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INTRODUCTION                                                                 

Gastrointestinal nematodes are one of the most 
common infectious agents in both animals and 
people, infecting over one billion people globally[1]. 
Trichinosis in humans is caused by T. spiralis that 
poses a risk to public health and the production of 
pork and food safety. The disease occurs worldwide 
and is estimated to cause 10,000 cases each year[2]. 
Since T. spiralis infects a wide range of mammalian 
hosts, it has frequently been employed as an 
experimental model to determine the effectiveness 
of numerous anti-helminthic medications[3]. Human 
trichinosis occurs through the ingestion of under-
cooked or raw meat harboring the infective larvae 
derived from pigs, horses, and wild omnivorous and/

or carnivorous animals[4]. The parasite can be found in 
the same host in all developmental phases including 
adults, migratory larvae, and encysted larvae. The 
presence of adult females in the host's small intestine 
causes an immune-mediated inflammation with 
hypersensitivity reaction that is accountable for the 
underlying intestinal pathology[5].

The mucus layer secreted by the host's intestine 
serves as the first defense barrier during the 
infection[6]. When T. spiralis causes intestinal 
inflammation, Th2 responses appear at the time of 
high worm load, accompanied by a rise in the number 
of goblet cells, villus atrophy, and crypt hyperplasia[7]. 
Following delivery by the gravid Trichinella female, 
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ABSTRACT

Background: Curcumin (Cur) exhibits anti-parasitic effects in spite of its poor bioavailability. However, 
several studies documented use of nanotechnology as efficient drug delivery system. 
Objective: To investigate the effect of Cur nanoparticles (Cur-Nano) alone and in combination with 
albendazole (ABZ) on murine trichinosis.
Material and Methods: A total of 150 laboratory-bred, male Swiss Albino mice were divided randomly 
and equally into three groups; (I) the intestinal group; (II) the early-treated muscular group; and (III) the 
late-treated muscular group. Each group was subdivided equally into five subgroups; (a) negative control 
group; (b) infected non-treated (positive control); (c) mice infected and treated by ABZ; (d) mice infected 
and treated by Cur-Nano and (e) mice infected and treated by both drugs. Mice were sacrificed on the 
7th day post-infection (dpi) (GI) and on the 49th dpi (GII and GIII). The intestinal and muscle specimens 
were used for H&E, Masson’s trichrome, and toluidine blue. Additional study parameters included levels 
of creatine kinase (CK) to assess degree of muscle destruction, expression levels of vascular endothelial 
growth factor (VEGF) as well as serum and muscle matrix metalloproteinase 9 (MMP9) to investigate Cur 
anti-angiogenetic activity, and malonaldehyde (MDA), and total antioxidant capacity (TAC) to determine 
its anti-oxidant effects.
Results: All treated subgroups showed a significant reduction in adult worm and larval count, with 
the highest reduction of 99.325 % and 95.94% in GIe and GIIIe respectively. There was a significant 
improvement in the inflammatory response with significantly decreased expression of VEGF. In both early 
and late treated mice, serum CK, MDA and MMP9 levels were decreased with improved TAC levels in mice 
treated with combined treatment and Cur-Nano. 
Conclusion: Nanoparticles proved effective drug delivery system for Cur against trichinosis with 
noticeable outcomes in the muscle phase. The synergistic activity of ABZ/Cur-Nano gives the best results 
in both intestinal and muscular phases.
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newborn larvae (NBL) migrate directly into the 
lymphatic and blood vessels of the host. This allows 
them to reach predilection sites, where they penetrate 
the highly oxygenated muscles then develop without 
molting into infective larvae that can survive for 
years[8]. The invading NBL produce muscle cell damage 
that activates the satellite cells to undergo proliferation 
and re-differentiation, thus producing nurse cell and 
encapsulation of the larvae with the formation of 
capillary rete[9]. Collagen types I, IV, and VI, the major 
constituents of the capsule, are synthesized by the 
nurse cells leading to protection of the larvae from the 
host immune system[10]. Besides, T. spiralis excretory/
secretory proteins most likely activate collagen 
synthesis via the transforming growth factor-β (TGF-β) 
signaling pathway[11]. 

De novo angiogenesis generated by trichinosis leads 
to formation of vascular retes that occurs directly by 
secreting specific molecules, or by changing the nurse 
cells in a way that promotes the development of new 
blood vessels. Trichinosis was found to activate VEGF, 
a powerful angiogenic stimulator[12]. To continue 
a sustained host-parasite relationship, T. spiralis 
must remain metabolically active by maintaining 
proper waste disposal and nutrient acquisition. That 
is accomplished by attracting the highly permeable 
vascular retes to the outer surface of the collagen 
capsule. Therefore, inhibition of angiogenesis may 
be a suggested mechanism for T. spiralis larval 
developmental suppression[13].

To achieve the optimum results, it is crucial to 
use potent anthelmintic medications as soon as the 
intestinal invasion begins. Mebendazole and ABZ are 
two anthelmintics that are commonly used. However, 
none are completely effective against the NBL or 
encysted larvae due to their low absorption, high levels 
of resistance, and weak action[14]. Recently, there is 
increasing interest in developing newer effective anti-
trichinosis drugs, especially from natural products[3]. 
Notably, Cur is an extract from the rhizome Curcuma 
longa and has been used since ancient times as a 
spice, coloring, and flavoring, with a long history in 
medicine as a bioactive agent. Its pharmacological 
characteristics, such as its antitumor properties[9], 
anti-inflammatory, and anti-microbial effects may 
make it beneficial. Additionally, Cur has antioxidant 
effects[15]. It is considered as a very potent lipid-soluble 
antioxidant because it can transform the lipid radicals 
in the cell membrane into phenoxyl radicals. Changes in 
MDA and TAC levels are useful indicators for assessing 
the oxidative stress[16]. 

Moreover, several reports showed that Cur can 
act as an antiparasitic agent. It was active against 
G. intestinalis, Leishmania spp., T. cruzi, T. evansi, C. 
parvum, and T. gondi[17]. It also had a significant effect 
on the progression of experimental cerebral malaria, 
where treated mice survived longer after receiving 

treatment, and cerebral malaria either didn't develop 
or didn't progress[18].

Despite being a powerful bioactive agent and natural 
antioxidant, Cur use is limited due to its poor water 
solubility, fast degradation, and low bioavailability. 
Nanotechnology can solve this problem by rendering it 
water-soluble thus enhancing its activity against various 
microbial pathogens and parasites. Several studies 
used Cur-Nano on a wide scale as delivery systems 
for medications or vaccinations, to increase their 
therapeutic efficacy, and to enhance the bioavailability 
of therapeutic agents and bioactive compounds[15,19,20]. 
This study aimed to evaluate the effects of Cur-Nano, 
either alone or in combination with ABZ on T. spiralis-
infected mice in the intestinal and muscular phases of 
trichinosis. 

MATERIAL AND METHODS                                                                 

This experimental case-control study was conducted 
in Medical Parasitology Department, Faculty of 
Medicine, Menofia university; National Liver Institute, 
Menofia university, and Theodore Bilharz Research 
Institute (TBRI), During the period from 6/2022 to 
6/2023.

Study design: The study included three groups of mice: 
GI (intestinal), GII (early treated muscular) and GIII (late 
treated muscular). Each group was further subdivided 
into five subgroups according to the drug used. Mice 
of all subgroups were subjected to parasitological, 
histopathological, immunohistochemical, biochemical, 
and anti-oxidants parameters assessment to evaluate 
the effect of Cur-Nano and ABZ.

Animals: One hundred and fifty laboratory-bred, 
parasite-free, Swiss Albino male mice, 7-10 weeks 
old and weighing ~18-20 g, were used. Mice were 
acquired from Theodore Bilharz Research Institute's 
(TBRI) animal facility in Giza, Egypt. Mice were kept 
under controlled conditions of temperature (25±2℃), 
humidity (70%) and lighting. They had unlimited 
access to standard pellet diet and water.

Parasites: T. spiralis larvae were originally obtained 
from the European Union Reference Laboratory for 
Parasites, Superior Institute of Health, Rome, Italy, 
where they were genotyped as T. spiralis. The larvae 
were kindly provided from the maintained strain by 
repeated passes through rats and mice at the Medical 
Parasitology Department, Tanta University, Egypt. 
Before the study, to ensure that mice were clear of any 
intestinal parasite infections, a stool examination was 
performed. 

