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Abstract

Trichinellosis is a re-emerging worldwide foodborne zoonosis. Oxidative stress is one of the
most common detrimental effects caused by trichinellosis. In addition, Trichinella infection
poses an infinite and major challenge to the host’s immune system. Resistance and side effects
limit the efficiency of the existing anti-trichinella medication. Given that concern, this work
aimed to investigate the anti-helminthic, antioxidant, anti-inflammatory and immunomodu-
latory effects of resveratrol and zinc during both phases of Trichinella spiralis infection. Sixty-
four Swiss albino mice were divided into four equal groups: non-infected control, infected
control, infected and treated with resveratrol, and infected and treated with zinc. Animals were
sacrificed on the 7th and 35th days post-infection for intestinal and muscular phase assess-
ments. Drug efficacy was assessed by biochemical, parasitological, histopathological, immuno-
logical, and immunohistochemical assays. Resveratrol and zinc can be promising antiparasitic,
antioxidant, anti-inflammatory, and immunomodulatory agents, as evidenced by the signifi-
cant decrease in parasite burden, the significant improvement of liver and kidney function
parameters, the increase in total antioxidant capacity (TAC), the reduction of malondialde-
hyde (MDA) level, the increase in nuclear factor (erythroid-derived 2)-like-2 factor expres-
sion, and the improvement in histopathological findings. Moreover, both drugs enhanced the
immune system and restored the disturbed immune balance by increasing the interleukin
12 (IL-12) level. In conclusion, resveratrol and zinc provide protection for the host against
oxidative harm and the detrimental effects produced by the host’s defense response during
Trichinella spiralis infection, making them promising natural alternatives for the treatment of
trichinellosis.

Introduction

Trichinella spiralis (T. spiralis) is a common foodborne parasite that causes trichinellosis
(Xu et al. 2021). It is challenging to estimate the prevalence of trichinellosis worldwide; however,
it is possible that 11 million people are affected (Lee et al. 2016). Human infection is acquired by
ingestion of insufficiently cooked or uncooked meat (especially pork) harboring T. spiralis larvae
(Jiang et al. 2016). In the stomach, the larvae excapsulate, move to the small intestine, andmature
into adults. Adult females of T. spiralis live in the host’s small intestine epithelium, initiating
immune-mediated hypersensitivity and inflammatory reactions that provoke the distinct intes-
tinal pathology (Khan 2008). The intestinal phase is crucial in trichinellosis since it defines both
the progress and consequences of the disease (Ding et al. 2017).

After mating, T. spiralis females release newly born larvae that pass into the blood and invade
the striatedmuscles (Wu et al. 2008). Trichinella infection of the muscles for a long time interacts
strongly with the immune system of the host, causing pronounced inflammation of the afflicted
muscles (Bruschi and Chiumiento 2011).

Tissue damage in trichinellosis is influenced by various factors. The direct devastation
triggered by the parasite and the oxidative stress state accompanying Trichinella infection are
considered the primary causes of this damage. Additionally, the recruitment of inflammatory
cells, when activated, release free radicals, nitrogen species, and an overabundance of reactive
oxygen species (ROS) (Chiumiento and Bruschi 2009), Therefore, antioxidants and anti-
inflammatory medications are anticipated to aid in protecting hosts from these harmful effects
(Kazemzadeh et al. 2014). Chemotherapy is the primary efficient method to combat and control
helminth parasites worldwide, although it triggers severe negative effects on hosts (Wang et al.
2015). Also, resistance against anti-helminthic drug substances is a widespread problem (Gang
and Hallem 2016). Moreover, the frequently prescribed non-steroidal or steroidal anti-
inflammatory medications have numerous side effects that restrict their usage (Badri et al.
2016). Thus, there is an urgent need for innovative, safe, and effective compounds with anti-
inflammatory and antioxidant properties (Kunnumakkara et al. 2018).
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Resveratrol (RSV) is a polyphenolic stilbene ubiquitous in the
peels of red fruits like grapes, berries, and nuts (Szkudelska and
Szkudelski 2010). It is a phytoalexin that is produced by plants and
enhances their resistance to adverse environmental conditions and
fungal and microbial infections (Chedea et al. 2017). RSV is a
powerful antioxidant. It lowers intracellular ROS production by
several mechanisms that offer an antioxidant defense (Leonard
et al. 2003; Robb et al. 2008; Tanno et al. 2010). Furthermore, it
has antimicrobial and antiparasitic activities (Wang et al. 2006;
Soliman et al. 2017; Elgendy et al. 2020), anti-inflammatory prop-
erties (Donnelly et al. 2004), as well as cardioprotective (Tanno et al.
2010) and neuroprotective effects (Sun et al. 2010).

Zinc is one of the most precious trace elements in earth’s crust.
Many enzymes in plants, people, and animals need it for their
cellular and catalytic functions. It can be found in various foods,
including eggs, poultry, dairy products, legumes, nuts, red meat,
oysters, seafood, and cereals. Additionally, it is crucial for immuno-
logical function (Khanam 2018) and has a valuable effect on certain
parasitic diseases (Gabrashanska et al. 2008).

Given the above concerns, we attempt to investigate the anti-
helminthic effect of RSV and zinc on both phases of Trichinella
spiralis infection, besides their role as substances that can diminish
unfavorable peroxidation effects. A parasitological, biochemical,
histopathological, immunohistochemical, and immunomodulatory
assessment will be conducted.

