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Summary

This study aimed to compare the effects of immunomodulatory treatment of rats with free and liposomal
levamisole. Liposomes were freshly prepared and administered intraperitoneally to animals after character-
ization studies. The study was divided into Experiment 1 and Experiment 2. Experiment 1 involved daily
administration at immunomodulating doses (2.5 mg/kg; IP) for three days, followed by a three-day break
and further daily administration at immunomodulating doses (2.5 mg/kg; IP) for three days. Experiment 2
involved weekly administration atimmunomodulating doses (2.5 mg/kg; IP) for four weeks. Imnmunomodulatory
parameters, IL-5, IL-10, TNF-0, and IL-1p, were compared between free levamisole and liposomal levamisole
formulations. No difference in TNF-o was found between the groups in Experiment 1 and Experiment 2. In
Experiment 1, the free levamisole group showed higher values of IL-1p than did lipesomal and control groups.
IL-1P values in Experiment 2 were higher in the control group than in the free levamisole group. IL-5 values in
Experiment 2 were higher in the control group than in the free levamisole group. In Experiment 1, IL-10 values
were higher in the liposomal levamisole group and in the control group than they were in the free levamisole
group. Thus it was determined that free and liposomal forms of levamisole, which have been found to have
immunomodulatory effects in different animal species in many studies, also showed such effects in rats. It was
concluded that studies on other animal species and other doses are needed to obtain more detailed information

about the immunomodulatory effects of free and liposomal levamisole.
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The immune system is the body’s defensive mecha-
nism. It uses both innate and adaptive immunity to
recognize and eliminate harmful parasites, viruses,
and bacteria in the body (21). Innate immunity, which
is the primary defense against pathogens, relies on
phagocytes, such as macrophages and dendritic cells
(1). Adaptive immunity, involving humoral and cell-
mediated immunity, is the body’s second line of defense
and is highly selective to potentially hazardous external
antigens (28). The spleen, the center of humoral and
cellular immunity, is packed with lymphocytes and
macrophages, while the thymus secretes hormones
that encourage the development and differentiation
of T cells (23). Immunomodulatory drugs including
cyclosporine, levamisole (LVM), and imiquimod

were previously used to regulate the immune system.
Furthermore, taking natural nutritional supplements
may also help to promote immunological function (9).

Liposomes are nanoparticles that were first described
in the 1960s. They typically consist of lipids and fatty
acids arranged in a spherical bilayer membrane that
encloses an aqueous compartment (5, 25). Liposomes
provide a convenient platform for the encapsulation
of hydrophilic and hydrophobic molecules of differ-
ent sizes, including tiny compounds, big proteins,
and nucleic acids (11, 15, 22). Drug molecules can
be shielded from degradation by incorporation into
liposomes, which may also result in regulated release
and targeted delivery. The dosage can thus be changed
to reduce potential toxicity while preserving the thera-
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peutic concentration at the site of action. In addition,
liposomes can overcome physiological barriers and
lengthen the circulation time of the inserted molecules,
both of which can enhance their pharmacokinetic prop-
erties (3, 39). Encapsulation in liposomes reduces the
side and toxic effects of drugs. It even allows two drug
formulations that are incompatible with each other to
be used together (27).

LVM is a broad-spectrum anthelmintic that is used
in humans and animals to treat pulmonary and gastro-
intestinal nematode infections (41). Its anthelmintic
action consists in paralyzing susceptible parasites by
stimulating their sympathetic and parasympathetic
ganglia (51). LVM also enhances the immune systems
of both humans and animals (48). There are conflict-
ing opinions regarding LVM’s effectiveness as an
immunomodulator (43). It has been demonstrated that
LVM has immunostimulant effects on non-specific
immune responses in fish and shellfish. Additionally,
it has been noted that LVM raised the white blood cell
count and enhanced the survival rate of Persian stur-
geon (Acipenser persicus) fry. It was demonstrated that
feeding them LVM for 15 days affected stress reactions.
LVM also lowered cortisol levels in pacus (Piaractus
mesopotamicus) under stress and promoted defenses
against Aeromonas hydrophila bacterial infection in
(17, 18, 37, 40).

The mechanism of action for the immunomodula-
tory effects of Levamisole are not well understood.
It is believed that it restores cell-mediated immune
function in peripheral T-lymphocytes and stimulates
phagocytosis by monocytes. Its immune stimulating
effects appear to be more pronounced in animals that
are immune-compromised (38).

Levamisole helps to normalize the CD4/CDS ratio
in autoimmune disorders and enhances cellular im-
munity. It also enhances the synthesis of interleukin 1
by macrophages and the synthesis of interferons by
lymphocytes, as well as the proliferative response of
lymphocytes. The dentritic cell (DC) will begin to
mature upon exposure to extracellular stimuli. The pri-
mary function of DCs, or antigen-presenting cells, is to
collect, prepare, and deliver these antigens to unprimed
T cells. Levamisole promotes DC maturation, which
raises the expression of costimulatory molecules, such
as CD80, CD83, and CD86, as well as major histocom-
patibility complex (MHC) molecules. T cell activation
occurs via antigen and MHC complexes. Activated
T cells release interferon gamma and thus strengthen
immunity (27, 43).