Experimental groups and subgroups: One hundred 
and fifty mice were divided randomly and equally into 
three main groups; each includes 50 mice. Group I (GI) 
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is the intestinal group that was subdivided equally 
into five subgroups (ten mice each), subgroup Ia;, non-
infected non-treated (negative control), subgroup Ib; 
infected non-treated (positive control), subgroup Ic; 
mice infected and treated by ABZ, subgroup Id; mice 
infected and treated by Cur-Nano and subgroup Ie; 
mice infected and treated by both drugs (Cur-Nano/
ABZ). Similarly, groups II, and III, the muscular early, 
and late treated groups, were subdivided equally into 
five subgroups. 

Mice infection: Each mouse received oral infection 
with 200 T. spiralis larvae using an intra-esophageal 
tube[19]. 

Drugs and dosage: Albendazole was purchased as 
Alzental (Epico, Cairo, Egypt). One tablet (100 mg) 
was dissolved in 50 ml of distilled water and was 
given orally at a dose of 50 mg/kg/d for three days[3]. 
Curcumin nanoparticles were created using the 
process of solvent-antisolvent precipitation[21]. Briefly, 
ethanol (Vetec, 99.8%) was used to dissolve Cur (100 
mg/ml). Distilled water was added as an antisolvent 
at a ratio of 1:10 and thoroughly mixed, for ~30 min 
sonication. The sonicating mixture was agitated at 800 
rpm for roughly 20 min to produce an orange-colored 
precipitate. It was maintained at 25°C to 40°C under a 
nitrogen atmosphere and high pressure to reach 0.1% 
to 10%. The particle size of Cur-Nano was determined 
using the Horiba SZ-100 (Japan) particle size analyzer. 
Atia et al.[22] utilized Cur-Nano at a dose of 50 mg/kg 
orally for five days, noting a 90.85% parasite inhibition 
at this dose. In the combination treatment (Cur-Nano/
ABZ), the same dose was used. 

Dosage schedule: For GI (intestinal group), the 
treatment started on the 3rd dpi for three consecutive 
days and mice were sacrificed on the 7th dpi[23], to 
evaluate the effect of the drug against the adults.  To 
evaluate the effect of the drugs during the muscle 
phase, treatment started on the 13th dpi for GII (early 
treated group)[24] and on the 31st dpi for GIII (late 
treated group)[19]. Mice scarification for muscle phase 
groups (GII and GIII) was carried on the 49th dpi[25]. 

Scarification and sample collection: Mice were 
euthanized by cervical dislocation on the 7th dpi (GI) 
and the 49th dpi (GII and GIII). Blood samples (2 ml) 
were collected, left at room temperature for 30 min 
and centrifuged for 15 min at 3000 rpm. The serum 
was kept at -20oC for further quantitative estimation 
of CK, MMP9, MDA, and TAC levels. The whole small 
intestine (of GI subgroups) and muscle tissues from 
togue and diaphragm (of GII and GIII subgroups) were 
excised and preserved in neutral buffered formalin 
(pH 7.2) for additional H&E and immunohistochemical 
(IHC) stains.

Intestinal adult load: To encourage the worms to 
move out of the tissue and gather in the container, the 

washed intestinal samples from GI mice were chopped 
into small pieces (1 cm each) and incubated at 37°C in 
a 250 ml beaker containing 100 ml of Hanks' balanced 
salt solution for 2 h. After pipetting the solution, saline 
was used to repeatedly cleanse the gut. The total fluid 
was gathered in tubes and centrifuged for five min 
at 1500 rpm. The sediment was reconstituted in 3-5 
drops of saline for worm counting, and then it was 
microscopically examined (X10) drop by drop[26] using 
the following equation: Efficacy of treatment (%) = 100 
X mean number (No) of adults recovered in control 
- mean No recovered in treated mouse/mean No of 
adults recovered in control[27].

Muscular larva load: According to Nassef et al.[19], each 
mouse of GII and GIII was dissected and digested in 1% 
pepsin (1:10.000) and 1% concentrated hydrochloric 
acid (HCL) in 200 ml distilled water. An electric stirrer 
was used to continuously agitate the mixture for one 
hour at 37°C. To get rid of the large particles, the 
digested product was run through a sieve with a mesh 
size of 50/inch. The encysted larvae were gathered on 
a sieve with a mesh size of 200/inch, rinsed twice with 
tap water, and then suspended in 150 ml of tap water in 
a conical flask. Afterwards, the supernatant liquid was 
removed, and a McMaster counting chamber was used 
to count the sediment larvae under a microscope[28] 
using the following equation: Treatment effectiveness 
(%) = 100 x mean No recovered in the control - mean No 
recovered covered in treated mice/mean No recovered 
in the control[27].

Histopathological study: Specimens from the small 
intestine, tongue, and diaphragm were collected from 
the sacrificed mice of all groups. All specimens were 
fixed in neutral buffered formalin (pH 7.2), embedded 
in paraffin blocks, and sliced at 4-5 μm tissue thickness. 
Methods of staining were based on the staining 
protocols of Bancroft and Gamble[29].
•	Ordinary H&E staining was used to assess the 

enteropathy and inflammatory response during the 
intestinal phase, and the presence of larva and the 
degenerative inflammatory response in the muscle 
phases. During the intestinal phase, the stained slides 
were assessed for the severity of enteropathy as 
follows: epithelial hyperplasia graded as absent (0), 
mild (1), moderate (2), and severe (3). The severity 
of inflammation (0–4) is defined as; no significant 
inflammation (0), mild cellular infiltrate within 
the lamina propria (1), moderate (2), severe and 
extending into the submucosa (3); and severe with 
crypt abscess, goblet cell depletion, and ulceration 
(4)[30]. In all cases, the inflammatory cell types were 
counted in 15 villous-crypts units selected at a 
higher power magnification (400×). Eosinophils 
have a characteristic red granule on the H&E stain. 
The final score was calculated as the mean of cells ± 
standard deviation (SD)[31]. To assess the severity of 
inflammatory infiltrate around the larva during the 
muscle phase, twenty non-overlapping representative 



Curcumin nanoparticles in murine trichinosis                                                                                                                                              Abo-Hussien  et al.,

233

high-power fields (40x) of H&E-stained slides were 
examined for the No and size of larvae, the status of 
the capsule, the integrity of the internal structure, 
necrosis, and lysis. The effect of trichinosis on the 
infected skeletal muscle was assessed based on the 
loss of striations, central nuclei, and vacuolations[11,32].

•	Masson trichrome (MT) stain was performed to 
assess collagen deposition in the muscles infected by T. 
spiralis. Briefly, slides were stained by Weigert's iron 
hematoxylin working solution for 10 min, washed, and 
stained with Biebrich scarlet-acid fuchsin solution 
for 15 min. The slides were re-washed, followed 
by dipping in phosphomolybdic-phosphotungestic 
acid solution for 15 min then transferred directly to 
aniline blue solution for 10 min. Slides were rinsed 
briefly in distilled water followed by 1% acetic acid 
solution for 5 min. The collagen fibers stained blue 
against red-stained muscle fibers. According to Cheng 
et al.[33], Trichinella capsule thickness was subjectively 
categorized as mild, moderate, and marked. 

•	Toluidine blue stain was used to better visualize 
the inflammatory cells in the intestinal specimen. 
Toluidine blue (0.04%) in 0.1 M sodium acetate 
buffer (pH 4) stain mast cells violet or red purple. The 
stain was evaluated as either negative or positive, 
and mast cells were counted using x20[34]. Microscopy 
and image capture were performed with an Olympus 
CX41 microscope and DP26 camera, Shinjuku, Tokyo, 
Japan. 

Immunohistochemical studies: The immunostaining 
technique was done using the streptavidin-biotin 
system[35]. The primary antibodies used were MMP 
9 diluted as 1:300 (Cat. #13667) and VEGF diluted 
as 1:500 (Cat. #2479) obtained from Cell Signaling 
Technology, Massachusetts, USA. The tissue was 
deparaffined and rehydrated followed by antigen 
retrieval using high pH EDTA solution for 20 min, 
then cooling at room temperature for an additional 
20 min. The primary antibodies were applied to each 
slides overnight at 4℃. A secondary antibody using 
Ultravision detection system anti-polyvalent HRP/DAB, 
ready-to-use, Neomarker, was applied and staining was 
visualized using DAB chromogen substrate and Mayer's 
hematoxylin as a counterstain. In each run, positive and 
negative controls were included. Positive expression 
of VEGF and MMP 9 antibodies showed cytoplasmic 
localization. The expression was assessed using 
Histoscore (H score) and calculated by multiplying 
the intensity and percent of cells as follows (strong 
intensity (3) x percentage) + (moderate intensity (2) 
x percentage) + (mild intensity (1) x percentage) + 
(negative staining (0) x percentage). A final score was 
obtained at a range of 0-300[36].