Materials and methods

Experimental animals

Sixty-four parasite-free male Swiss albino mice (~15–20 gm) of
8-week-old age were used. Mice were purchased from Theodor
Bilharz Research Institute (TBRI), Giza, Egypt, and acclimated one
week before the experiments. Animal maintenance and infection
were in accordance with institutional and national guidelines.

Parasites and infection

T. spiralis larvae were obtained from infected pork muscles from
Cairo abattoir and maintained in the laboratories of TBRI by
consecutive passages in rats. Trichinella isolate used in this study
was genotyped asT. spiralis (code: ISS6158) by the EuropeanUnion
Reference Laboratory for Parasites, Superior Institute of Health,
Rome, Italy. Each mouse was orally infected with 200 larvae, as
described by Dunn and Wright (1985).

Experimental design

The current study includes four groups of 16 mice each – Group I:
non-infected control (non-infected, non-treated); Group II:
infected control (infected, non-treated); Group III: infected, then
treated with RSV; Group IV: infected, then treated with zinc. In
treated groups, treatment started one day post-infection (dpi) until
the day of scarification.

On the 7th day post-infection (dpi), eight mice from each group
were euthanized and then sacrificed, and blood samples were
collected for biochemical and serological assays. Their small intes-
tine was taken, opened along its entire length, and washed. A small
part of each intestinal sample (about 1 cm) was placed in 10%
formalin for histopathological and immunohistochemical evalu-
ation, and the remaining part was used for counting T. spiralis adult
worms. On the 35th dpi, the remaining eight mice from each group

were sacrificed, and blood samples were collected for biochemical
and serological assays. Part of the thigh muscles were gently dis-
sected and subjected to histopathological and immunohistochem-
ical studies, and the remaining carcasses were digested for larvae
count.

Drug therapy

Resveratrol powder was bought from Sigma-Aldrich Chemie
(Steinheim, Germany) and dissolved in distilled water to make a
suspension. Each mouse orally received 20 mg/kg once daily
(Soliman et al. 2017). Zinc: Octozine (Zn) tablets were used
(October Pharma SAE). The drug was given orally in the form of
an aqueous suspension in distilled water at a dose of 12 mg/kg once
daily (Ivanov et al. 2014).

Parasitological assessment

Isolation and adult worm counting
The washed intestine was divided into small portions (1 cm) and
kept in 10 ml of normal saline for 2 hr at 37°C. The specimens
were then shaken and washed with saline several times until the
fluid became clear. The collected fluid was centrifuged at
2000 rpm for 2 min, and then the supernatant was discarded.
The sediment was reconstituted in 3–5 drops of physiological
saline in a petri dish and examined under the dissecting micro-
scope at X10 power to count adult worms (Denham 1965; Wake-
lin and Ltoyd 1976).

Total larval burden in muscles

On the 35th dpi, mice were euthanized and sacrificed. Muscle larval
counts in whole carcasses were determined as described by Dunn
andWright (1985). In brief, each mouse was dissected and digested
in 1% pepsin hydrochloride in 200 ml of distilled water. The
mixture was incubated for 1 hr at 37°C with continuous agitation
by an electric stirrer. After being collected using the sedimentation
technique, the larvae were thoroughly washed by distilled water
then counted under the microscope using the McMaster counting
chamber.

Biochemical, serological, and immunological assessments

Blood samples were taken and then allowed to clot at room tem-
perature for 2 hr before being centrifuged at 2000×g for 20min. The
collected serum was separated and kept at �20°C until used.

Biochemical assessment

For biochemical assays, the following parameters were tested:
alanine transaminase (ALT), aspartate transaminase (AST), alka-
line phosphatase (ALP), L-lactate dehydrogenase (LD), and cre-
atinine phosphokinase (CPK) using commercial kits supplied by
TBRI, Giza, Egypt, as illustrated by the manufacturer’s guide.

Assessment of oxidation and antioxidant parameters

The principle for assessment of the antioxidant capacity is based on
the reaction of antioxidants in the sample with a predetermined
amount of exogenously provided hydrogen peroxide (H2O2). Anti-
oxidants in the sample eliminate a part of the provided hydrogen
peroxide, and the remaining H2O2 is measured colorimetrically
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via an enzymatic reaction that involves the transformation of
3,5-dichloro-2-hydroxybenzensulphonate to a colored product.
Total antioxidant capacity (TAC) was spectrophotometrically ana-
lysed as described by Koracevic et al. (2001). Malondialdehyde
(MDA) level (a marker of oxidative stress) was investigated using
a commercial kit supplied by TBRI, Giza, Egypt, as illustrated by the
manufacturer’s guide.

Assessment of immunological parameters

Serum levels of interleukin 12 (IL-12) and interleukin 10 (IL-10)
were immunoassayed at 7th and 35th dpi using commercial
enzyme-linked immunosorbent (ELISA) sets (R & D Systems,
Minneapolis, MN, United States) in keeping with the manufactur-
er’s guidelines.

Histopathological study

All tissue specimens were fixed in 10% formalin for 24 hr and then
processed to form paraffin blocks. Five-μm-thick sections were
stained using Hematoxylin and eosin (H&E) stain to assess histo-
pathological criteria (Feldman and Wolfe 2014).

