of Vitamin C (ascorbic acid) and CO-NC,
compared to control (Ctrl-). Both compounds demon-
strate increased antioxidant activity with higher con-
centrations, with CO-NC showing comparable efficacy
to Vitamin C at elevated dosages. Data were presented
as mean = SEM, with letters indicating significant differ-
ences (p <0.05) determined by ANOVA and Tukey’s post-
hoc test.
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Fig. 2 Cytotoxic Effects of CU and CO-NC on HepG2 Liver Cancer Cells

Comparative cytotoxicity: CO-NC vs. free curcumin on
HepG2 cells

Building upon its antioxidant activity, the cytotoxicity of
CO-NC and free curcumin (CU) was evaluated against
HepG2 cell lines using the MTT assay (Fig. 2). Both com-
pounds exhibited dose-dependent cytotoxic effects, with
CO-NC demonstrating slightly higher cytotoxicity at
higher concentrations.

At 100 pg/ml, CO-NC and CU demonstrated cyto-
toxicity rates of 98.3% and 96.6%, respectively, while at
3.125 ug/ml, cytotoxicity rates significantly decreased to
0.81% (CO-NC) and 0.51% (CU). The calculated IC50
values of 7.62 +0.11 pg/ml for CO-NC and 4.62+0.01 pg/
ml for CU indicate that CO-NC retains potent antican-
cer activity. These findings suggest that CO-NC, with its
enhanced bioavailability, may serve as a promising anti-
cancer agent.

Cell mortality (%) was measured across varying con-
centrations of CU and CO-NC, compared to a control
group (Ctrl-). Significant increases in cell mortality were
observed with higher concentrations of both compounds,
with CO-NC demonstrating greater cytotoxicity than CU
at higher dosages. Data were presented as meant+ SD,
with letters indicating significant differences (p<0.05)
determined by ANOVA and post-hoc test.

Anti-inflammatory properties of CO-NC

In addition to its cytotoxic effects, the anti-inflammatory
potential of CO-NC was assessed by its ability to inhibit
COX-1 and COX-2 enzyme activities in vitro (Figs. 3
and 4). CO-NC exhibited a dose-dependent inhibition of
both enzymes, with an IC50 value of 9.7 uM for COX-1
and 0.25 pM for COX-2.

Comparatively, standard anti-inflammatory drugs
celecoxib and indomethacin showed IC50 values of 16.5
uM and 0.18 pM for COX-1, and 0.15 pM and 0.18 pM
for COX-2, respectively. While CO-NC was slightly less
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potent than the reference drugs, its multifunctional prop-
erties and lower toxicity profile underscore its potential
as a safer alternative for managing inflammation.

This figure illustrates the inhibitory effects of CO-NC
compared to other compounds on COX1 activity,
expressed as IC50 (uM). Treatment groups include Cele-
coxib, CO-NC, and Indomethacin. A significant reduc-
tion in COX1 activity was observed with Celecoxib, while
CO-NC and Indomethacin demonstrate even greater
reductions in activity. Data are presented as mean+ SD.
Groups with different letters indicate statistically sig-
nificant differences (p<0.05), as determined by one-way
ANOVA followed by post-hoc tests.

This figure illustrates the inhibitory effects of CO-NC
in comparison to other compounds on COX2 activity,
expressed as IC50 (uM). Treatment groups include Cele-
coxib, CO-NC, and Indomethacin. Celecoxib significantly
reduces COX2 activity, while CO-NC and Indomethacin
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demonstrate comparable but slightly lower levels of inhi-
bition. Data are presented as mean + SD. Groups labeled
with different letters indicate statistically significant dif-
ferences (p<0.05), as determined by one-way ANOVA
followed by post-hoc test.

Trichinocidal activity of CO-NC against adult T. spiralis

To assess the anthelmintic efficacy of CO-NC, its ability
to reduce adult worm burden in the intestine was com-
pared to ABZ in mice infected with T. spiralis (Fig. 5).
Treatments administered at 3—5 days post-infection (dpi)
resulted in a significant reduction in adult worm counts.
Specifically, CO-NC (100 mg/kg) achieved a 91.6%
reduction in worm burden at 8 dpi, comparable to ABZ
(50 mg/kg), which demonstrated an 88.9% reduction.