Creatine kinase: Measurement of total CK serum 
levels was performed using a CK reagent kit for serum 
and plasma (Beckman Coulter, CA, USA) with a linear 
range from 5 to 1200 U/l (0.1–20.0 mkat/l)[37].

Matrix metalloproteinase: Serum concentrations 
of MMP were measured using ELISA kits (Daiichi 
Fine Chemical Co. Ltd., Toyama, Japan). Calibrators 
and samples were incubated together with anti-MMP 
monoclonal antibodies in microstrips. After washing, 
90 µl buffered substrate/chromogen reagent was 
added to each sample, and the enzyme reaction was 
allowed to proceed. Reaction color was changed as a 
result of the enzyme reaction, the intensity of which 
was proportional to the amount of MMP present in the 
samples. The MMP concentrations in samples were 
then read from a calibration curve[38].

Malonaldehyde: The chemicals were bought from 
Merck (Germany), Scharlau (Spain), and Sigma-Aldrich 
(St. Louis, USA). By calculating the byproducts of the 
reaction between MDA and thiobarbituric acid (TBA), 
serum MDA concentrations were calculated according 
to Malik et al.[39]. By adding 20% trichloroacetic acid 
solution containing 8.1% Sodium dodecyl sulfate 
(SDS) and 0.8% aqueous solution TBA to 50 μl serum, 
the reaction products between MDA and TBA were 
isolated. The mixture was heated up for one hour 
in a boiling water bath and then cooled on ice. The 
mixture was then incorporated with N-butanol, and it 
was centrifuged for 10 min at 4000 rpm. The organic 
layer was taken and read at 532 nm to distinguish 
the reaction products. To prepare the standards, 
1,1,3,3-tetraethoxy propane was employed.

Total antioxidant capacity: The ferric reducing 
antioxidant power assay (FRAP) was used for 
estimating TAC. This method is based on the reduction 
of Fe3+ to Fe2+ due to the action of antioxidants[40]. 
Briefly, 900 µl of freshly prepared FRAP (37℃) 
working reagent (300 mM/L acetate buffer (pH 
3.6), with 10 mM 2,4,6-tri(2-pyridyl)-1,3,5-triazine 
solution in 40 mM HCl, and 20 mM FeCl3 solution in 
a ratio of 10:1:1 respectively) was added to 100 µl of 
serum (previously diluted with distilled water 1:1) 
and then incubated for 25 min at 37℃. The reaction 
absorbance was determined by a spectrophotometer 
at 593 nm, using different known concentrations of 
FeSO4.7H2O in a range of 0.2 to 1 mM/L to prepare a 
standard curve. 

Statistical analysis: The SPSS statistical package 
version 23 was used to tabulate and statistically 
analyze the raw data (SPSS Inc. Released 2015. IBM 
SPSS Statistics for Windows, version 23.0, Armnok, 
NY: IBM Corp). Number (No), percentage (%), 
mean (x̅), and standard deviation (SD) were used to 
express our data. After determining if the data were 
homogeneous, the Kruskal-Walli’s test and Tamhane's 
test were employed to compare quantitative variables 
between more than two groups. For the comparison 
of quantitative variables between two groups, Mann-
Whitney's test was employed. The relationship 
between qualitative variables was investigated using 
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the chi-square (χ2) test (together with the Z test to 
compare column percentage). Fischer's Exact test 
was employed whenever any of the predicted cells fell 
below the threshold of five. Statistical significance was 
defined with a two-sided P<0.05.

Ethical consideration: The ethical committee of 
Faculty of Medicine, Menoufia University, Egypt, 
approved the housing and feeding of mice in accordance 
with national regulations (IRB; PARA11).

 RESULTS                                                                 

Drug effects on mature worms:  The intestinal 
subgroup GIe had significantly the lowest worm 
count and the highest reduction rate (1.10±1.52, 
and 99.325%, respectively) followed by subgroup Ic 
(10.20±1.93, and 93.80% respectively), and subgroup 
Id (46.40±3.77, and 71.80%, respectively), while 
subgroup GIb (positive control) had the highest count 
(164.80±5.76). All the subgroups were significantly 
different when compared to each other (Table 1). 

Effects on encysted larvae: Among the early treated 
muscular subgroups, GIIe had significantly the 
lowest larval count and the highest reduction rate 
(6890.70±478.77, and 89.11% respectively) followed 
by GIIc (16260±627.51, and 74.34% respectively), then 
GIId (22260.00±627.51, and 64.88%, respectively), 
while in GIIb, the larval count was 63390.00±3165.94. 
All the subgroups were significantly different from 
each other (Table 1). Similarly, in the late treated 
muscular group (GIII), the lowest larval count and 
the highest reduction rate (2789.4±284.14, and 
95.94%, respectively) was in GIIIe followed by GIIId 
(10135.0±259.83, and 85.26%, respectively) and 
lastly subgroup GIIIc (20267.60±406.48, and 70.51%, 
respectively) (Table 1).

Comparing the efficacy of treatment in the muscle 
phase in relation to the day of administration, 
statistically significant changes with marked larval 
elimination were found when the Cur-nano/ABZ or 
Cur-Nano were administered on the 31st dpi (late 
treatment) in GIIIc and GIIIb, respectively. Lower 
results were recorded with early treatment on 13th dpi 
(GIIe and GIId, respectively). On the other hand, in the 
ABZ-treated subgroups; the early treated GIIc showed 
better eradication of larvae than the late treated 
subgroup GIIIc (Table 1). 

The histopathological changes of the intestinal 
phase T. spiralis: By H&E staining, a significant 
enteropathy was observed in the T. spiralis infected 
non-treated subgroup GIa compared to the treated 
subgroups; (GIc, GId and GIe) in the form of a marked 
decrease in villous/crypt ratio, crypt hyperplasia and 
goblet cell depletion (Fig. 1a, b). ABZ-treated (GIc) 
and Cur-Nano/ABZ treated (GIe) subgroups showed a 
similar significant improvement of the inflammatory 
response in the form of restoration of the villous/crypt 
ratio and goblet cells (P<0.001) (Fig. 1d, j). However, 
the improvement was limited in the Cur-Nano treated 
subgroup (Gid) that exhibited moderate villous/crypt 
blunting and goblet cell depletion (Fig. 1g). Similarly, 
the score of inflammatory cells significantly declined to 
score 1 in GIc and GIe, while decreasing to score 2 in 
the Cur-Nano treated subgroup GId (P<0.001) (Fig. 1e, 
h, k). 

By toluidine blue staining, the load of eosinophils 
considerably decreased in the treated subgroups 
compared to the infected non-treated subgroup 
GIa (mean ±SD, 79.70±4.08) (P<0.001, for all). 
The eosinophils count significantly declined in GIe 
(17.40±2.41), followed by GIc (19.50±0.70) compared 
to GId (29.10±0.87), with P<0.001 for both. Similarly, 
the mast cells count considerably decreased in all 

Table 1. The mean worm and larval count among different subgroups.

Intestinal
groups

Worm count
Reduction rate%

Statistical analysis
Mean ± SD P value Post Hoc

GIb
GIc
GId
GIe

164.8 ± 5.76
10.2 ± 1.93
46.4 ± 3.77
1.1 ± 1.52

93.80
71.80
99.325

<0.001 P1<0.001, P2<0.001, P3<0.001, 
P4<0.001, P5<0.001, P6 <0.001 

Muscular
groups

Larval count
Reduction rate%

Statistical analysis
Mean ± SD P value Post Hoc

GIIb
GIIc
GIId
GIIe

63390.0 ± 3165.94
16260.0± 627.51
22260.0 ± 627.51
6890.7 ± 478.77

74.34
64.88
89.11

<0.001 P1<0.001, P2<0.001, P3<0.001, 
P4<0.001, P5<0.001, P6 <0.001

GIIIb
GIIIc
GIIId
GIIIe

68800.0 ± 2245.98
20267.6 ±406.48
10135.0 ± 259.83
2789.4 ± 284.14

70.51
85.26
95.94

<0.001 P1<0.001, P2<0.001, P3<0.001, 
P4<0.001, P5<0.001, P6 <0.001

P1: b Vs c, P2: b Vs d, P3: b Vs e, P4: c Vs d, P5: c Vs e, P6: d Vs e.