Histopathological evaluation

The scoring process was performed blindly without knowing the
examined group. For small intestinal samples, we evaluated the
extent of inflammatory infiltrates within the mucosa and sub-
mucosa by evaluating five sections per mouse and ten low-power
fields (100×) for each section, to calculate the average score. Inflam-
matory infiltrate covers of <10% of the examined sections scored as
mild infiltrates = (+1); 10–50% scored as moderate = (+2); and
more than 50% scored as intense = (+3) (Erben et al. 2014). The
mean villus height, the mean crypt depth, and the mean number of
goblet cells were also evaluated (Elgendy et al. 2020). For skeletal
muscle samples, we evaluated the extent of the inflammatory
reaction surrounding the capsule as mild reaction = +1 (1% to
30% increase in inflammatory cellular infiltration), moderate reac-
tion = +2 (31% to 60% increase in inflammatory cellular infiltra-
tion), and intense reaction = +3 if (61% to 100% increase in
inflammatory cellular infiltration) compared to the control group
(Eissa et al. 2022; Shalaby et al. 2023).

Immunohistochemistry

The immunohistochemistry staining was performed in accord-
ance with Saber et al. (2019). In brief, the serial sections were
dewaxed, hydrated, and submerged in an antigen retrieval solu-
tion (EDTA solution, PH 8). After that, it was incubated with
rabbit anti-Nrf2 polyclonal antibody (Invitrogen, PA5-27882,
USA; 1:100 dilution) after being treated with hydrogen peroxide
0.3% and protein block. The slides were washed three times with

PBS, incubated with anti-rabbit IgG secondary antibodies
(EnVision + System HRP; Dako) for 30 minutes at room tem-
perature, visualized using di-aminobenzidine commercial kits
(Liquid DAB + Substrate Chromogen System; Dako), and then
counterstained with Mayer’s hematoxylin. The primary anti-
body was replaced by normal mouse serum as a negative control
procedure. The labeling index of Nrf2 was calculated according
to the ratio of positive area to the total area in 8 high-power
fields.

Statistical analysis

Data were analyzed using IBM SPSS 18.0 for windows (SPSS Inc.,
Chicago, IL, USA) and NCSS 11 for windows (NCSS LCC., Kays-
ville, UT, USA). Quantitative data were expressed as mean ±
standard deviation (SD). Qualitative data were expressed as fre-
quency and percentage. Data were tested for normality using the
Kolmogorov Smirnov test. The following tests were performed:
ANOVA (Analysis of Variance) F tests were used for comparing
multiple means, LSD was used as a post hoc test for in between
groups comparison, and Monte Carlo exact test was used for chi
square (for histopathological and immunohistochemistry). A prob-
ability (P-value) of <0.05 was considered significant, P-value <0.001
was considered as highly significant, and P-value >0.05 was con-
sidered insignificant.

Results

Parasitological assessment

The mean number of adult T. spiralis in the small intestines of
the treated groups was significantly reduced compared with the
infected control group (P<0.001). Mice that received zinc
showed a lower mean (28.5 ± 4.2) than those treated with RSV
(59 ± 11.6). Similarly, the muscles of the treated groups showed a
significant decrease in the mean larval count compared with the
infected control group (P<0.001). The mean larvae count was
lower in the muscles of mice that received zinc than in those
who received RSV (504.5±122.4 and 885.8±524.98, respectively)
(Table 1).

Biochemical findings

Serum enzyme changes
Infection with T. spiralis induced a statistically significant increase
in serum levels of ALT, AST, ALP, CPK, and LDH during the
enteral and muscle phases of infection compared with the non-
infected control group (P<0.001), whereas a significant reduction in
their level was noted in the treated groups compared with the
infected control group (P<0.001). Mice treated with zinc showed

Table 1. Mean adult T. spiralis and larvae count among the studied groups

Group I Group II Group III Group IV P-value

Adult worm on day 7
Mean ±SD

0abc 73 ± 6.3de 59 ± 11.6f 28.5 ± 4.2 <0.001

Larva count at day 35
Mean ±SD

0a 7566.7±1252.3de 885.8±524.98 504.5±122.4 <0.001

There is a significant difference between the following groups: a, group I vs. II; b, group I vs. III; c, group I vs. IV; d, group II vs. III; e, group II vs. IV; f, group III vs. IV
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a greater decrease in serum levels than those treated with RSV
(Tables 2 and 3).

Redox status parameters
The total antioxidant capacity level (TAC) was significantly reduced
in the infected control group comparedwith the non-infected control
group (P<0.001) during both the enteral and muscle phases of
infection. Conversely, a significant increase in TAC serum level
was noted in both drug-receiving groups as compared to the infected
control group (P<0.001). Regarding MDA serum levels, there was a
significantly higher serum value in the infected control group com-
pared to the non-infected control group, signifying the oxidative
stress during T. spiralis infection. However, its level was decreased in
both treated groups with a statistically significant difference com-
pared to the infected control group (P<0.001) during both phases of
T. spiralis infection (Table 4).

Changes in serum cytokine levels
To investigate the effect of RSV and zinc on the immune
response, we investigated the serum levels of Th1/Th2 cytokines
at both the enteral and muscle phases of T. spiralis infection.
Th1 cytokine (IL-12) level was significantly increased in the
infected control and treated groups on the 7th day of infection
and onwards as compared to the non-infected control group.
Moreover, its level was higher in the zinc-treated group than
in those who received RSV, with a statistically significant differ-
ence (P<0.001). Referring to Th2 cytokine (IL-10), a significant
increase in its serum level was observed in all groups at both
phases of infection compared to the non-infected control
group. However, the infected control group showed more eleva-
tion than the treated groups. This increase was more evident
during the muscle phase of infection. Likewise, the zinc-treated
group showed more elevation than the RSV-treated group
(Table 5).