Levamisole has little effect on B lymphocytes. It
stimulates T lymphocytes more. It has been reported
by researchers that levamisole directs the immune bal-
ance to type 1 response by initiating Th1 activation and
upregulation of ILS and TNF-a (30). Debrabander et al.
(13) identified various cytokines that could be used
as monitoring parameters for the potential immuno-
modulatory mechanism of action of levamisole. These
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are TNF-a, IL-1B, IL-2 or IL-6. Another important
cytokine that regulates the immune system response
is interleukin IL-10 (36). One of the pro-inflammatory
cytokines of the immune system’s initial response is
interleukin-1f. Interleukin (IL-1f) and tumor necrosis
factor (TNF-a) are implicated in apoptosis, inflam-
mation, and cell division. Through a counteracting
network, cytokines, such as transforming growth
factor B (TGF-B) and interleukin-10 (IL-10), control
the activity of TNF-a and IL-18 (42, 53).

This study aimed to compare the effects of immuno-
modulatory treatment of rats with free and liposomal
levamisole. Since IL-5, IL-10, TNF-a, and IL-1 values
had previously been analyzed for immunomodulatory
effects, they were analyzed for the immunomodulatory
effect of levamisole in our study.

Material and methods

Materials. The chemicals used in this study, lecithin
(L-a-Lecithin, Soybean), chloroform, and methanol, were
purchased from Sigma-Aldrich. Cholesterol was obtained
from Acros Organics (Belgium).

The devices used in the study included a rotary evaporator
(Isolab), centrifuge (Isolab), zeta-sizer (Malvern Zetasizer
Nano-ZS ZEN3600), refrigerator (Arcelik 270530EB),
ultrasonic bath (MEDISSON), vortex (IKA® MS 3),
UV-VIS spectrophotometer (Shimadzu UV-1900i), preci-
sion scales (Denver Instrument), scanning electron micro-
scope (JEOL Neoscope JCM-5000), and a gold-plating
device (Quorum).

Preparation and characterization studies of liposo-
mal LVM. Liposomal LVM was prepared by the method
of Susar et al. (47), which is a modification of a method
used by Bangham et al. (6). For this purpose, lecithin,
LVM and cholesterol were weighed in a ratio of 3:1:1.
The substances were dissolved in chloroform and metha-
nol solvents in a 1:1 ratio. The lipid film was obtained by
rotation with a rotary evaporator at 250 rpm for 30 min. To
ensure complete volatilization of solvents from the lipid
film, it was kept open at 4°C overnight. To remove the
lipid film, 10 ml of distilled water was cycled in a rotary
evaporator for 10 min. It was kept in an ultrasonic bath
for 5 min to reduce the particle size. The liposomal LVM
was centrifuged at 27,000 g for 1 h at 4°C to remove free
LVM. The liposomal LVM obtained was stored at 4°C for
administration to animals.

The particle size, polydispersity index, zeta potential, and
encapsulation efficiency of the liposomes were determined
by methods described by Coban et al. (12).

The encapsulation efficiency of liposomal LVM was cal-
culated by an indirect method. After liposome formation,
the dispersion was centrifuged for one hour at 27,000 g.
The amount of supernatant was used to calculate the encap-
sulation efficiency (EE%) by an indirect method. Every
measurement was made three times. The procedure was set
up at a wavelength of 213 nm. For particle size and poly-
dispersity index measurement, 120 pl of the sample and
1880 pl of distilled water were taken. Three measurements
were made at 25 £+ 0.1°C and averaged. For zeta potential,
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Fig. 1. Liposome preparation steps: 1 — dissolving substances, 2 — lipid film production in a rotary evaporator, 3 — lipid film
obtained, 4 — lipid film retrieval, 5 - LVM

1 ml of the sample and 1 ml of distilled water were used at
the same temperature.

Liposome formulation structures were evaluated by
scanning electron microscopy (SEM) (JEOL Neoscope
JCM-5000). The samples were gold-plated for 5 minutes
and then images were taken. Liposomal LVM samples
were examined at a voltage range of 10-15 kV and suitable
images were recorded.

Experimental design. A total of 32 male Wistar albino
rats (weighing 250-350 g, 6-7 weeks old) were obtained
from the Balikesir University Experimental Animal Pro-
duction, Care, Application, and Research Center. The
animals were divided into six groups. The study was con-
ducted as Experiment 1 and Experiment 2. Experiment 1
involved daily administration at immunomodulating doses
(2.5 mg/kg; IP) for three days, followed by a three-day
break and daily administration at immunomodulating doses
(2.5 mg/kg; IP) for another three days. Experiment 2
involved weekly administration at immunomodulating
doses (2.5 mg/kg; IP) for four weeks.