Curcumin nanoparticles in murine trichinosis                                                                                                                                              Abo-Hussien  et al.,

235

Fig. 1. The histopathological changes in the intestinal phase of trichinosis 
in the studied subgroups. a) Marked decrease villous/crypt ratio and crypt 
hyperplasia in the infected subgroup (H&E x40). b) Marked inflammatory 
infiltrate in infected subgroup (H&E x100). c) Prominent mast cells between the 
intestinal crypts in infected subgroup (TB x100). d) Mild villous atrophy and 
crypt hyperplasia in ABZ-treated subgroup (H&E x40). e) Mild inflammatory 
infiltrate in ABZ-subgroup (H&E x100). f) Low number of mast cells between 
the intestinal crypts in ABZ-treated subgroup (TB x100). g) Moderate villous 
atrophy and crypt hyperplasia in Cur-Nano treated subgroup (H&E x40). h) 
Moderate inflammatory infiltrate in Cur-Nano treated subgroup (H&E x100). 
i) Moderate number of mast cells between the intestinal crypts in Cur-Nano 
treated subgroup (TB x100). j) Mild villous atrophy and crypt hyperplasia in 
ABZ/Cur-Nano treated subgroup (H&E x40). k) Mild inflammatory infiltrate 
in ABZ/Cur-Nano treated subgroup (H&E x100). l) Low number of mast cells 
between the intestinal crypts in ABZ/Cur-Nano treated subgroup (TB x100). TB: 
Toluidine blue staining.

Table 2. The histopathological changes during the intestinal phase in the studied groups subgroups.

Variable
Subgroups

Statistical analysis
GIb GIc GId GIe

No. (%) No. (%) No. (%) No. (%) P value
Epithelial hyperplasia

Mild 
Moderate
Marked

0 (0.0)†
0 (0.0)†

10 (100.0)*

7 (70.0)*
3 (30.0)
0 (0.0)

2 (20.0)
8 (80.0)*
0 (0.0)

7 (70.0) *
3 (30.0)
0 (0.0)

<0.001

Inflammation
Mild 
Moderate
Marked

0 (0.0)†
0 (0.0)†

10 (100.0)*

7 (70.0)*
3 (30.0)
0 (0.0)

2 (20.0)
8 (80.0)*
0 (0.0)

8 (80.0) *
2 (20.0)
0 (0.0)

<0.001

Goblet cell depletion
Mild 
Moderate
Marked

0 (0.0)†
0 (0.0)

10 (100.0)*

9 (90.0)
1 (10.0)
0 (0.0)

8 (80.0)
2 (20.0)
0 (0.0)

10 (100.0)*
0 (0.0)
0 (0.0)

<0.001

Villous/crypt ratio
Mild 
Moderate
Marked

0 (0.0)†
0 (0.0)†

10 (100.0)*

7 (70.0)*
3 (30.0)
0 (0.0)

2 (20.0)
8 (80.0)*
0 (0.0)

7 (70.0)*
3 (30.0)
0 (0.0)

<0.001

Variable
Subgroups

Statistical analysis
GIb GIc GId GIe

Mean±SD Mean±SD Mean±SD Mean±SD P value Post Hoc

Eosinophil 79.7±4.08 19.5±0.70 29.1±0.87 17.4±2.41 <0.001 P1<0.001, P2<0.001, P3<0.001, 
P4 <0.001, P5 0.134, P6 <0.001

Mast cell 28.1±1.96 3.3±0.82 16.5±0.84 1.2±0.42 <0.001 P1 <0.001, P2 <0.001, P3 <0.001, 
P4 <0.001, P5 <0.001, P6 <0.001

*: Significantly higher than their corresponding in the other subgroups; †: Significantly lower than their corresponding in the other 
subgroups; P1: b Vs c, P2: b Vs d, P3: b Vs e, P4: c Vs d, P5: c Vs e, P6: d Vs e.

   H&E stain          H&E stain               TB stain

GIb

GIc

GId

GIe

 (d)                                       (e)                                        (f)

(a)                                       (b)                                      (c)

(j)                                         (k)                                      (l)

 (g)                                        (h)                                       (i)

GIId (33.20±9.30) compared to GIIb (64.90±12.07) 
(Table 3). In addition, by H&E staining, there was 
significant thinning of the capsule, degradation of the 
internal structures, and lysis of the larva in all treated 
subgroups compared to the T. spiralis infected non-
treated subgroup (P<0.001). The response was better 
observed in the Cur-Nano/ABZ treated subgroup (GIIe) 
followed by ABZ-treated (GIIc) and then Cur-Nano 
treated subgroup (GIId) (Fig. 2 a, d, g, j). Similarly, the 
inflammatory response around larvae was significantly 

treated subgroups compared to infected non-treated 
GIa (28.10±1.96) with P<0.001, for all subgroups. Mast 
cells count was significantly reduced in GIe (1.20±0.42), 
followed by GIc (3.30 ± 0.82) and GId (16.50 ± 0.84) and 
P<0.001 for all subgroups (Fig. 1c, f, i, l, and table 2).

The histopathological changes of the early treated 
muscle phase groups (treatment on the 13th dpi): 
The mean number of larvae was significantly decreased 
in GIIe 16.80±1.22), followed by GIIc (19.80±1.75) and 
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            H&E stain             H&E stain               MT stain

GIIb

GIIc

GIId

GIIe

 (d)                                       (e)                                        (f)

  (a)                                      (b)                                        (c)

 (j)                                        (k)                                        (l)

 (g)                                        (h)                                       (i)

Fig. 2. The histopathological changes in the early treated muscular phase 
in the studied subgroups. a) Marked dense infiltrate by T. spiralis larvae 
in the infected subgroup (H&E x40). b) Marked inflammatory infiltrate 
with little destruction of the larva in the infected subgroup (H&E x100). 
c) Thick capsule around the larva in the infected subgroup (MT x100). d) 
Low number and size of T. spiralis larva in ABZ-treated subgroup (H&E 
x40). e) Mild inflammatory infiltrate associated with marked lysis of the 
larva in ABZ-treated subgroup (H&E x100). f) Thinning of the larval capsule 
in ABZ-treated subgroup (MT x100). g) Moderate number of T. spiralis 
larva infiltration in Cur-Nano treated subgroup (H&E x40). h) Moderate 
inflammatory infiltrate with mild lysis of the larva in Cur-Nano treated 
subgroup (H&E x100). i) Mild thinning of the capsule of T. spiralis larva in 
Cur-Nano treated subgroup (MT x100). j) Few numbers of T. spiralis larval 
infiltration in ABZ/Cur-Nano treated subgroup (H&E x40). k) Minimal 
inflammatory infiltrate and marked lysis of larva in ABZ/Cur-Nano treated 
subgroup (H&E x100). l) Marked thinning of larval capsule in ABZ/Cur-
Nano treated subgroup (MT x100). MT: Masson trichrome. 

Table 3. The histopathological changes during the early treated muscle phase in the studied subgroups.

Variable
Early treated muscle subgroups Statistical analysis

GIIb
No. (%)

GIIc
No. (%)

GIId
No. (%)

GIIe
No. (%) P value

Inflammation
Mild 
Moderate
Marked

0 (0.0)†
7 (70.0)*
3 (30.0)†

7 (70.0)*
3 (30.0)†

0 (0.0)

2 (20.0)
8 (80.0)*
0 (0.0)

9 (90.0)*
1 (10.0)†
0 (0.0)

<0.001

Capsule thinning
Absent
Mild 
Moderate
Marked

10 (100.0)*
0 (0.0)
0 (0.0)†
0 (0.0)

0 (0.0)
2 (20.0)

8 (80.0)*
0 (0.0)

0 (0.0)
8 (80.0)*
2 (20.0)
0 (0.0)

0 (0.0)
0 (0.0)
2 (20.0)
8 (80.0)*

<0.001

Degradation
Absent
Mild 
Moderate
Marked

10 (100.0)*
0 (0.0)
0 (0.0)†
0 (0.0)

0 (0.0)
2 (20.0)

8 (80.0)*
0 (0.0)

0 (0.0)
9 (90.0)*
1 (10.0)
0 (0.0)

0 (0.0)
0 (0.0)
1 (10.0)
9 (90.0)*

<0.001

Muscle by MT
Mild 
Moderate

0 (0.0)†
10 (100.0)*

4 (40.0)
6 (60.0)

4 (40.0)
6 (60.0)

6 (60.0)
4 (40.0)

<0.001

Variable
Subgroups Statistical analysis

GIIb
Mean±SD

GIIc
Mean±SD

GIId
Mean±SD

GIIe
Mean±SD P value Post Hoc

No. of larva 64.9±12.07 19.8±1.75 33.2±9.30 16.8±1.22 <0.001 P1<0.001, P2<0.001, P3<0.001, 
P4<0.001; P5=0.30, P6<0.001