Furthermore, at later stages of infection (8—10 dpi),
CO-NC achieved an 83.3% reduction in worm burden,
similar to ABZ (81.3%). However, during late-stage treat-
ment (33-35 dpi), CO-NC exhibited a 49.3% reduction,
slightly higher than ABZ (44.9%). Overall, these results
demonstrate that CO-NC was highly effective in tar-
geting intestinal worms, particularly at early stages of
infection.

This figure illustrates the adult worm burden (number
of adult worms per mouse) across different treatment
groups, including control groups (infected and unin-
fected), two concentrations of CO-NC (50 and 100 mg/
kg), and ABZ (50 mg/kg), categorized into three groups:
Group I (GI), treated on days 3, 4, and 5 post-infection
(dpi); Group II (GII), treated on days 8, 9, and 10 dpi; and
Group III (GIII), treated on days 33, 34, and 35 dpi. Data
are presented as mean + SEM. Groups with different let-
ters indicate statistically significant differences (p <0.05),
as determined by one-way ANOVA followed by post-hoc
tests. CO-NC, compound; ABZ, albendazole.

Efficacy of CO-NC on Tissue-Dwelling T. spiralis larvae

In addition to its efficacy against adult worms, the abil-
ity of CO-NC to reduce encapsulated 7. spiralis larvae in
muscle tissues was assessed (Fig. 6). Early treatment (3—5
dpi) with CO-NC (100 mg/kg) significantly reduced the
number of larvae by 91%, comparable to ABZ (90.7%).

However, at 8—10 dpi, the efficacy of CO-NC decreased
to 74.5% for 100 mg/kg, while ABZ showed a similar effi-
cacy of 72.3%. At later stages of infection (33 dpi), the
efficacy of both CO-NC and ABZ decreased further, with
reductions of 49.3% and 44.9%, respectively. These find-
ings suggest that early intervention was critical for maxi-
mizing the therapeutic potential of CO-NC.

The figure depicts the larval burden (number of larvae
per gram of muscle) across various treatment groups,
including control groups (infected and uninfected), two
concentrations of CO-NC (50 and 100 mg/kg), and ABZ
(50 mg/kg) in Group I (GI), treated on days 3, 4, and 5
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Fig. 6 Effectiveness of CO-NC Against T. spiralis Larvae at Different Concentrations

post-infection (dpi); Group II (GII), treated on days 8, 9,
and 10 dpi; and Group III (GIII), treated on days 33, 34,
and 35 dpi. Data are expressed as mean+ SEM. Groups
labeled with different letters indicate statistically sig-
nificant differences (p<0.05), as determined by one-way
ANOVA followed by post-hoc tests. CO-NC, compound;
ABZ, albendazole.

Impact of CO-NC treatment on host redox parameters
Finally, the effects of CO-NC on oxidative stress mark-
ers and antioxidant levels in small intestinal and skeletal

muscle homogenates of infected mice were evaluated
(Figs. 7 and 8). Infection with T. spiralis induced sig-
nificant oxidative stress in both tissues, as evidenced by
increased XO activity and MDA levels, along with GSH
levels and TAC. Early treatment (3—5 dpi) with CO-NC
(100 mg/kg) significantly decreased oxidative stress
markers, such as MDA and XO, while increasing antioxi-
dant markers, including GSH and TAC.

At later stages of infection (8—10 dpi and 33 dpi), the
efficacy of CO-NC in restoring redox balance remained
statistically significant compared to untreated controls.
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These findings highlight the importance of therapeutic
interventions, particularly early treatment, in mitigating
oxidative stress and improving tissue health during para-
sitic infections.

This figure illustrates the changes in key redox param-
eters in small intestinal homogenates across different
experimental groups. Measurements include:

(A) Xanthine oxidase (XO) activity, (B) Glutathione
(GSH) levels, (C) Malondialdehyde (MDA) concentra-
tions, and (D) Total antioxidant capacity (TAC). Data
were presented as mean+SD. Groups marked with dif-
ferent letters indicate statistically significant differences
(p<0.05) as determined by one-way ANOVA followed
by post-hoc tests. The dotted box highlights the con-
trol group (Ctrl, Non-inf) and treatment time points.
dpi, days post-infection; Inf, infected; Tr, treated; Unt,
untreated.