Experiment 1

The rats were divided into three groups: a control group,
a free LVM group, and a liposomal LVM group. The pro-
cedure was as follows:

Group A: physiological saline was administered daily at
immunomodulating doses (2.5 ml/kg; IP) for three days and
then for another three days after a three-day break (n = 4);

Group B: free LVM hydrochloride was administered
daily at immunomodulating doses (2.5 mg/kg; IP) for three
days and then for another three days after a three-day break
(n=4); (n=06);

Group C: liposomal LVM hydrochloride was adminis-
tered daily at immunomodulating doses (2.5 mg/kg; IP) for

three days and then for another three days after a three-day
break (n =4); (n = 6);

Experiment 2

The rats were divided into three groups: a control group,
a free LVM group, and a liposomal LVM group. The pro-
cedure was as follows:

Group D: physiological saline was administered weekly
at immunomodulating doses (2.5 ml/kg; IP) for four weeks
(n=4);

Group E: free LVM hydrochloride was administered
weekly at immunomodulating doses (2.5 mg/kg; IP) for
four weeks (n = 6);

Group F: liposomal LVM hydrochloride was adminis-
tered weekly at immunomodulating doses (2.5 mg/kg; IP)
for four weeks (n = 6).

The rats were kept under conventional laboratory condi-
tions (12 hours light/12 hours dark, 22°C, 40-60% relative
humidity, ad libitum feeding and watering) for the duration
of the experiment. This study was carried out with the per-
mission of the Animal Experiments Local Ethics Committee
of Balikesir University (BAUN-HADYEK) (permission no.
2023/2-4 of March 30, 2023). The study was financed and
supported as a project by the Balikesir University Scientific
Research Coordinatorship (BAP Project No: 2022/124).

Sample collection. Blood samples were collected 24
hours after the last drug administration. The rats were eutha-
nized by cervical dislocation without anesthesia. The blood
samples were centrifuged at 3500 x g for 15 minutes to sepa-
rate the serums and stored at —80°C until further analysis.

Biochemical analysis. The levels of TNF-a (Bioas-
say Technology Laboratory, BT Lab, E0764Ra, Zhejiang,
China), IL-1 B (Bioassay Technology Laboratory, BT Lab,
EO0119Ra, Zhejiang, China), IL5 (Bioassay Technology
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Laboratory, BT Lab, E0134Ra, Zhejiang, China), and IL10
(Bioassay Technology Laboratory, BT Lab, E0108Ra, Zhe-
jiang, China) were measured using commercially available
ELISA kits according to the manufacturer’s protocol and
an ELISA reader (SPECTROstar Nano, BMG LABTECH
GmbH, Ortenberg, Germany).

Statistical evaluation. Statistical analysis of the data
was performed with the SPSS 26 (IBM SPSS Statistics
for Windows, Version 22.0. Armonk, NY: IBM Corp.) and
GraphPad Prism (Prism 9 for Windows, version 9). The
statistical significance level of differences between groups
was accepted as p = 0.05.

Results and discussion

The average liposomal size was 1536 nm, with an
LVM encapsulation efficiency of 91.31%, a polydis-
persity index of 0.97, and a zeta potential of —0.173.
Encapsulation efficiency is a crucial metric that in-
dicates how well nanocarriers can shield the loaded
actives (16). The zeta-potential, a surface charge
characteristic of liposomes, is an essential parameter
for determining the stability, in vivo efficacy, and bio-
logical destiny of colloidal systems. Dynamic Light
Scattering (DLS) is frequently used to estimate the
zeta potential because the charge on the surface of
liposomes controls their movement, which in turn af-
fects the intensity of the scattered light. A charge of
more than +30 mV or less than —30 mV
indicates good stability against fusion and
the absence of an aggregating tendency in
particles (46). PDI, a measure of the size
homogeneity of dispersed particles, nor-
mally has a range of 0 to 1 (32). The data
obtained in our study are consistent with.
Encapsulation efficiency was high, and
polydispersity index and zeta potential re-
sults were similar to those in the literature.

No local or systemic adverse effects
were observed in the rats after intraperito-
neal administration of free and liposomal
LVM at a dose of 2.5 mg/kg. The groups
in Experiment 1 were compared with

- .
Fig. 2. Liposomal LVM under scanning electron microscopy
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groups in IL-5 (p < 0.014). Groups D and E showed
a significant difference (p < 0.010). There was no sig-
nificant difference between groups E and F (p> 0.310).
A statistically significant difference in IL-1 B was
determined between the groups (p < 0.032). Groups D
and E showed a significant difference (p < 0.011), but
there was no significant difference between Groups E
and F (p > 0.584). In the experimental design, which
was carried out as Experiments 1 and 2, no difference
was found in terms of TNF-a and IL-5 when the two
application methods were compared with each other.
Statistically significant differences were observed in
IL-1 B and IL-10. In terms of IL-10, Group B showed
better results than Group D (p < 0.0001), Group E
(p < 0.0003), or Group F (p < 0.0001). In terms of
IL-1 B, Group B showed better results than Group D
(p < 0.0057), Group E (p < 0.0001), or Group F
(p <0.0001).