Eosinophil 39.8±0.91 18.8±0.91 31.9±2.64 4.8±0.78 <0.001 P1<0.001, P2<0.001; P3<0.001, 
P4<0.001; P5<0.001, P6<0.001

Mast cell 8.3±3.52 3.7±1.56 4.0±3.62 2.6±2.22 <0.001 P1<0.001, P2=0.002, P3<0.001,
P4=0.817, P5=0.397, P6=0.283

VEGF 131.5±81.31 31.5±36.28 40.5±38.67 19.0±22.94 <0.001 P1=0.022, P2=0.050, P3=0.010,
P4=0.998, P5=0.938, P6=0.790

MMP9 161.0±87.87 71.0±67.12 52.5±47.16 45.0±25.82 0.001 P1=0.772, P2<0.001, P3<0.001, 
P4=0.475, P5=0.317, P6<0.001

*: Significantly higher than their corresponding in the other subgroups; †: Significantly lower than their corresponding in the other 
subgroups; P1: b Vs c, P2: b Vs d, P3: b Vs e, P4: c Vs d, P5: c Vs e, P6: d Vs e.

declined in GIIe followed by GIIc and GIId compared to 
GIIb (P<0.001) (Fig. 2 b, e, h, k). 

By Masson trichrome staining, the muscle 
degenerative changes were significantly decreased in 
all treated subgroups compared to the infected non-

treated subgroup. Moreover, improvement in the form 
of maintained striations, peripheral nuclei, and less 
collagen deposition was significantly observed in GIIe 
compared to either GIIc or GIId (P=0.025) (Fig. 2 c, f, 
i, l).
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Regarding the inflammatory cellular subtype, the 
eosinophils count significantly declined in all treated 
subgroups compared to the infected non-treated 
subgroup (39.80±0.91) with P<0.001 for all subgroups. 
The eosinophils count was significantly low in GIIe 
(4.80±0.78), followed by GIIc (18.80±0.91) and then 
GIId (31.90±2.64) (P<0.001 for all). Similarly, the mast 
cells count significantly decreased in GIIe (2.60±2.22), 
GIIc (3.70±1.56), and GIId (4.0±3.62) compared to 
GIIb (8.30±3.52) (P<0.001, P=0.001 and P=0.002, 
respectively). However, there was no significant 
difference between ABZ, Cur-Nano, and Cur-Nano/ABZ 
treated subgroups regarding mast cells count (Table 3).

The histopathological changes of the late treated 
muscle phase (treatment on the 31st dpi) in the 
studied subgroups: The number of larvae was 
significantly decreased in the Cur-Nano/ABZ treated 
GIIIe (10.70±1.56), followed by Cur-Nano treated 
GIIId (18.80±1.22) and ABZ-treated GIIIc (24.20±6.40) 
compared to T. spiralis infected non-treated group GIIIb 
(61.90±6.87) (Table 4). 

By H&E staining, there was significant thinning of 
the capsule, degradation of internal structures, and 
lysis of the larvae in all treated subgroups compared 
to the positive control subgroup GIIIb (P<0.001). The 
response was best observed in GIIIe compared to 
GIIIc and GIIId (both showed similar degrees of larval 
degeneration and lysis). The inflammatory response 
around larvae was significantly declined in all treated 
subgroups compared to the infected non-treated 
subgroup (P<0.001) (Fig. 3 a, d, g, j). The inflammation 
was mild in GIIIe followed by GIIId and then GIIIc (Fig. 
3 b, e, h, k).

By Masson trichrome staining, the muscle 
degenerative changes were significantly decreased 
in the treated subgroups compared to the infected 
non-treated subgroup (P<0.001) (Fig. 3 c, f, i, l). The 
improvement was significantly observed in GIIIe and 
GIIId compared to GIIIc (Table 4).

Regarding the inflammatory cellular subtype, 
the eosinophils count considerably decreased in all 

Table 4. The histopathological changes during the late treated muscle phase in the studied subgroups.

Variable
Late treated muscle subgroups Statistical analysis

GIIIb
No. (%)

GIIIc
No. (%)

GIIId
No. (%)

GIIIe
No. (%) P value

Inflammation
Mild 
Moderate
Marked

0 (0.0)
2 (20.0)
8 (80.0)*

3 (30.0)†
7 (70.0)*
0 (0.0)

7 (70.0) *
3 (30.0) †

0 (0.0)

10 (100.0) *
0 (0.0)
0 (0.0)

<0.001

Capsule thinning
Absent
Mild 
Moderate
Marked

10 (100.0) *
0 (0.0)
0 (0.0) †
0 (0.0) †

0 (0.0)
0 (0.0)

6 (60.0)*
4 (40.0)

0 (0.0)
0 (0.0)
6 (6.0)
4 (40.0)

0 (0.0)
0 (0.0)

2 (20.0)†
8 (80.0)*

<0.001

Degradation
Absent
Mild 
Moderate
Marked

10 (100.0) *
0 (0.0)
0 (0.0) †
0 (0.0) †

0 (0.0)
0 (0.0)
6 (60.0)
4 (40.0)

0 (0.0)
0 (0.0)
5 (50.0)
5 (50.0)

0 (0.0)
0 (0.0)

3 (30.0)†
7 (70.0)*

<0.001

Muscle by MT
Mild 
Moderate
Marked

0 (0.0)
0 (0.0)
10 (100.0) *

3 (30.0)
7 (70.0)*
0 (0.0)

8 (80.0) *
2 (20.0)
0 (0.0)

10 (100.0)*
0 (0.0)
0 (0.0)

<0.001

Variable
Subgroups Statistical analysis

GIIb
Mean±SD

GIIc
Mean±SD

GIId
Mean±SD

GIIe
Mean±SD P value Post Hoc

No. of larva 61.9± 6.87 24.2±6.40 18.8±0.22 10.7±1.56 <0.001 P1<0.01, P2<0.001, P3<0.001, 
P4=0.06, P5<0.001, P6<0.001

Eosinophil 51.9± 3.07 21.2±1.39 14.8±0.91 10.0±0.66 <0.001 P1<0.001, P2<0.001, P3<0.001, 
P4<0.001, P5<0.001, P6<0.001

Mast cell 18.7±11.01 17.1±0.56 16.8±7.61 8.3±6.91 0.025 P1=0.998, P2=0.998, P3=0.130, 
P4=1.00, P5=0.018, P6=0.101

VEGF 46.0±40.74 43.5±43.33 39.0±43.25 23.0±13.16 0.521 ---------

MMP9 184.0±102.98 74.0±16.47 64.0±14.3 49.0±20.11 <0.001 P1=0.563, P2<0.001, P3<0.001, 
P4=0.699, P5=0.336, P6<0.001

*: Significantly higher than their corresponding in the other subgroups; †: Significantly lower than their corresponding in the other 
subgroups; P1: b Vs c, P2: b Vs d, P3: b Vs e, P4: c Vs d, P5: c Vs e, P6: d Vs e.
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            H&E stain             H&E stain              MT stain

GIIIb

GIIIc

GIIId

GIIIe

  (d)                                       (e)                                        (f)

  (a)                                       (b)                                       (c)

  (j)                                        (k)                                       (l)

  (g)                                        (h)                                       (i)

Fig. 3. The histopathological changes in the late treated muscular phase in 
the studied subgroups. a) Marked dense infiltrate by T. spiralis larvae in the 
infected subgroup (H&E x40). b) Marked inflammatory infiltrate with little 
destruction of the larva in infected subgroup (H&E x100). c) Thick capsule 
around the larva in infected subgroup (MT x100). d) Moderate number of T. 
spiralis larval infiltration in ABZ-treated subgroup (H&E x40). e) Moderate 
inflammatory infiltrate with mild lysis of the larva in ABZ-treated subgroup 
(H&E x100). f) Mild thinning of the capsule of T. spiralis larva in ABZ-
treated subgroup (MT x100). g) Low number and size of T. spiralis larva 
in Cur-Nano treated subgroup (H&E x40). h) Mild inflammatory infiltrate 
associated with marked lysis of the larva in Cur-Nano treated subgroup 
(H&E x100). i) Thinning of the larval capsule in Cur-Nano treated subgroup 
(MT x100). j) Few numbers of T. spiralis larvae in ABZ/Cur-Nano treated 
subgroup (H&E x40). k) Minimal inflammatory infiltrate and marked lysis 
of larva in ABZ/Cur-Nano treated subgroup (H&E x100). l) Marked thinning 
of the larval capsule in ABZ/Cur-Nano treated subgroup (MT x100). MT: 
Masson trichrome. 

treated subgroups compared to the infected non-
treated subgroup (51.90±3.07) with P<0.001 for all. 
The eosinophils count was significantly low in GIIIe 
(10.00±0.66) followed by GIIId (14.80±0.91) and 
then GIIIc (21.20±1.39) and P<0.001 for all. However, 
the mast cells count showed no significant difference 
between the treated subgroups; GIIIc (17.10±0.56), 
GIIId (16.80±7.61) and GIIIe (8.30±6.91) compared to 
GIIIb (18.70±11.01). Meanwhile, the only significant 
difference was observed between ABZ-treated (GIIIc) 
and Cur-Nano/ABZ treated (GIIIe) subgroups regarding 
mast cells count (P=0.018) (Table 4).