This figure illustrates the changes in key redox param-
eters in skeletal muscle homogenates across different
experimental groups. Measurements include:

(A) Xanthine oxidase (XO) activity, (B) Glutathione
(GSH) levels, (C) Malondialdehyde (MDA) concentra-
tions, and (D) Total antioxidant capacity (TAC).Data

were presented as mean + SD. Groups marked with dif-
ferent letters indicate statistically significant differences
(p<0.05) as determined by one-way ANOVA followed
by post-hoc tests. The dotted box highlights the control
group (Ctrl, Non-inf) and treatment time points.

Discussion

Overview of CO-NC formulation and properties

This study evaluated the efficacy of CO-NC as a potential
treatment for T. spiralis infection, a zoonotic nematode
that causes trichinellosis and poses a significant public
health risk worldwide [33]. Current treatment options
for trichinellosis are limited, particularly in eradicating
encysted or newly migrating larvae, and there is grow-
ing concern about drug resistance [34]. Our findings
demonstrated that CO-NC, a nanoformulated version
of curcumin, significantly enhanced the therapeutic effi-
cacy of curcumin by overcoming its intrinsic limitations,
such as poor solubility, bioavailability, and limited organ
penetration [35, 36]. The advantages of nanoformula-
tion, including enhanced solubility, bioavailability, and
cell-penetrating ability, were particularly evident in our
results.



Ramadan et al. BMC Veterinary Research (2025) 21:370

A B
400- " 6-
c B
3004 A b,
4-
3 E ° g
2 g F L]
22001 G ow ®
E =)
3 E 24
100+

Page 9 of 13

e Ctrl (Non-inf)
e Inf+ Unt (3-5 dpi)

e Inf+ Unt (8-10 dpi)

B e Inf+Tr(8-10dpi) :
c ,I. e Inf+ Unt (33-35 dpi) -
s 0
Se D .
. DE

X0
C D
5= 8-
A
44 B B 6
*

3 o} = o °I' g

&3 oo £
2 " D 247

° E °

ary I :
2-

1-

GSH
B
C o
° LA
.o.p' ;ﬁ E D
F
G %

MDA

TAC

Fig. 8 Redox Parameters in Skeletal Muscle Homogenates of T. spiralis-Infected and Treated Mice

The study focused on assessing the anti-inflammatory,
antioxidant, and trichinocidal properties of CO-NC,
alongside its safety profile, when used to target different
stages of T. spiralis infection in mice. Compared to crude
curcumin and conventional reference drugs, CO-NC
exhibited superior efficacy, particularly in mitigating
oxidative stress, reducing inflammation, and eradicating
the parasite. It is important to note that while the pres-
ent study demonstrated the promising antiparasitic and
antioxidant potential of CO-NC, the stability of this
nanocomposite under different environmental factors,
such as temperature, humidity, and light exposure, was
not investigated. Future studies are highly recommended
to evaluate the long-term stability of CO-NC under such
conditions, as this will be critical for its potential clini-
cal and commercial applications. Specifically, the study
underscored the critical role of oxidative stress and
inflammation in T. spiralis pathology, as these processes
exacerbate tissue damage and parasite survival. CO-NC
directly targeted these mechanisms, highlighting its
therapeutic potential. These findings not only confirm
the potential of CO-NC as an antiparasitic agent but also

underscore the broader advantages of nanoformulations
in enhancing drug performance.

Safety and radical scavenging activity

Our results demonstrated that CO-NC has an excellent
safety profile, as no toxicity symptoms were observed in
mice even at doses as high as 10,000 mg/kg bw. The LD50
exceeded the highest tested dose, indicating a wide safety
margin. This finding is particularly significant, as safety
concerns often limit the clinical application of many nat-
ural compounds.