Liposomal LVM under SEM is shown in Figure 2.
TNF-o and IL-1 B levels of the rat groups are shown in
Figure 3, whereas IL-5 and IL-10 levels are presented
in Figure 4.

Cytokines are signaling molecules in protein or
glycoprotein structures that are produced and secreted
by more than one cell, especially immune system
cells. They are involved in the development and dif-
ferentiation of T, B, and hematopoietic cells, and,

=

each other. No significant statistical dif-
ference was found between the groups in
TNF-a (p > 0.682) and IL-5 (p > 0.563).
Statistically significant differences in
IL-10 were found between Groups B and C
(p < 0.002) and between Groups A and C
(p < 0.003). Groups B and C (p < 0.006)
were found to differ. Statistically significant
differences in IL-1 B were found between
Groups B and C (p < 0.001) and between
Groups A and C (p < 0.008). It was found
that Groups A and B (p < 0.001) showed
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The groups in Experiment 2 were com-
pared with each other. A statistically signifi-
cant difference was determined between the

Fig. 3. TNF-a and IL-1 B levels of rat groups

Explanations: oo — Group C compared to Group B; f — Group C compared to
Group A; y—Group D compared to Group B; & — Group E compared to Group B;
€ — Group F compared to Group B
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munomodulating doses (2.5 mg/kg; IP) for
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three days and then for another three days
after a three-day break or in the groups
which received them weekly at immuno-
modulating doses (2.5 mg/kg; IP) for four
weeks. This fact suggests that, although free
and liposomal formulations of LVM do not
have immunomodulatory effects, they do
not have harmful effects either.

It has long been known that IL-1f,
a member of the interleukin (IL)-1 fam-
ily, is a strong inflammatory mediator. In

E F

Fig. 4. IL-5 and IL-10 levels of rat groups

Explanations: y — Group E compared to Group D; a — Group C compared to
Group B; B — Group B compared to Group A; 6 — Group D compared to Group B;
€ — Group E compared to Group B; 1 — Group F compared to Group B

accordingly, provide intercellular communication by
creating hormone-like effects at every stage of the im-
mune response. They also regulate biological activities,
such as inflammation, the proliferation, development
and activation of cells, and morphogenesis (44). The
cytokine function depends on several variables, such
as the tissue levels of cytokines, activation signal,
exposure time and duration, target cell characteristics,
and the experimental model under investigation (8).
Although research suggests that IL-10 can also be pro-
inflammatory in some situations, it is generally consid-
ered to be an anti-inflammatory cytokine (26, 29, 31).
Research on mice has demonstrated that a lack of IL-
10 causes inflammation (20, 33, 52). It functions as an
anti-inflammatory and guards against illness and tissue
damage by reducing or eliminating the unwarranted
or excessive reaction of the innate immune system to
microbial antigens. IL-10 often reduces the produc-
tion of pro-inflammatory cytokines by targeting them
(36). In our study, liposomal LVM produced higher
IL 10 levels than free LVM in the groups which were
administered the drugs at immunomodulating doses
(2.5 mg/kg; IP) for three days and then for another
three days after a three-day break. The IL 10 level in
the control group was found to be higher than in the
group that was administered free LVM.

TNF-a is a cytokine that exhibits pleiotropic effects
on different types of cells. It is known to play a role in
the etiology of some inflammatory and autoimmune
disorders and has been identified as a key regulator
of inflammatory responses (7). TNF-a plays a criti-
cal role in the physiological process of an aberrant
immune response. While TNF-a can help control the
immune system, producing too much or too little of it
can be dangerous and may even cause disease. Though
its exact function in illnesses is unknown, TNF-a is
widely known to accelerate the course of disease when
it activates and accumulates fibroblasts, leading to joint
erosion, fibrosis, and stricture formation (19). In our
study, there was no change in TNF-a levels either in
the groups which were administered the drugs at im-

autoinflammatory illnesses, IL-1f is a cru-
cial cytokine that mediates inflammation.
The primary role of IL-1p is to promote
leukocyte activation, which causes fever
and high concentrations of acute-phase
proteins, which in their turn set off systemic inflam-
matory reactions. An intracellular sensor initiates
IL-1B activation by triggering the inflammasome,
which then uses caspase-1 to cleave pro-IL-1p into
its active form (14, 45). Akpiar et al. (2) looked at
the effects of ozone on local and systemic IL-1f3 and
IL-10 levels in an experimental periodontitis model in
rats. They revealed that ozone reduced alveolar bone
resorption in rat periodontitis models. In our study,
free LVM produced higher IL-1f levels than liposomal
LVM in the groups which were administered these
drugs at immunomodulating doses (2.5 mg/kg; IP)
for three days and then for another three days after
a three-day break.