The immunohistochemical results of VEGF and MMP 
9 expression in the early and late treated muscular 
phases: In the early treated (13th dpi) muscle phase, 
there was a significant low VEGF expression in the 
Cur-Nano/ABZ treated subgroup GIIe (19.00±22.94), 
ABZ-treated subgroup GIIc (31.50±36.28), and Cur-
Nano treated subgroup GIId (40.50±38.67) compared 
to infected non-treated group GIIb (131.50±81.31), 
(P=0.010, P=0.022, and P=0.050, respectively). 
However, there was no significant difference between 
GIIc, GIId and GIIe regarding VEGF expression 
(Fig. 4 a, c, e, g). Similarly, there was a significant 

Fig. 4. The immunohistochemical expression of VEGF and 
MMP9 in the early treated muscular phase. a) High expression 
of VEGF in infected subgroup (IHC x100). b) High expression 
of MMP9 in infected subgroup (IHC x100). c) Mild expression 
of VEGF in ABZ-treated subgroup (IHC x100). d) Moderate 
expression of MMP9 in ABZ-treated subgroup (IHC x100). e) 
Moderate expression of VEGF in Cur-Nano treated subgroup 
(IHC x100). f) Mild expression of MMP9 in Cur-Nano treated 
subgroup (IHC x100). g) Mild expression of VEGF in ABZ/
Cur-Nano treated subgroup (IHC x100) h) Mild expression of 
MMP9 in ABZ/Cur-Nano treated subgroup (IHC x100).

Fig. 5. The immunohistochemical expression of VEGF and 
MMP9 in the late treated muscular phase. a) High expression 
of VEGF in infected subgroup (IHC x100). b) High expression of 
MMP9 in infected subgroup (IHC x100). c) Moderate expression 
of VEGF in ABZ-treated subgroup (IHC x100). d) Moderate 
expression of MMP9 in ABZ-treated subgroup (IHC x100). 
e) Mild expression of VEGF in Cur-Nano treated subgroup 
(IHC x100). f) Mild expression of MMP9 in Cur-Nano treated 
subgroup (IHC x100). g) Mild expression of VEGF in ABZ/
Cur-Nano treated subgroup (IHC x100). h) Mild expression of 
MMP9 in ABZ/Cur-Nano treated subgroup (IHC x100). 
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low MMP9 expression in GIIe (45.00±51.20), GIId 
(52.50±47.15), and GIIc (71.00±67.11) compared to 
GIIb (161.00±87.86) (P<0.001, P=0.001, and P=0.004, 
respectively). However, there was no significant 
difference between GIIc, GIId and GIIe regarding MMP9 
expression (Fig. 4 b, d, f, h, and table 3).

In the late treated (31st dpi) muscle phase, there was 
no significant difference in VEGF expression between 
the treated and the infected non-treated subgroups 
(Fig. 5 a, c, e, g). However, there was a significant 
difference regarding MMP9 expression between the 
Cur-Nano treated GIIId and the Cur-Nano/ABZ treated 
GIIIe compared to the infected non-treated subgroup 
GIIIb (P<0.001, and P<0.001, respectively). In addition, 
there was a significantly low expression of MMP9 in the 
GIIIe compared to GIIId (P<0.001) (Fig. 5 b, d, f, h, and 
table 4).

Comparing the drug's effectiveness on the muscle 
phase concerning the day of administration: 
Regarding ABZ treatment, there was significant 

degradation and lysis of larvae during the early 
treated muscular phase (GIIc) compared to the late 
treated phase (GIIIc) (P=0.043). However, there was 
no significant difference regarding the inflammatory 
response or muscular degenerative changes during 
both phases. The expression of VEGF was decreased 
significantly during the early treated GIIc compared 
to the late treated GIIIc (P<0.001). There was no 
significant difference regarding MMP9 expression 
during both phases.

Regarding Cur-Nano treatment, there was a 
significance regarding the number of larvae during 
the late treated GIIId compared to the early treated 
GIId (P<0.001). Similarly, the impact was significantly 
observed in the degradation and lysis of larvae during 
the late treated muscle phase compared to the early 
treated phase (P<0.001). On the other hand, there was 
no significant difference regarding the inflammatory 
response or muscular degenerative changes during 
both phases. In addition, there was no significant 
difference regarding VEGF and MMP9 expression 
during both phases.

Table 5.  Comparing the drug's effectiveness on histopathological changes during the mus¬cle phase in relation to the day of 
administration in each subgroup.

Variable
ABZ Cur-Nano Cur-Nano/ABZ

Early (GIIc)
No. (%)

Late (GIIIc)
No. (%)

Early (GIId)
No. (%)

Late (GIIId)
No. (%)

Early (GIIe)
No. (%)

Late (GIIIe)
No. (%)

Inflammation
Mild 
Moderate

7 (70.0)
3 (30.0)

3 (30.0)
7 (70.0)

2 (20.0)
8 (80.0)

7 (70.0)
3 (30.0)

9 (90.0)
1 (10.0)

10 (100.0)
0 (0.0)

P value 0.074 0.07 1.00

Capsule thinning
Mild
Moderate
Marked

2 (20.0)
8 (80.0)
0 (0.0)

0 (0.0)
6 (60.0)
4 (40.0)

8 (80.0)
2 (20.0)
0 (0.0)

0 (0.0)
6 (60.0)
4 (40.0)

0 (0.0)
2 (20.0)
8 (80.0)

0 (0.0)
2 (20.0)
8 (80.0)

P value 0.043 <0.001 1.00

Degradation
Mild
Moderate
Marked

2 (20.0)
8 (80.0)
0 (0.0)

0 (0.0)
6 (60.0)
4 (40.0)

9 (90.0)
1 (10.0)
0 (0.0)

0 (0.0)
5 (50.0)
5 (50.0)

0 (0.0)
1 (10.0)
9 (90.0)

0 (0.0)
3 (30.0)
7 (70.0)

P value 0.043 <0.001 0.582

Muscle by MT
Mild
Moderate

4 (40.0)
6 (60.0)

3 (30.0)
7 (70.0)

4 (40.0)
6 (60.0)

8 (80.0)
2 (20.0)

6 (60.0)
4 (40.0)

10 (100.0)
0 (00.0)

P value 1.00 0.170 0.087

No. of larva 19.8±1.75 24.2±6.40 33.2± 9.30 18.8±1.22 16.8±1.22 10.7±1.56

P value 0.013 <0.001 0.04

Eosinophils 18.8±0.91 21.2±1.39 31.9±2.64 14.8±0.91 4.8±0.78 10.0±0.66

P value <0.001 <0.001 <0.001

Mast cells 3.7±1.56 17.1±0.56 2.6±2.22 16.8±7.61 4.0±3.68 8.3±6.91

P value <0.001 <0.001 0.098

VEGF 31.5±36.28 43.5±43.33 40.5±48.67 39.0±43.25 19.0±22.94 23.0± 13.16

P value <0.001 0.943 0.638

MMP9 71.0± 67.12 74.0±16.47 52.5±47.16 64.0±14.3 45.0±25.82 45.0±25.82

P value 0.908 0.657 0.877
*: Significantly higher than their corresponding in the other groups.
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Regarding Cur-Nano/ABZ treatment, there was a 
significance regarding the number of larvae during 
the late treated muscle phase (GIIIe) compared to the 
early phase (GIIe) (P<0.001). However, there was no 
significant difference between both phases regarding 
the degradation and lysis of larvae. Similarly, there was 
no significant difference regarding the inflammatory 
response or muscular degenerative changes during 
both phases. There was also no significant difference 
regarding VEGF and MMP9 expression during both 
phases (Table 5).