Table 2. Serum enzyme changes among the studied groups at 7th dpi

Group I Group II Group III Group IV P-value

CPK
Mean ±SD

22.0 ± 0.54abc 77.2 ± 3.5de 59.9 ± 2.5f 39.4 ± 2.9 <0.001

ALT
Mean ±SD

34 ± 0.85ab 51.3 ± 1.5de 36.6 ± 0.43f 33.8 ± 0.96 <0.001

AST
Mean ±SD

37± 0.59ab 54.5 ± 2.1de 40.6 ± 0.48f 38 ± 0.82 <0.001

ALP
Mean ±SD

78 ± 0.25abc 136.9 ± 0.85de 123 ± 1.84 122 ± 3.6 <0.001

LDH
Mean ±SD

172.6 ± 0.37a 193.7 ± 2.44de 170.8 ± 0.97 173.3 ± 1.41 <0.001

There is a significant difference between the following groups: a, group I vs. II; b, group I vs. III; c, group I vs. IV; d, group II vs. III: e, group II vs. IV; f, group III vs. IV

Table 3. Serum enzyme changes among the studied groups at 35th dpi

Group I Group II Group III Group IV P-value

CPK
Mean ±SD

23.3 ± 0.54abc 84.3 ± 3.22de 54.2 ± 1.45f 46.5 ± 2.21 <0.001

ALT
Mean ±SD

33.1 ± 0.85abc 71.8 ± 2.75de 52 ± 1.41f 44.8 ± 1.71 <0.001

AST
Mean ±SD

37.5 ± 0.59abc 77.8 ± 0.96de 56.8 ± 0.96f 50 ± 0.81 <0.001

ALP
Mean ±SD

78.9 ± 0.25abc 180.5 ± 3.11de 147.8 ± 3.4f 129.3 ± 1.9 <0.001

LDH
Mean ±SD

172.5 ± 0.37c 189.8 ± 0.51e 170.2 ± 0.51 170.9 ± 0.5 <0.001

There is a significant difference between the following groups: a, group I vs. II; b, group I vs. III; c, group I vs. IV; d, group II vs. III; e, group II vs. IV; f, group III vs. IV

Table 4. Redox status parameters among the studied groups

Group I Group II Group III Group IV P-value

MDA 7th dpi Mean ±SD 26 ± 0.15abc 63 ± 2.5de 35.6 ± 0.23f 30.3 ± 0.36 <0.001

35th dpi Mean ±SD 26.5 ± 0.15ab 77.3 ± 0.51de 44.6 ± 0.76f 35.5 ± 0.67 <0.001

TAC 7th dpi Mean ±SD 4.0 ± 0.13abc 1.25 ± 0.28de 3.25 ± 0.29 3.33 ± 0.18 <0.001

35th dpi Mean ±SD 4.5 ± 0.13abc 1.43 ± 0.11de 3.75 ± 0.29 4.11 ± 0.29 <0.001

There is a significant difference between the following groups: a, group I vs. II; b, group I vs. III; c, group I vs. IV; d, group II vs. III; e, group II vs. IV; f, group III vs. IV
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Histopathological finding

Small intestine
The examined sections of small intestine from the infected control
group revealed an intense inflammatory reaction in the mucosa
and submucosa, predominantly consisting of eosinophils, neutro-
phils, and lymphocytes. Also, the intestinal mucosa showed ulcer-
ation, sloughing, goblet cell hyperplasia, and marked villous
atrophy (Figure 1). Regarding the treated groups, there was a
noticeable improvement in histopathological findings noted as
a reduction in the inflammatory reaction, decrease in goblet
cell hyperplasia, and recovery of intestinal villous length;
however, this improvement was remarkable in zinc-treated group
(Figures 2, 3, and 4). The extent of inflammatory cellular infiltra-
tion is shown in Table 6.

Skeletal muscle
Microscopic examination of skeletal muscle sections of the infected
control group exhibited numerous encroachment larvae of
T. spiralis encysted in the skeletal muscle fibers, surrounded by
an intense inflammatory reaction. Compared to the treated groups,
there was a significant reduction in inflammatory infiltration and
the number of infested larvae, with a greater improvement within

the zinc-treated group (Figure 5). The extent of the inflammatory
infiltrate is shown in Table 7.

Immunohistochemical assessment

Nrf2 expression in the intestine
In the non-infected control group, a scanty expression of Nrf2 was
detected within the intestinal epithelial lining. However, there was
a mild increase in Nrf2 expression in the infected control group.
This immunoreactivity was observed within the intestinal epithe-
lial lining and was associated with parasitic intestinal invasion. A
significant increase in Nrf2 expression was observed in both
treated groups; moreover, the zinc-treated group showed a
marked expression that was more evident within the intestinal
epithelial lining and within the interstitial inflammatory cells
(Figure 6).