IL-5 has multiple target cells, including basophils,
eosinophils, and B cells. However, recombinant IL-5
exhibits pleiotropic effects on these cells in addition
to supporting the proliferation and terminal differen-
tiation of mouse B cells into antibody-secreting cells
in vitro. Hematopoietic and non-hematopoietic cells,
such as T cells, granulocytes, and natural helper cells,
produce IL-5. Receptors made up of a common and
IL-5-specific O-subunit allow IL-5 to drive prolif-
eration and differentiation (49). Mohamed et al. (30)
investigated the modulatory effects of levamisole and
garlic oil on the immune response of Wistar rats. They
found upregulation of IL-5 immune response. Nag
et al. (34) investigated the effects of IL-5 on airway
physiology and inflammation in rats. They found that
IL-5 increased lung resistance 20 hours after antigen
challenge. Wei et al. (50) investigated the effect of IL-5
on immune response and lung injury in rats with sepsis.
They concluded that IL-5 can alleviate lung damage
by regulating the immune response and inhibiting the
systemic inflammatory response caused by sepsis. The
data on IL-5 obtained in our study are compatible with
the results of other studies.

Mohamed et al. (30) concluded that in rats given
2.5 mg/kg LVM every two days for four weeks the
drug initiated Th1 activation and directed the immune
balance to type 1 response through upregulation of IL2,



276

IL4, ILS, IFN, and TNFa. Nageshwari and Merugu
(35) showed that LVM inhibited CD138 expression
and affected IL6 levels in a dose-dependent manner.
In a study on the effects of LVM on immunity and
cancer treatment, Chen et al. (10) observed that LVM
treatment increased the activation of T cells against
Type 1 T helper immune response by stimulating INF-y
secretion. Kimball et al. (24) found that a single oral
dose of LVM given to mice one to four days before
macrophage detection caused a two-fold increase in
IL1 production of macrophages, as well as a decrease
in IL6 and TNF production of the same macrophages.
They concluded that LVM affects cytokine produc-
tion. Baca-Estrada et al. (4) conducted a study on the
effect of IL-4 and IL-12 on liposomes. The researchers
found that modification of the immune response can
be achieved with much lower doses of IL-4 and IL-12
than previously thought and that such a therapeutic
regime can preclude many of the complications that
can result from repeated injections of high doses of
cytokines. The immunomodulatory parameters evalu-
ated in various other studies are both similar to and
different from those in our study. Since many cytokines
are used in the evaluation of immune response, it was
thought that there might be parameter differences.
Although the results of our study are different from
those obtained by Mohamed et al. (30) in terms of
TNF-o0, they are similar in terms of IL-5. Although our
results are different from those reported by Kimball
et al. (24) in terms of TNF-a, they are similar in terms
of IL-1B. It is thought that the cause of these dif-
ferences may be the different frequency of the drug
administration.

In summary, we successfully prepared liposomes
consisting of LVM and investigated the microscopic
morphology, encapsulation efficiency, polydispersity
index, zeta potential, and pH of the liposomes. LVM is
rapidly absorbed and shows its effect on the body. It is
rapidly excreted from the body. Therefore, it should be
transported through nanocarriers to prolong the dura-
tion of the drug’s effect. Our study demonstrated that
free and liposomal formulations of LVM have an im-
munomodulatory effect. Levamisole is a water-soluble
drug. When liposomes are prepared, phospholipids
used in the formulation increase the oil/water distribu-
tion coefficient of the drugs. This makes the drug more
effective. While bioavailability increases, toxic effects
decrease. The encapsulation of levamisole in liposomes
is aimed at maximizing its efficacy without harming the
body. Our study shows that levamisole may have im-
munomodulatory effect on healthy animals. However,
in order to better understand the effects of liposomal
levamisole, studies should be carried out on different
animal species and different routes of administration
and doses.

This study sheds light on the research to be carried
out in this context.

Med. Weter. 2024, 80 (6), 271-277

References

1. Akira S., Uematsu S., Takeuchi O.: Pathogen recognition and innate immunity.
Cell 2006, 124 (4), 783-801, doi: 10.1016/j.cell.2006.02.015.

2. Akpwnar A., Calisir M., Poyraz 0., Goze F, Dogan D. O., Bostanci V.: The
effects of ozone on the local and systemic interleukin 13 (IL-1f) and IL-10
levels experimental periodontitis model in rats. CMJ. 2017, 39 (3), 608-619,
doi: 10.7197/223.v39i31705.347461.

3. Antimisiaris S. G., Marazioti A., Kannavou M., Natsaridis E., Gkartziou F,
Kogkos G., Mourtas S.: Overcoming barriers by local drug delivery
with liposomes. Adv. Drug Deliv. Rev. 2021, 174, 53-86, doi: 10.1016/
j-addr.2021.01.019.

4. Baca-Estrada M. E., Foldvari M., Snider M., Van Drunen Littel-van den
Hurk S., Babiuk L. A.: Effect of IL-4 and IL-12 liposomal formulations on the
induction of immune response to bovine herpesvirus type-1 glycoprotein D.
Vaccine 1997, 15 (16), 1753-1760, doi: 10.1016/s0264-410x(97)00111-4.