Serum biochemical results: For the early and 
late treated muscle groups, the mean CK level was 
46.02±2.96 and 47.35±4.61 in subgroup GIIa and GIIIa 
(negative control), respectively. While the level was 
363.06±0.12 and 364.16±0.36 in the GIIb and GIIIb 
(positive control subgroups), respectively, followed 
by ABZ (208.19±0.81, and 210.39±1.48, respectively), 
then Cur-Nano (196.00±1.84, and 127.84±1.83, 
respectively) and the lowest level was 183.87±1.12 
and 117.74 ± 1.37, respectively in the combined treated 
subgroups. Each subgroup was significantly different 
from all the others (P<0.001 for each subgroup) (Table 
6).

Regarding MMP level in the early muscular group 
(GII), it was 92.73±0.48, 93.18±0.14 in subgroup 
IIb (infected non-treated), followed by subgroup 
IIc (77.89±3.33), then subgroup IId (71.39±0.56) 
and subgroup IIe (61.59±1.41). Meanwhile, it was 
52.23±2.52, 51.64±2.69 in subgroup IIa (normal 
control). Each subgroup was significantly different 
from the others (P<0.001 for each subgroup). For 

the late muscular group (GIII), the mean MMP level 
was significantly high in the subgroup IIIb (infected 
non-treated), followed by subgroups IIIc, IIId and IIIe 
(93.18±0.14, 80.92±0.34, 67.09±0.85, and 54.28±0.59, 
respectively). While it was 51.64±2.69 in subgroup 
IIIa (normal control) (P<0.001). Each subgroup was 
significantly different from all the others (P<0.001 for 
each subgroup), except for the subgroups IIIe and IIIa 
where there was no significant difference from each 
other (Table 6).

Regarding the mean TAC level in the early (GII) 
and late muscular (GIII) groups, it was significantly 
high in the subgroup e (4.84±0.21, and 8.07±0.13, 
respectively), followed by subgroup d (4.05±0.17, and 
6.98±0.18. respectively) then subgroup c (2.84±0.31, 
and 1.93±0.16, respectively), while it was 1.15±0.06, 
and 1.09±0.02, respectively in subgroup b (infected 
control) and 1.30±0.04, and 1.27±0.06, respectively 
in subgroup a (normal control). Each subgroup was 
significantly different from all the others (P<0.001 for 
each subgroup) (Table 6).

Furthermore, the mean MDA level in the early (GII) 
and late muscular (GIII) groups were significantly 
high in the subgroup b (infected control) (5.78±0.04, 
and 5.86±0.05, respectively), followed by subgroup c 
(4.92±0.23, and 4.15±0.19, respectively), subgroup d 
(3.12±0.10, and 1.95±0.08, respectively) and subgroup 
e (2.67±0.35, and 1.50±0.02, respectively). While it was 
1.12±0.03, and 1.14±0.04, respectively in subgroup 
a (normal control). Each subgroup was significantly 
different from all the others (P<0.001) (Table 6).

Table 6. Serum investigations during muscular phase among the different subgroups.

Groups CK (IU/L)
Mean±SD

MMP (mmol/L)
Mean±SD

TAC (mmol/L)
Mean±SD

MDA (mmol/L)
Mean±SD

Early muscular (GII)
IIa
IIb
IIc
IId
IIe

P value
Post-Hoc

46.02 ± 2.96
363.06 ± 0.12
208.19 ± 0.81
196.00 ± 1.84
183.87 ± 1.12

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4<0.001,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10<0.001

52.23 ± 2.52
92.73 ± 0.48
77.89 ± 3.33
71.39 ± 0.56
61.59 ± 1.41

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4<0.001,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10<0.001

1.30 ± 0.04
1.15 ± 0.06
2.84 ± 0.31
4.05 ± 0.17
4.84 ± 0.21

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4<0.001,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10<0.001

1.12 ± 0.03
5.78 ± 0.04
4.92 ± 0.23
3.12 ± 0.10
2.67 ± 0.35

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4<0.001,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10=0.028

Late muscular (GIII)
IIIa
IIIb
IIIc
IIId
IIIe

P value
Post-Hoc

47.35 ± 4.61
364.16 ± 0.36
210.39 ± 1.48
127.84 ± 1.83
117.74 ± 1.37

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4<0.001,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10<0.001

51.64 ± 2.69
93.18 ± 0.14
80.92 ± 0.34
67.09 ± 0.85
54.28 ± 0.59

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4=0.121,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10<0.001

1.27 ± 0.06
1.09 ± 0.02
1.93 ± 0.16
6.98 ± 0.18
8.07 ± 0.13

<0.001
P1<0.001, P2<0.001,
P3<0.001, P4<0.001,
P5<0.001, P6<0.001,
P7<0.001, P8<0.001,
P9<0.001, P10<0.001

1.14 ± 0.04
5.86 ± 0.05
4.15 ± 0.19
1.95 ± 0.08
1.50 ± 0.02

<0.001
P1<0.001, P2<0.001
P3<0.001, P4<0.001
P5<0.001, P6<0.001
P7<0.001, P8<0.001
P9<0.001, P10<0.001

P1: a Vs b; P2: a Vs c; P3: a Vs d; P4: a Vs e; P5: b Vs c; P6: b Vs d; P7: b Vs e; P8: c Vs d; P9: c Vs e; P10: d Vs e.
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DISCUSSION                                                                 

Lack of a fully effective medicine has restrained 
medical therapy of trichinosis. However, it was noted 
that the treatment for trichinosis was most beneficial 
when chemotherapy was started early[41]. Therefore, 
the use of Cur and Cur-loaded nanoparticles would be 
crucial for its therapeutic uses since they increase its 
effectiveness against a variety of microbial diseases 
and parasites[42]. The present work's primary objective 
was to study the trichinecidal effect of Cur-Nano alone 
or in combination with ABZ on enteral and parenteral 
phases of T. spiralis infected mice.  

In the present study, ABZ/Cur-Nano combined 
therapy showed the lowest worm count and the 
highest reduction rate. Similar results were reported 
by Hamed et al.[43] who showed that the groups taking 
albendazole alone or in conjunction with Cur had the 
lowest intestinal worm. Besides, Elmehy et al.[44] and 
Nassef et al.[45] reported that combined treatment of 
both ABZ and mefloquine, and chitosan nanoparticles 
loaded with a full dose of ABZ, respectively resulted in 
a notable decrease in the average number of adult T. 
spiralis worms in the infected mice. Herein, reduction 
in larval count in all treated subgroups during the 
muscle phases (early and late treated) was observed. 
These results are consistent with those of Attia et al.[3] 
who found that ABZ had a reduced efficiency against 
encysted larvae (65.2% reduction). Additionally, 
earlier studies indicated substantially lower efficacies 
of ABZ against encysted muscle larvae[46,19]. This is due 
to limited bioavailability, a high degree of resistance 
and limited effectiveness against encysted T. spiralis 
larvae[14]. The current lethal effect of Cur-Nano on 
encysted larvae of T. spiralis is consistent with the 
results of Hamed et al.[43], who reported reduced 
larval count during the muscle phase with the highest 
reduction rate of larvae (80.2%) in the subgroup treated 
by Cur-Nano. In addition, Elguindy et al.[9] evaluated 
the anti-nematode activity of Cur against T. spiralis 
and found that in mice sacrificed 35 dpi, the muscle 
larval count was decreased by 53%. In addition, Cur 
has anti-angiogenic properties[47], which increase its 
ability of lowering the muscle larval counts by making 
the skeletal muscle cells less hospitable to Trichinella 
larvae, depriving the larvae of their nourishment, 
resulting in the accumulation of their wastes, and 
ultimately leading to their death. The same results 
were reported by multiple studies of Cur-Nano against 
a variety of parasites. Several studies showed that 
nano-formulation of Cur exhibited significant efficacy 
against toxoplasmosis[20], malignant malaria[48], 
leishmanicidal activity[49], and ovicidal activity against 
Schistosoma ova settled in the intestinal wall[50].

Interestingly, combination therapy seems to have 
higher therapeutic efficacy than individual treatments. 
It results in a maximum reduction of the intestinal and 

muscular phases (99.32 % and 95.94%, respectively). 
The significant parasiticidal effects are likely attributed 
to the dual action of ABZ and Cur-Nano against T. 
spiralis adult worms and muscle larvae. Khedr et al.[51] 
revealed similar findings demonstrating that ABZ was 
efficacious but that its combination with Cur nano-
emulsion significantly enhanced its effectiveness 
against adult worms and muscle larvae and reduced 
disease in both models.