Nrf2 expression in muscles
The immunohistochemical expression of Nrf2 in skeletal muscle
sections of the non-infected control group was low; however, the
infected control group revealed amoderate increase in Nrf2 expres-
sion within the skeletal muscle fibers infected with Trichinella
parasites. A significant increase in immunoreactivity of Nrf2 was

Figure 1. Section in the small intestine of (a) the non-infected control group showing the normal histological structure formed of mucosa (M), submucosa (S), and musculosa
(MS) (H&E,×100), (b) a higher magnification of the previous image demonstrating finger-like villi with a core of lamina propria covered by simple columnar epithelium (green arrow)
and goblet cells (yellow arrow) (H&E, ×400), (c) the infected control group showing marked histopathological damage (H&E, ×100), (d) a higher magnification of the previous image
demonstrating intense inflammatory reaction infiltrating the mucosa, submucosa, and musclosa (red arrows), increase goblet cell number (yellow arrows), and short, broad villi
with increased crypt depth (green arrows) (H&E, ×400).

Table 5. Changes in serum cytokine levels among the studied groups

Group I Group II Group III Group IV P-value

IL-10 7th dpi Mean ±SD 54.5 ± 0.27abc 121 ± 1.31de 81.8 ± 1.26f 92.3 ± 2.11 <0.001

35th dpi Mean ±SD 54.6 ± 0.27abc 181.3 ± 2.41d 109.2 ± 0.96f 152.5 ± 2.89 <0.001

IL-12 7th dpi Mean ±SD 210 ± 0.85abc 529.3 ± 18.5de 349.5 ± 1.29f 533.8 ± 23.6 <0.001

35th dpi Mean ±SD 211 ± 0.85abc 330 ± 21.6de 424.6 ± 12.6 420 ± 21.6 <0.001

There is a significant difference between the following groups: a, group I vs. II; b, group I vs. III; c, group I vs. IV; d, group II vs. III; e, group II vs. IV; f, group III vs. IV

Journal of Helminthology 5

https://doi.org/10.1017/S0022149X23000810 Published online by Cambridge University Press

https://doi.org/10.1017/S0022149X23000810


observed in both treated groups compared to the infected control
group, with marked expression in zinc-treated group compared to
RSV-treated group (Figure 7). Nrf2 expression within the experi-
mental groups is summarized in Table 8.

Discussion

The management of T. spiralis is a challenge because of the variety
of tissue involvement, immune response mechanisms, and effector
cells during the various stages of infection (Hamed et al. 2022).

Nutritional immunity is the manner used by the host to manage
its availability of micronutrients in order to limit the advancement
and severity of infections (Hood and Skaar 2012). In hosts with
balancedmicronutrient status, nutritional immunity is an intensely
regulated response. Zinc deficiency may disrupt this balance,
impairing the body’s ability to fight off infections (Fançony et al.
2022). Natural foodstuffs have always been an excellent source for
bioactive compounds (Bruno et al. 2021). One of these constituents
is resveratrol (RSV), which is a natural plant extract with an
antioxidant effect (Malaguarnera 2019). The biologically active
components of this substance enable it to act against numerous
medically important protozoa, including leishmania (Ferreira et al.
2014), Amoeba (Pais-Morales et al. 2016), Toxoplasma gondii
(Chen et al. 2019), and Trypanosoma cruzi (Bruno et al. 2021;
Isabela et al. 2022) as well. Given these facts, there is a reason to
be optimistic about the potential role of resveratrol and zinc in the
management and prevention of a wide range of chronic and infec-
tious diseases.

In the current study, the effectiveness of RSV and zinc on adult
and larva stages ofTrichinella spiraliswas observed, as evidenced by
the significant decrease in the mean parasite burden in the small
intestines and muscles, improvement in histopathological findings,
and enhancement of the immune status of the targeted treatment
groups as compared to the infected control group. However, this
improvement was more evident in zinc-treated group.

Figure 2. Section in the small intestine of (a) RSV-treated group, (b) zinc-treated group showing marked reduction in the inflammatory infiltrates (red arrow), decreased number of
goblet cells (yellow arrows), and marked improvement in the villous lengths (green arrow) (H&E, ×100).

Figure 3. Bar chart showing the mean number of goblet cells among studied groups,
*significant vs. control, ^significant vs. positive control group, •significant vs. RSV-
treated group.

Figure 4. Bar chart showing the means of villus height and crypt depth among studied
groups, *significant vs. control, ^significant vs. positive control group, •significant
vs. RSV-treated group.

Table 6. The extent of the inflammatory cellular infiltrates in the small
intestine of the studied groups

The extent of the inflammatory infiltrates
(score)

+1 +2 +3 P-value

Infected control (n=8) 0 1 7 –

RSV-treated group (n=8) 5 3 0 0.002

Zinc-treated group (n=8) 6 2 0 0.001

Chi-square test was used to compare the treated groups with the infected control group.
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In agreement with our results were those of Ozkoc et al. (2009)
and Elgendy et al. (2020). Both reported the direct harmful effect of
RSV on larvae and adult stages of T. spiralis. RSV can induce
marked morphological changes by acting on neuromotor activity,
affecting the parasite’s motility and impairing its ability to migrate
and acquire nutrients. Furthermore, it can affect the tegument,
causing vacuolations, disruption, and extensive lysis of sub-
tegumental regions, with subsequent fading of the immunological
concealment of the parasite, which, in turn, exposes immunogens
and immunogenic epitopes. So, it induced a dual action by both
harming the parasite and enhancing host oxidative stress against it
as well (Gouveia et al. 2019).