In terms of antioxidant activity, CO-NC exhibited sig-
nificantly higher radical scavenging activity compared
to Vitamin C, a well-established antioxidant. This dose-
dependent activity was likely due to the enhanced phe-
nolic content of the nanoformulation, which surpasses
that of crude curcumin [11]. The antioxidant activity of
CO-NC also mitigated oxidative stress caused by . spi-
ralis, as evidenced by decreased levels of XO and MDA
and increased levels of GSH and TAC in treated mice.
By reducing reactive oxygen species (ROS) production,
CO-NC directly addressed a key pathological feature of
T. spiralis infection.
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Anti-inflammatory effects and COX inhibition

One of the key findings of this study was the potent anti-
inflammatory activity of CO-NC. The nanoformulation
effectively inhibited COX1 and COX2 enzymes at lower
doses than crude curcumin, highlighting its enhanced
solubility and cell-penetrating capabilities. Given that
inflammation in T. spiralis infection is characterized by
elevated COX2 immunoreactivity, which exacerbates oxi-
dative stress [37], the ability of CO-NC to reduce COX2
production represents a critical therapeutic advantage.
This reduction in COX2 activity was associated with
decreased apoptosis and reduced angiogenesis, two pro-
cesses that contribute to tissue damage and parasite sur-
vival during T spiralis infection.

Furthermore, CO-NC’s inhibition of prostaglandin
production was comparable to that of indomethacin,
a widely used anti-inflammatory drug, and superior to
celecoxib. By selectively targeting COX2, CO-NC effec-
tively reduced inflammation while minimizing potential
gastrointestinal toxicity, a significant advantage over tra-
ditional COX inhibitors [38]. The importance of COX2
inhibition in parasite clearance and host recovery [39]
further highlights the therapeutic potential of CO-NC,
aligning with previous studies.

The anti-inflammatory role of CO-NC played an
important role in mitigating tissue damage caused by the
parasite. This effect results from affecting eicosanoid sig-
naling pathway with transcriptional and post-transcrip-
tional regulation of cyclooxygenase and lipoxygenase
enzymes [14, 40]. COX-2 showed increased intestinal and
tissue levels during trichinellosis infection with hypermo-
tility and interference with muscle regeneration [41, 42].

Efficacy against different stages of T. spiralis

CO-NC demonstrated remarkable trichinocidal efficacy
against all stages of T. spiralis, particularly when admin-
istered at critical time points post-infection. The nano-
formulation effectively eradicated adult worms in the
intestine when administered at 8—10 dpi and killed newly
migrating larvae when administered between 3 and 8 dpi.
This timing aligns with the parasite’s life cycle, as T. spi-
ralis completes migration and cyst development in mice
by 12—14 dpi. The disappearance of intestinal worms by
33 dpi was attributed to both the natural life cycle of the
parasite, and its natural life span in the gut, and the thera-
peutic action of CO-NC [6, 43]. Of particular importance
was the ability of CO-NC to reduce the number of encap-
sulated larvae in muscle tissue at 33 dpi, from 509 +80.3
larvae per gram in the control group to 258 +42.2 larvae
per gram in the treated group. This was accompanied by
a reduction in the infectivity of larvae in new host mice,
suggesting that CO-NC could penetrate the cyst wall and
exert its effects on late-encysted larvae. These findings
align with prior studies on natural compounds such as
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resveratrol, which similarly demonstrated efficacy against
T. spiralis [10]. Curcumin anti-parasitic efficacy is mul-
tifactorial including inflammatory response amelioration,
improving muscle cells regeneration, angiogenetic effect
and interfering with nurse cells formation. Nurse cell for-
mation is crucial for survival of the larvae as it essential
for nutrition and waste elimination [44].

The declined efficacy of the CO-NC when administered
later (33 dpi) could be attributed to the formation of the
tissue cyst surrounding the larvae that forms a barrier
against drugs penetration, however, it was still superior
to the reference drug. On the other hand, curcumin is
known by its rapid metabolism, however, the nanofor-
mulation improved its bioavailability [45]. The ability of
CO-NC to infiltrate host cells and reach larvae before
cyst wall formation is particularly noteworthy. This prop-
erty may explain its enhanced efficacy compared to refer-
ence drugs and crude curcumin [46].

Antioxidant and redox-modulating effects

Oxidative stress, induced by excessive production of ROS
during T spiralis infection, plays a critical role in para-
site survival and host pathology [23]. CO-NC exhibited
robust antioxidant activity, as evidenced by decreased
levels of XO and MDA and increased levels of GSH and
TAC in treated mice. These effects were particularly pro-
nounced at earlier post-infection intervals (3—5 dpi and
8-10 dpi), consistent with previous findings [10, 18].