The histological results of the current study during 
the intestinal phase revealed severe tissue damage  
that may be attributed to increased levels of reactive 
oxygen species (ROS) and inflammatory cells[52]. Similar 
results were reported by Hamed et al.[43], who revealed 
marked improvement of histopathological alterations 
in mice groups infected with T. spiralis when treated 
by Cur-Nano, compared to the control group, and ABZ-
administered infected group. In addition, our previous 
study on trichinosis showed that Cur-Nano had more 
significant effects on pathogenesis and inflammation 
with notable improvement in different mice organs[22]. 
Moreover, these results are parallel to previous 
studies[19,45] using different nanoparticles in trichinosis. 
Both studies reported marked improvement of the 
intestinal histopathological changes and degeneration 
of encysted larvae with minimal pathologic changes 
of infected skeletal muscles in the groups treated by 
chitosan nanoparticles loaded with ABZ. In addition, 
EL-Melegy et al.[32] demonstrated a significant decrease 
in the inflammatory response with restoration of the 
almost normal appearance of the skeletal muscle 
fibers in the group of mebendazole-loaded silver 
nanoparticles.

Trichinosis is a well-known parasitic disease that 
exhibits the eosinophilic response. Eosinophils have 
been demonstrated to display a harmful effect during 
primary infection of T. spiralis through antibody-
dependent cellular cytotoxicity. Eosinophils promote 
larval growth by activating the IL-4/STAT6 signaling 
pathways, which reduces local inflammation and 
improves larval feeding and metabolism[53]. According 
to earlier research, the delayed development of 
intestinal mast cells and the subsequent inflammation 
are the main causes of T. spiralis infection 
persistence[54]. Herein, compared to the infected non-
treated subgroup, eosinophil and mast cells levels 
were noticeably decreased in all treated subgroups. 
Interestingly, a key pharmacological activity of Cur is 
a potent immunomodulatory property, which arises 
from its strong interactions with various types of 
immune cells such as epithelial cells, basophils, mast 
cells, neutrophils, eosinophils, and also T cells, leading 
to the regulation of pathologic immune responses. 
Besides, Cur also reduces the inflammation by 
inhibiting the production of IL-4 and TNF-α, thereby 
ameliorating the recruitment of neutrophils and 
eosinophils[55].
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On comparison of early and late treated muscle 
phases, there was a significance regarding the 
number of larvae in the late treated muscle phase 
in Cur-Nano and ABZ/Cur-Nano treated subgroups. 
Additionally, all treated subgroups showed 
significant degradation and lysis of larvae during the 
late treated muscular phase compared to the early 
treated phase. However, there was no significant 
difference regarding the inflammatory response or 
muscular degenerative changes during both phases. 
Both early and late treatment gave good results with 
significant difference in the late phase (on the 31th 
dpi). Against our results, Basyoni and El-Sabaa[56] 
used Ivermectin and myrrh for controlling T. spiralis 
and showed that early muscular treatment at day 15 
dpi is more effective than late muscular treatment at 
day 35 dpi, and this result may be contributed to the 
medication used.

In this study, ABZ showed antilarval effect with 
slightly better results when used earlier during the 
muscular phase (74.34% on 13th dpi and 70.51% 
on 31st dpi).  On the other hand, Cur-Nano had 
antilarval effect in both early and late treatment 
with considerably enhanced results in the late phase 
(64.88% on 13th dpi and 85.26% on 31st dpi) which 
could be explained by the multiple Cur bioactive 
properties that affect both the encysted larvae and 
the host cells. When combined treatment was applied 
it was found to manifest good results both early and 
late. Unexpectedly, the reduction rate was higher 
in the late phase (89.11% on 13th dpi and 95.94% 
on 31st dpi) which could be understood in view of 
combining the action of both medications due to 
increased biological activity and various antiparasitic 
mechanisms.

In this study, there was an improvement in 
serum CK level in all treated subgroups with 
marked improvement in the combined late ABZ/
Cur-Nano treated subgroups. Administration of Cur-
Nano significantly reduces CK because Cur has a 
membrane-stabilizing action by inhibiting the release 
of beta-glucuronidase from nuclei, mitochondria, 
lysosomes, and microsomes[57]. These results were 
in accordance with Boarescu et al.[57] who stated that 
Cur-Nano prevented elevation of CK. Besides, EL-
Melegy et al.[32] observed a decrease in CK level in all 
treated mice compared to the infected control group, 
with a significant decrease (P≤0.0001) in the treated 
group using mebendazole-loaded silver nanoparticles 
compared to other treated groups. 

The TAC and MDA concentration changes are 
useful indicators to assess oxidative stress. Herein, 
the improvement of TAC level was recorded in all 
treated subgroups, with more significant results 
obtained in Cur-Nano treated subgroups. In 
addition, combined ABZ/Cur-Nano and Cur-Nano 
were effective in reducing serum MDA levels during 

both early and late treated muscle phases. It was 
reported that Cur modulates oxidative stress[58]. It 
might exert its effects via causing a decrease in ROS 
production with subsequent rise in TAC levels[59]. 
Furthermore, Cur administration could dramatically 
lower MDA because it can reduce lipid peroxidation 
brought on by hydrogen peroxide and inhibit 
nitric oxide synthase activity thus lowering nitric 
oxide generation[60]. Consequently, Cur antioxidant 
properties can participate in its antiparasitic 
action[61]. Boarescu et al.[57] demonstrated that Cur-
Nano dramatically improved antioxidative markers 
(TAC) and decreased blood levels of oxidative stress 
markers (MDA) in diabetic rats with drug-induced 
acute myocardial infarction. Owing to Cur being 
administered in encapsulated nanocarriers that 
increases its antioxidant capabilities, MDA levels 
have been lowered and TAC levels have increased. 

The results of our study showed a decrease in the 
serum level and tissue expression of MMP9 in ABZ/
Cur-Nano treated subgroups. These findings were 
supported by Boarescu et al.[57] who observed that 
Cur-Nano can greatly raise TAC and lower MMP2 
and MMP9 levels in rats after myocardial infarction. 
Treatment with Cur inhibits MMP2 and MMP9 due to 
its powerful antioxidant effect[62]. 

Regarding VEGF, the infected non-treated 
subgroups showed local positive expressions. In 
agreement with our results, Othman et al.[12] revealed 
that VEGF was expressed in muscle fibers of T. spiralis-
infected mice; providing the essential blood supply to 
nourish and maintain T. spiralis larval stages within 
these distressed muscles. In addition, there was a 
significant low expression VEGF in ABZ/Cur-Nano 
treated subgroups followed by Cur-Nano treated 
subgroups. Similarly, Fu et al.[63] demonstrated that 
Cur inhibits the expression of VEGF both in vitro and 
in vivo by acting on the VEGF receptor-2 pathway. 
Additionally, Giménez-Bastida et al.[64] showed that 
Cur inhibits VEGF, producing powerful antiangiogenic 
effects on microvascular endothelial cells isolated 
from the human intestine. These findings may offer 
a good understanding of the curative effects of Cur 
in illnesses like cancer and chronic inflammation, 
where pathological neovascularization is linked to an 
increased production of VEGF. 

Trichinosis upregulates the angiogenic VEGF 
by inducing thymosin 4, which results in the 
development of blood vessels that maintain larval 
survival in the early stages of muscle infection. 
Angiogenesis is crucial for nurse cell formation and 
VEGF is an important signaling protein involved in 
vasculogenesis and angiogenesis[12]. As well, MMPs 
are well-known markers of angiogenesis as they 
control immunity and inflammation and are crucial 
enzymes for the breakdown of extracellular matrix[65]. 
Therefore, one of the hypothesized mechanisms 
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for the reduction of T. spiralis larval growth is the 
inhibition of angiogenesis[13] and by lowering VEGF 
and MMPs, Cur suppresses angiogenesis[47]. 

In conclusion, the results of this study proved that 
nanoparticles are effective delivery system for Cur 
since it had antiparasitic action against trichinosis 
with advantageous outcomes in the muscle phase. It 
induced its effect through antioxidant alterations in 
TAC and MDA along with inhibition of angiogenesis 
by reduction of VEGF and MMP. However, in the 
intestinal phase, ABZ has better effect than Cur-
Nano. Furthermore, the synergistic activity of both 
drugs (ABZ/Cur-Nano treatment) provides the best 
results in both intestinal and muscular phases due to 
increased biological activity and multiple antiparasitic 
mechanisms. Therefore, combined therapy may be a 
promising alternative treatment for trichinosis. 
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