5. Bangham A. D.: Surrogate cells or Trojan horses. The discovery of liposomes.
BioEssays 1995, 17 (12), 1081-1088, doi: 10.1002/bies.950171213.

6. Bangham A. D., Standish M. M., Watkins J. C.: Diffusion of univalent ions
across the lamellae of swollen phospholipids. J. Mol. Biol. 1965, 13 (1),
238-252, doi: 10. 1016/s0022-2836(65)80093-6.

7. Bradley J. R.: TNF-mediated inflammatory disease. J. Pathol. 2008, 214 (2),
149-160, doi: 10.1002/path.2287.

8. Cavaillon J. M.: Pro- versus anti-inflammatory cytokines: myth or reality. Cell
Mol. Biol. (Noisy-le-grand) 2001, 47 (4), 695-702.

9. Chalamaiah M., Hemalatha R., Jyothirmayi T., Diwan P. V., Kumar P. U.,
Nimgulkar C., Kumar B. D.: Immunomodulatory effects of protein hydrolysates
from rohu (Labeo rohita) egg (roe) in BALB/c mice. Food. Res. Int. 2014, 62,
1054-1061, doi: 10.1016/J. FOODRES.2014.05.050.

10.Chen L. Y., Lin Y. L., Chiang B. L.: Levamisole enhances immune response by
affecting the activation and maturation of human monocyte-derived dendritic
cells. Clin. Exp. Immunol. 2008, 151 (1), 174-181, doi: 10.1111/j.1365-2249.
2007.03541 x.

11. Chen Y., Zhang Y., Wang B., Fan Q., Yang Q., Xu J., Dai H., Xu F., Wang C.:
Blood clot scaffold loaded with liposome vaccine and siRNAs targeting
PD-L1 and TIM-3 for effective DC activation and cancer immunotherapy.
ACS. Nano. 2023, 17 (1), 760-774, doi: 10.1021/acsnano.2¢10797.

12. Coban O., Yildirim S., Bakir T.: Alpha lipoic acid and cyanocobalamin co-
loaded nanoemulsions: development, characterization, and evaluation of stabil-
ity. J. Pharm. Innov. 2022, 17 (2), 510-520, doi: 10.1007/s12247020095314.

13. Debrabander M., Roels V., Vogels O., Demoen B., Deridder R., Jagers E.,
Buaisier A., Doolaege R., Decoster R., Aerts F., Vandebroek J., Decree J.,
Verhaegen H., Dewaele M., Distelmans W., Vanbelle S., Storme G.: The
effects of short-term treatment with levamisole on cytokines in volunteers and
cancer-patients. Int. J. Oncol. 1992, 1 (3), 337-340, doi: 10.3892/ijo.1.3.337.

14. Dinarello C. A.: Overview of the IL-1 family in innate inflammation and ac-
quired immunity. Immunol. Rev. 2018, 281 (1), 8-27, doi: 10.1111/imr.12621.

15. Drost M., Diamanti E., Fuhrmann K., Goes A., Shams A., Haupenthal J.,
Koch M., Hirsch A. K. H., Fuhrmann G.: Bacteriomimetic liposomes improve
antibiotic activity of a novel energy-coupling factor transporter inhibitor.
Pharmaceutics 2021, 14 (1), 4, doi: 10.3390/pharmaceutics14010004.

16. Ducat E., Brion M., Lecomte F., Evrard B., Piel G.: The experimental design
as practical approach to develop and optimize a formulation of peptide-loaded
liposomes. AAPS PharmSciTech. 2010, 11 (2), 966-975, doi: 10.1208/s12249-
010-9463-3.

17. Findlay V., Munday B.: The immunomodulatory effects of levamisole on the
nonspecific immune system of Atlantic salmon, Salmo salar L. J. Fish Dis.
2000, 23, 369-378, doi: 10.1046/j.1365-2761.2000.00231 .x.

18. Gopalakannan A., Arul V.: Immunomodulatory effects of dietary intake of
chitin, chitosan and levamisole on the immune system of Cyprinus carpio
and control of Aeromonas hydrophila infection in ponds. Aquac. 2006, 255,
179-187, doi: 10.1016/j. aquaculture.2006.01.012.

19.Jang D. I., Lee A. H., Shin H. Y., Song H. R., Park J. H., Kang T. B., Lee S. R.,
Yang S. H.: The role of tumor necrosis factor alpha (TNF-o) in autoimmune
disease and current TNF-a 1nhibitors in therapeutics. Int. J. Mol. Sci. 2021,
22 (5), 2719, doi: 10.3390/ijms22052719.

20.Jiang P. J., Zhao A. M., Bao S. M., Xiao S. J., Xiong M.: Expression of
chemokine receptors CCR3, CCR5 and CXCR3 on CD4(+) T cells in CBA/
JxDBA/2 mouse model, selectively induced by IL-4 and IL-10, regulates the
embryo resorption rate. Chin. Med. J. 2009, 122 (16), 1917-1921.