Several mechanisms were proposed to justify the parasiticidal
effect of RSV. Earlier studies suggested that RSV inhibits polyamine
metabolism, terminates tubulin polymerization, blocks calcium
channels, and limits oxygen consumption by the parasites

(Stadler et al. 1994; Leiro et al. 2004; Kedzierski et al. 2007; Lamas
et al. 2009). Furthermore, RSVwas reported to reduce the activity of
acetylcholinesterase (AChE), resulting in paralysis of the worms
with subsequent detachment and expulsion from the host (Giri and
Roy 2015). In addition, it exerts indirect harm to parasites through
the activation of macrophages with the subsequent release of TNF,
which promotes parasite killing (Chen et al. 2019).

Regarding zinc, it was a remarkable finding that the zinc-treated
group showed the highest reduction in parasite burden. To our
knowledge, previous studies investigating the direct effect of zinc on
trichinellosis are lacking. Effective immune responses, mainly
intestinal immunity, against gastrointestinal nematodes greatly
depend on zinc status and zinc nutrition (Hughes and Kelly,
2006). So, the parasiticidal effect obtained may be due to its role
as an ‘immune booster’, enhancing the body’s immunity by
decreasing oxidative stress markers and generating inflammatory
cytokines (Khanam 2018). This is in agreement with Khan et al.
(2015) and Dorostkar et al. (2017), who stated that the anti-
helminthic effect of zinc can be attributed to its ability to induce
oxidative/nitrosative stress with subsequent membrane damage,
observed as a damage to the parasite’s integument, erosion in the
superficial papillae, and rupture of superficial annulments. It has
been suggested that oxidative stress can result in structural damage
and destroy subcellular architecture, including mitochondria,
which in turn overwhelms the synthesis of ATP and ultimately
results in the paralysis of the worm (Wolstenholme et al. 2004). The
antiparasitic effect of zinc has previously been a point of concern for
many researchers. Exposure to ZnO or ZnONPs has been reported
to affect the parasite’s ultrastructure, causing sloughing, disruption,

Figure 5. Section in the skeletal muscle of (a) the non-infected control group showing the normal histological structure (H&E, ×100), (b) the infected control group with numerous
larvae within the muscle fibers enclosed by an intense inflammatory reaction (green arrows) (H&E, x100), (c) the RSV-treated group reveals decrease in number of encysted larvae
within the muscles andmoderate inflammatory reaction (H&E, 100×), (d) the zinc-treated group showsmarked reduction in number of deposited larvae with atrophic changes and
mild inflammatory infiltrates (H&E, 100×).

Table 7. The extent of the inflammation infiltrates within the skeletal muscle
of the studied groups

The extent of the inflammatory
infiltrates (score)

+1 +2 +3 P-value

Infected control (n=8) 0 1 7 –

RSV-treated group (n=8) 5 3 0 0.002

Zinc-treated group (n=8) 7 1 0 0.001

Chi-square test was used to compare the treated groups with the infected control group.
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and loss of cuticular spines, bursting and disruption in surface
annulations, disruption in the arrangement and erosion in male
pre- and postanal papillae (Morsy et al. 2019; Hassan et al. 2021b).
However, a possible explanation was attributed to the ability of NPs
to generate ROS and cause changes in macromolecules such as
proteins, nucleic acids, and lipids (Khashan et al. 2020). Oxidation

of proteins and peroxidation of lipids lead to damaging the hard-
ness of the cell membrane, changing fluid permeability and ion
transport and inhibiting metabolic processes (Akhtar et al. 2015).

In trichinellosis, the invasion of muscle tissue by T. spiralis
larvae coincides with an increase in cellular permeability, leakage
of fluid into the adjacent tissue, and an increase in serum aspartate

Figure 6. Immunohistochemical staining of Nrf2 in small intestine sections of (a) the non-infected control group with a scanty expression of Nrf2 within intestinal epithelial lining
(arrowheads), (b) the infected control group showing a mild increase of Nrf2 expression within intestinal epithelial lining (arrowheads) associated with parasitic intestinal invasion
(P), (c) the RSV-treated group showing a moderate increase of Nrf2 expression within intestinal epithelial lining (white arrowheads) and within the interstitial inflammatory cells
(black arrowhead) and parasitic invasion (P), (d) the zinc-treated group displaying a marked increase of Nrf2 expression of within intestinal epithelial lining (white arrowhead) and
within the interstitial inflammatory cells (black arrowhead), X200.

Figure 7. Immunohistochemical staining of Nrf2 in skeletal muscle of (a) the non-infected control group showing a low level of Nrf2 expression within the skeletal muscle fibers
(arrowhead) (b) the infected control showing a moderate increase of Nrf2 expression within the skeletal muscle fibers infected with Trichinella parasites (arrowhead), (c) the RSV-
treated group displaying an increase of Nrf2 expression within the skeletal muscle fibers (arrowhead), (d) the zinc-treated group showing a marked increase of Nrf2 expression
within the skeletal muscle fibers (arrowhead), X200.
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transaminase (AST), alanine transaminase (ALT), creatine phos-
phokinase (CPK), and lactate dehydrogenase (LDH) (Kociecka
2000).

AST is present inmost cells, but it is used as amarker to evaluate
hepatocellular and muscular injuries because it is highly active in
these tissues. However, ALT is almost exclusively associated with
hepatocellular injury, and its increased serum levels reflect the
severity of hepatocellular damage (Aulbach and Amuzie 2017).
Also, the abnormal increase in plasma CPK and LDH levels usually
reflects disruption of the function and permeability of the muscle
cell membrane and is used as an indicator of muscle damage
(Brancaccio et al. 2007).