The enhanced antioxidant capacity of CO-NC com-
pared to crude curcumin further supports the hypoth-
esis that nanoformulation improves pharmacological
properties, such as organ penetration and bioavailability
[44]. Overall, these findings reinforce the importance of
antioxidant-rich therapies in mitigating parasite-induced
oxidative damage and enhancing drug efficacy [37].

Comparative efficacy with reference drugs

When compared to albendazole, a standard reference
drug for trichinellosis, CO-NC (100 mg/kg bw) demon-
strated comparable efficacy, effectively eradicating adult
worms and newly migrating larvae. However, CO-NC
offered additional benefits, such as its antioxidant and
anti-inflammatory properties, which contributed to
improved host recovery and reduced oxidative stress.
Moreover, CO-NC was able to penetrate the cyst wall
and target encysted larvae, a feature not observed in
ABZ. These findings reinforce CO-NC’s multifunctional
advantages over conventional therapies [47]. Plant-
derived nanocomposite represents a promising natural
product with broad therapeutic potential in parasitic dis-
ease management [48].
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Limitations and future directions

Despite its promising results, this study has limita-
tions that warrant further investigation. First, the use of
a mouse model restricts direct extrapolation to human
applications, necessitating additional studies in larger
animal models and clinical trials. Second, the stabil-
ity of CO-NC under physiological conditions, such as
varying gastric and intestinal pH environments, was not
evaluated in this study. Assessing the nanocomposite’s
behavior in simulated gastrointestinal fluids will be criti-
cal for understanding its oral bioavailability and thera-
peutic efficacy in vivo. Third, the long-term stability of
CO-NC under different environmental factors such as
temperature, humidity, and light exposure remains to be
addressed.

Moreover, scalability of CO-NC production for mass
manufacturing requires further optimization. While this
study focused on laboratory-scale formulation, future
work should investigate scalable, reproducible manufac-
turing processes that maintain product consistency and
quality. Consideration of cost-effectiveness and indus-
trial feasibility will be essential for clinical translation and
commercial application. Advanced production methods
may increase manufacturing costs, which can impact the
feasibility of widespread use. Furthermore, individual
testing of materials such as Tween 80, olive oil, and the
nano-formulation was not performed in this study.

Future research should focus on optimizing the
CO-NC formulation for clinical applications by refining
the dose and treatment duration, especially to ensure
complete eradication of encapsulated larvae. Addition-
ally, exploring its pharmacokinetics, biodistribution, and
potential synergistic effects with existing therapeutic
agents will provide critical insights into its suitability for
human use. Expanding this research to assess CO-NC'’s
efficacy against other parasitic infections can further vali-
date its versatility and therapeutic potential.

Conclusion

This study demonstrates that CO-NC exhibits signifi-
cant anthelmintic efficacy against T spiralis, effectively
targeting adult worms, reducing newborn larvae, and
minimizing encapsulated larvae in muscle tissues. The
nanoformulation offers several key advantages, includ-
ing enhanced bioavailability, potent anti-inflammatory
and antioxidant properties, a wide safety margin, and an
eco-friendly profile. These features position CO-NC as a
multifunctional therapeutic agent that outperforms con-
ventional treatments.

While further optimization is required to address cer-
tain limitations, such as scalability and dose refinement,
the findings of this study underscore the transforma-
tive potential of CO-NC in parasitic disease treatment.
Beyond T. spiralis, CO-NC’s nanoformulation approach
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paves the way for broader applications in other parasitic
diseases and related therapeutic contexts, including can-
cer and inflammation-driven disorders.

Ultimately, CO-NC represents a promising, innovative,
and sustainable solution to address the challenges of par-
asitic infections. Future research should continue to build
upon this foundation, exploring its integration into exist-
ing therapeutic protocols and its potential for advancing
the field of nanotechnology-based medicine.

Taken together, these results demonstrate that CO-NC
was a safe, multifunctional therapeutic agent with sig-
nificant antioxidant, anti-inflammatory, and anthelmintic
efficacy. Its ability to improve redox parameters, reduce
worm burden, and minimize tissue damage highlights its
potential as a novel treatment for parasitic infections.
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