21.Kang H. K., Lee H. H., Seo C. H., Park Y.: Antimicrobial and immunomodula-
tory properties and applications of marine-derived proteins and peptides. Mar.
Drugs. 2019, 17 (6), 350, doi: 10.3390/md17060350.



Med. Weter. 2024, 80 (6), 271-277

22.Kim M., Lee J. S., Kim W., Lee J. H., Jun B. H., Kim K. S., Kim, D. E.: Aptamer-
conjugated nano-liposome for immunogenic chemotherapy with reversal of
immunosuppression. J. Control. Release. 2022, 348, 893-910, doi: 10.1016/
jjeonrel.2022.06.039.

23.Kim S., Shah S. B., Graney P. L., Singh A.: Multiscale engineering of immune
cells and lymphoid organs. Nat. Rev. Mater. 2019, 4 (6), 355-378, doi: 10.1038/
s41578-019-0100-9.

24.Kimball E. S., Schneider C. R., Fisher M. C., Clark M. C.: Levamisole causes
differential cytokine expression by elicited mouse peritoneal macrophages.
J. Leukoc. Biol. 1992, 52 (3), 349-356, doi: 10.1002/j1b.52.3.349.

25.Large D. E., Abdelmessih R. G., Fink E. A., Auguste D. T.: Liposome
composition in drug delivery design, synthesis, characterization, and
clinical application. Adv. Drug Deliv. Rev. 2021, 176, 113851, doi: 10.1016/
j-addr.2021.113851.

26.Lee C. G., Homer R. J., Cohn L., Link H., Jung S., Craft J. E., Graham B. S.,
Johnson T. R., Elias J. A.: Transgenic overexpression of interleukin (IL)-10 in
the lung causes mucus metaplasia, tissue inflammation, and airway remodel-
ing via IL-13-dependent and -independent pathways. J. Biol. Chem. 2002,
277 (38), 35466-35474, doi: 10.1074/jbc.M206395200.

27.Liu P, Chen G., Zhang J.: A review of liposomes as a drug delivery system:
current status of approved products, regulatory environments, and future
perspectives. Molecules 2022, 27 (4), 1372, doi: 10.3390/molecules27041372.

28. Manoury B., De Berardinis P.: Editorial: Targeted antigen delivery: bridging
innate and adaptive immunity. Front. Immunol. 2019, 10, 368, doi: 10.3389/
fimmu. 2019.00368.

29. Mocellin S., Panelli M. C., Wang E., Nagorsen D., Marincola F. M.: The dual
role of IL-10. Trends Immunol. 2003, 24 (1), 36-43, doi: 10.1016/s1471-
4906(02)00009-1.

30. Mohamed E. H., Baiomy A. A., Ibrahim Z. S., Soliman M. M.: Modulatory
effects of levamisole and garlic oil on the immune response of Wistar rats:
Biochemical, immunohistochemical, molecular and immunological study.
Mol. Med. Rep. 2016, 14 (3), 2755-2763, doi: 10.3892/mmr.2016.5551.

31. Moore K. W., De Waal Malefyt R., Coffiman R. L., O’Garra A.: Interleukin-10
and the interleukin-10 receptor. Annu. Rev. Immunol. 2001, 19, 683-765, doi:
10.1146/annurev.immunol.19.1.683.

32. Mosquera M., Giménez B., Da Silva I. M., Boelter J. F.,, Montero P., Gémez-
Guillén M. C., Brandelli A.: Nanoencapsulation of an active peptidic frac-
tion from sea bream scales collagen. Food Chem. 2014, 156, 144-150, doi:
10.1016/j.foodchem.2014.02.011.

33. Murphy S. P, Fast L. D., Hanna N. N., Sharma S.: Uterine NK cells mediate
inflammation-induced fetal demise in IL-10-null mice. J. Immunol. 2005, 175
(6), 4084-4090, doi: 10.4049/jimmunol.175.6.4084.

34.Nag S. S., Xu L. J., Hamid Q., Renzi P. M.: The effects of IL-5 on airway
physiology and inflammation in rats. JACL 2003, 111 (3), 558-566, doi:
10.1067/mai.2003.131.

35. Nageshwari B., Merugu R.: Effect of levamisole on expression of CD138 and
interleukin-6 in human multiple myeloma cell lines. Indian J. Cancer. 2017,
54 (3), 566-571, doi: 10.4103/ijc.1JC_349 17.

36. Ouyang W., Rutz S., Crellin N. K., Valdez P. A., Hymowitz S. G.: Regulation
and functions of the IL-10 family of cytokines in inflammation and disease.
Annu. Rev. Immunol. 2011, 29, 71-109, doi: 10.1146/annurev-immunol-
031210-101312.