In the present work, the levels of ALT and AST were signifi-
cantly elevated in the infected groups compared to the non-infected
control group. These findings agreed with Hassan et al. (2021a),
Basyoni and Elsabah (2013), and Swilam et al. (2022), who reported
elevation in serum ALT and AST in mice infected with T. spiralis
due to liver damage by migrating larvae.

Regarding the treated groups, our results showed a significant
decrease in ALT and AST serum levels. The effects of RSV and zinc
could be attributed to their ability to protect hepatocytes from
primary damage induced by oxidative stress. Likewise, several
studies have reported the hepatoprotective effect of RSV (Rubiolo
et al. 2008; Sahin et al. 2012; Jia et al. 2019). They suggested that
RSV protects hepatocytes from injury through Nrf2 activation and
suppression of toll-like receptor-2 (TLR2)-Myd88-NF-κB activa-
tion. Also, Hosui et al. (2018) reported that zinc supplementation
improved liver function and decreased AST and ALT levels in
patients with chronic liver disease. The precise mechanism by
which zinc exerts its effect on the liver is still unidentified; however,
we proposed that the improvement of liver injury is due to the role
of zinc in restoring SOD activity to the basal level and reducing ROS
levels (Hosui et al. 2018).

In this work, a significant decrease in CPK and LDH serum
levels was noticed in both treated groups compared to the infected
control group. Our results were consistent with those obtained by
Xiao (2015), Hsu et al. (2020), and Huang et al. (2021), who
revealed the protective effect of RSV against induced oxidative
muscle damage and lipid peroxidation and observed a reduction
in CPK and LDH levels, decreased muscle damage, and regener-
ation of muscle satellite cells after RSV supplementation. Also,
Malyar et al. (2020) reported a decrease in serum levels of CPK
and LDH in rats upon zinc supplementation. Zinc is known to be
important formaintaining cell membrane integrity. It binds to thiol
groups of biomolecules, protecting them from oxidation, reduces
the activities of oxidant-promoting enzymes, boosts the activities of
antioxidant enzymes, and prevents the generation of lipid perox-
idation products (Prasad 2009).

Given that tissue damage in T. spiralis infection is most likely
contributed to an oxidative stress state mediated by ROS and
produced by the parasite and the host defense reaction
(Gabrashanska et al. 2019), as well as membrane lipid peroxidation
(Mido et al. 2012), we investigated redox status parameters and

observed an increase in MDA level and a decrease in TAC in the
infected control group compared with the non-infected control
group. A similar increase in serum MDA level was verified by
Tolstoj et al. (2007), Ivanov et al. (2014), Gabrashanska et al.
(2019), and Hamed et al. (2022). The increased MDA concentra-
tion (a sign of lipid peroxidation extent) in T. spiralis infection is an
indicator of radical-induced damage in the host (Ivanov et al. 2014)
and may signify that the infected organism does not have enough
antioxidant enzymes to cope with the increased oxidative stress
(Xu et al. 2007). It is recognized that parasitic nematodes need
antioxidant enzymes to survive the ROS generated during cellular
metabolism (Dorostkar et al. 2017). Moreover, there was a pre-
dominance of antioxidant status in the targeted treatment groups,
as evidenced by a significant increase in serum TAC and a signifi-
cant decrease in MDA levels. The alterations in serum TAC and
MDA levels clearly show the development of an antioxidant imbal-
ance in the infected host. This finding was in accordance with
previous studies (Soliman et al. 2017; Chen et al. 2019; Turkmen
et al. 2019; Elgendy et al. 2020) that reported the antioxidant
efficiency of RSV and its ability to destroy the oxidant-antioxidant
homeostasis elaborated by the parasite, and Isabela et al. (2022),
who reported that RSV can directly activate Sirtuin 1 (SIRT-1),
which is an enzyme that performs histone deacetylase and is
responsible for increasing the number of antioxidant enzymes via
balancing the effects of ROS on Nrf2 (Maldonado et al. 2020).
Concerning the zinc-treated group, our finding was in line with
several studies (Ivanov et al. 2014; Pivoto et al. 2015; Jarosz et al.
2017; Marreiro et al. 2017; Váradyová et al. 2018) that confirmed
the potent antioxidant effect of zinc and suggested that it could
possibly be a natural antioxidant minimizing the oxidative stress in
nematode infection.

Inflammation is the primary response evolved by the host to
infection or injury. Although it helps to preserve tissue homeostasis,
limit further tissue damage, and stimulate repair mechanisms
(Munn 2017; Kunnumakkara et al. 2018), uncontrolled inflamma-
tion is well established to be deleterious and causes progressive
tissue damage (de Sá Coutinho et al. 2018). It was reported that
T. spiralis infection can alleviate inflammation by enhancing
nuclear factor (erythroid-derived 2)-like-2 factor (Nrf2) expression
(Chu et al. 2020). Nrf2 is a crucial regulatory transcription factor in
antioxidant response element-dependent genes (Wei et al. 2018).

In the current study, RSV and zinc reduced the severe inflam-
matory reaction provoked by T. spiralis infection, as demonstrated
by the improvement in histopathological alterations and increased
Nrf2 expression in the intestine and muscle tissues. Our results
agreedwith Chu et al. (2020) and Jin et al. (2021), who reported that
Nrf2 production was provoked by T. spiralis muscle larval excre-
tory/secretory (ES) products. These excretory-secretory
(ES) proteins trigger regulatory network components to decrease
host immune attacks as a survival strategy (Li et al. 2022). Likewise,
Ungvari et al. (2010) and Farkhondeh et al. (2020) reported that
resveratrol exerts its effect through upregulating Nrf2 expression.
In addition, Nrf2 is a known zinc finger protein (Prasad and Bao

Table 8. Nrf2 among the studied groups

Variables Group I Group II Group III Group IV P-value

intestine Mean ±SD 4.9 ± 1.5abc 13.98 ± 2.5de 24.1 ± 2.36f 38.7 ± 2.62 <0.001

skeletal muscle Mean ±SD 4.81 ± 1.15abc 9.02 ± 1.41de 19.4 ± 2.66f 29.1 ± 3.15 <0.001

There is a significant difference between the following groups: a, group I vs. II; b, group I vs. III; c, group I vs. IV; d, group II vs. III; e, group II vs. IV; f, group III vs. IV
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2019), and it has been proven to be upregulated by zinc (Jarosz et al.
2017). Our finding showed that the highest Nrf2 expression was
observed in the zinc-treated group; this was consistent with Zhao
et al. (2010), who reported a significant increase in oxidative
damage and reduced Nrf2 expression in zinc-deficient mice, and
Cortese et al. (2008), who stated that zinc can protect endothelial
cells fromhydrogen peroxide by promoting glutathione production
in a Nrf2-dependent manner.

Pointing to the immune response, it is recognized that T. spiralis
induces a complex Th1/Th2 immune response (Ding et al. 2017),
with upregulation of IFN-γ and IL-12 at the early stage of infection,
as well as IL-4, IL-10, and IL-13 through the muscle stage (Yu et al.
2013). Nevertheless, T. spiralis can suppress Th1 cells and direct the
immune response toward Th2 cells, or Tregs (Sofronic et al. 2015;
Wang et al. 2020), which are essential for the parasite and the host’s
survival (Everts et al. 2010).

Concerning the present work, serum cytokine assays revealed an
increase in Th1 (IL12) and Th2 (IL-10) cytokines levels in the
infected control group at days 7 and 35 dpi compared to the non-
infected control group, in harmony with the intestinal and muscu-
lar phases of infection, respectively. Similar findings were reported
by Aranzamendi et al. (2012), Kang et al. (2012), and Ding et al.
(2017).

Regarding the treated groups, a significantly higher level of
IL-12 and lower levels of IL-10 were noted when compared to the
infected control group. However, zinc seemed to be a more potent
stimulator of Th1 cytokines in both phases of infection than RSV, in
which Th1 stimulation was more evident during the muscle phase.
Since Th1 and Th2 lymphocytes perform different functions to
maintain a balanced immune response (Baltaci and Mogulkoc
2012; Koyasu and Moro 2011), our result denotes that both RSV
and zinc have restored this disrupted balance.

The immunomodulatory effects of RSV, both in vivo and
in vitro, had previously been emphasized. Resveratrol maintains a
balanced immunity through the regulation of immune cells and
pro-inflammatory cytokines, and the synthesis and expression of
immune cells genes (Isabela et al. 2022). Furthermore, RSV was
reported to inhibit nod-like receptor pyrin domain-containing
3 (NLRP-3) activation (Chang et al. 2014). Jin et al. (2020) reported
that IL-10 was significantly decreased in the absence of NLRP3,
suggesting that these molecules play an important role in host
defenses against T. spiralis by promoting the Th2 and Treg
responses. Also, our findings are consistent with several studies
that reported the crucial role of zinc in maintaining the balance
between different T-cell subsets and in driving the immune
response towards the Th1 type (Fraker et al. 2000; Foster and
Samman 2012; Haase and Rink 2014; Bonaventura et al. 2015).

It was reported that zinc deficiency disturbs cellular immunity
via decreased production of Th1 cytokines and decreased DNA-
binding activity of T-bet, which is a key transcription factor for Th1
cytokine gene expression (Bao et al. 2011). Additionally, zinc
supplementation enhances the release of IFN-ℽ, which is the main
Th1-stimulating factor (Schroder et al. 2004). Th1 cytokines such as
IL-12 and IFN- ℽ have a significant role in the immunity against
T. spiralis infection owing to their role in DC maturation
(Venturiello et al. 2007). In trichinellosis, during the enteral phase,
the host boosts a Th1 immune response mediated by signals from
DC and directed at eliminating the parasite (Munoz-Carrillo et al.
2017); however, Trichinella-derived molecules can down-regulate
the host immune response by interfering with dendritic cell
(DC) maturation and signaling (Bella et al. 2017). DC are believed
to be one of the main antigen-presenting cells in the intestine (Ding

et al. 2017), essential for eliminating infection, mediating tissue
healing against the invading nematode parasites, and maintaining
balanced Th1 and Th2 responses as well (Neubert et al. 2014;
Gazzinelli-Guimaraes and Nutman 2018; Sorobetea et al. 2018).

Conclusion

We concluded that RSV and zinc can exert a protective effect
against oxidant-mediated damage and the destructive impacts of
substances elaborated due to the host’s defense response during
T. spiralis infection. They also displayed nematocidal activity in
addition to their anti-inflammatory efficacy. Further studies are
needed before employing them as a possible natural alternative for
trichinellosis treatment.
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