37. Pahor-Filho E., Castillo A. S. C., Pereira N. L., Pilarski F., Urbinati E. C.:
Levamisole enhances the innate immune response and prevents increased
cortisol levels in stressed pacu (Piaractus mesopotamicus). Fish Shellfish
Immunol. 2017, 65, 96-102, doi: 10. 1016/j.s1.2017.04.003.

38. Plumb D. C.: Plumb’s Veterinary Drug Handbook. Seventh Edition. Wiley
Blackwell 2011.

39. Regenold M., Kaneko K., Wang X., Peng H. B., Evans J. C., Bannigan P,
Allen C.: Triggered release from thermosensitive liposomes improves tumor
targeting of vinorelbine. J. Control. Release. 2023, 354, 19-33, doi: 10.1016/
j.jeonrel.2022.12.010.

40. Safi S., Roodsari H. V., Ahmadi M. R.: The effect of levamisole hydrochloride
on survival of Persian sturgeon (Acipenser persicus) fry. J. Appl. Ichthyol.
2006, 22 (s1), 226-230, doi: 10.1111/j.1439-0426.2007.00956.x.

41. Sajid M. S., Igbal Z., Muhammad G., Igbal M. U.: Inmunomodulatory effect
of various anti-parasitics: a review. Parasitol. 2006, 132 (3), 301-313, doi:
10.1017/S00311 82005009108.

42.Secombes C. J., Wang T., Bird S.: The interleukins of fish. DCI. 2011, 35 (12),
1336-1345, doi: 10.1016/j.dci.2011.05.001.

43.Sharma S., Ali F. M., Saraf K., Mudhol A.: Anti-helminthic drugs in recurrent
apthous stomatitis: A short review. J. Pharm. Bioallied Sci. 2014, 6 (2), 65-68,
doi: 10. 4103/0975-7406.129169.

211

44.Silva R. C. M. C., Travassos L. H., Dutra F. F.: The dichotomic role of single
cytokines: Fine-tuning immune responses. Cytokine 2024, 173, 156408, doi:
10.1016/j.cyto. 2023.156408.

45. Skendros P, Chrysanthopoulou A., Rousset F., Kambas K., Arampatzioglou A.,
Mitsios A., Bocly V., Konstantinidis T., Pellet P, Angelidou 1., Apostolidou E.,
Ritis D., Tsironidou V., Galtsidis S., Papagoras C., Stakos D., Kouklakis G.,
Dalla V., Koffa M., Mitroulis L., Ritis K.: Regulated in development and DNA
damage responses 1 (REDDI) links stress with IL-1B-mediated familial
Mediterranean fever attack through autophagy-driven neutrophil extracellular
traps. JACI. 2017, 140 (5), 1378-1387.e13, doi: 10.1016/j.jaci.2017.02.021.

46. Smith M. C., Crist R. M., Clogston J. D., McNeil S. E.: Zeta potential: a case
study of cationic, anionic, and neutral liposomes. Anal. Bioanal. Chem. 2017,
409 (24), 5779-5787, doi: 10.1007/300216-017-0527-z.

47. Susar H., Celebi M., Celebi C., Coban O., Sen H., Karahan L.: The prepara-
tion of liposomal formulations of Gentamicin and Ceftiofur used in veteri-
nary medicine. BAUN. Health Sci. J. 2023, 12 (3), 554-559, doi: 10.53424/
balikesirsbd.1262051.

48. Symoens J., Rosenthal M.: Levamisole in the modulation of the immune
response: the current experimental and clinical state. J. Leuko. Biol. 1977,
21 (3), 175-221.

49. Takatsu K.: Interleukin-5 and IL-5 receptor in health and diseases. Proc. Jpn.
Acad. B: Phys. Biol. Sci. 2011, 87 (8), 463-485, doi: 10.2183/pjab.87.463.

50. Wei B., Chen Y., Zhou W., Li X., Shi L., Liao S.: Interleukin IL-5 alleviates
sepsis-induced acute lung injury by regulating the immune response in rats.
Bioengineered 2021, 12 (1),2132-2139, doi: 10.1080/21655979.2021.1930746.

51. Yadav P, Singh R.: Areview on anthelmintic drugs and their future scope. Int.
J. Pharm. Sci. 2011, 3, 17-21.

52.Zhao M., Zhang R., Xu X., Liu Y., Zhang H., Zhai X., Hu X.: IL-10 reduces
levels of apoptosis in Toxoplasma gondii-infected trophoblasts. PloS One
2013, 8 (2), €56455, doi: 10.1371/journal.pone.0056455.

53.Zhu L. Y, Nie L., Zhu G., Xiang L. X., Shao J. Z.: Advances in research of fish
immune-relevant genes: a comparative overview of innate and adaptive im-
munity in teleosts. DCI. 2013, 39 (1-2), 39-62, doi: 10.1016/j.dci.2012.04.001.

Corresponding author: Ars. Gor. Dr. Hasan Susar, Department of Pharma-
cology and Toxicology, Faculty of Veterinary Medicine, Balikesir University,
Balikesir, Turkey; e-mail: hasan.susar@balikesir.edu.tr



