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Abstract

Background: Zearalenone (ZEA) is a potent estrogenic mycotoxin that adversely affects the
female reproductive system, causing hormonal imbalance, uterine enlargement, structural
changes in the reproductive tract, and reduced fertility. This study evaluated the protective
effects of melittin-loaded chitosan nanoparticles (MEL-NPs) against ZEA-induced ovarian
toxicity in female rats. Methods: Forty-eight adult female Wistar rats (180-200 g) were di-
vided into four groups: Control, ZEA, ZEA + MEL, and ZEA + MEL-NPs. ZEA (2.7 mg/kg
b.w.) was administered orally twice weekly for two weeks. MEL and MEL-NPs (40 ug/kg
W) Check for updates b.w.) were given orally three times weekly for one month. Serum biochemical parame-

ters were measured, and ovarian tissues were examined grossly and histopathologically.
Academic Editor: Hiroki Toyoda . .
qRT-PCR was performed to assess mRNA expression of inflammatory markers (TNF-c,
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IL-6, IL-1p3), apoptotic marker (Caspase-3), and steroidogenic enzyme (CYP19A1). Results:
ZEA exposure induced significant ovarian toxicity, evidenced by increased TNF-«, IL-6,
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restoring hormonal balance, enhancing antioxidant defense, and reducing inflammation
and apoptosis. These findings suggest that MEL-NPs could be a promising therapeutic
strategy for preventing mycotoxin-induced ovarian dysfunction.

Keywords: zearalenone; ovarian toxicity; melittin nanoparticles; oxidative stress;
inflammation; apoptosis

1. Introduction

A non-steroidal mycotoxin with estrogen-like activity, ZEA is sometimes referred to as
6-(10-hydroxy-6-oxo-trans-1-undecenyl)-b-resorcylic acid 1-lactone. It belongs to the stable-
structured myco-estrogen group of substances. Fusarium species produce it [1,2]. Studies
on ZEA have shown that it causes hepato- and hemo-toxicity in addition to immunological
toxicity, carcinogenicity, mutagenicity, and genotoxicity [3,4]. Both human and animal
reproduction can be impacted by ZEA and its metabolites” ability to bind to estrogen
receptors (ERs), behavior by inhibiting ovarian activity (an agonist) [5]. Furthermore, cysts
of the ovary, enlarged follicular maturation, an edematous uterus, and ZEA’s steroidal
qualities may lower the fertilization rate [6].

The primary component of honeybee venom, melittin, has been shown to have numer-
ous biological and pharmacological uses. It possesses inherently antibacterial, antiviral,
and anti-inflammatory characteristics [7,8]. It has also been shown to have diverse anti-
cancer effects in several cancer cell lines, including those of the gastrointestinal tract. [9,10],
breast [7], ovarian [11], and liver origins [12]. Melittin can also stop the cell cycle, preventing
cell growth and proliferation [13]. Melittin suppresses the development of ovarian cancer
cells by inducing apoptosis through the suppression of signal transducer and activator of
transcription 3 (STAT3) and activation of Janus kinase 2 (JAK2), both of which are essential
for angiogenesis [14].

Although conventional carriers can typically minimize the number of administra-
tion dosages, enhance delivery efficiency, and reduce the side effects of medication toxic-
ity, injectable nanoparticulate carriers offer considerable prospective applications [15,16].
The goal of the research was to create nanoparticles using both synthetic and natu-
ral polymers [17]. However, chitosan has garnered considerable attention in the phar-
maceutical and medical industries as one of several polymers that create drug-loaded
nanoparticles [18]. Chitosan, a biodegradable and biocompatible polymer, is a modified
natural carbohydrate and the second most abundant polysaccharide. It can be synthesized
by the partial N-deacetylation of chitin, a natural biopolymer derived from crustacean shells
such as crabs, shrimps, and lobsters [19,20]. It consists of repeating units of glucosamine
and N-acetyl-glucosamine, the proportions of which determine the polymer’s deacetylation
degree [21]. The ionic gelation process, which produces chitosan nanoparticles by utilizing
TPP as a crosslinker, is simple. This method’s benefit was attributed to its gentle conditions,
which were attained without using toxic organic solvents, heat, or violent agitation that de-
stroys delicate proteins. Additionally, throughout preparation, it may effectively maintain
the bioactivity of macromolecules (such as DNA, proteins, etc.) [22].

ZEA has toxic effects that extend beyond hormonal imbalance to include oxidative
stress, inflammatory activation, and structural deterioration of ovarian tissue [22]. Recent
evidence indicates that zearalenone (ZEA)-induced ovarian toxicity is not limited to es-
trogen receptor dysregulation but rather involves a tightly interconnected molecular axis
linking inflammation, apoptosis, and steroidogenic dysfunction. ZEA exposure has been
shown to trigger excessive reactive oxygen species (ROS) generation, leading to activation
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of pro-inflammatory signaling pathways and overexpression of key cytokines such as
tumor necrosis factor-alpha (TNF-«), interleukin-6 (IL-6), and interleukin-1( (IL-13), which
play pivotal roles in granulosa cell injury and follicular atresia [23]. Sustained inflammatory
activation promotes apoptotic signaling through caspase-dependent pathways, particularly
caspase-3, a central executioner enzyme associated with granulosa cell loss and diminished
ovarian reserve [24]. Concurrently, inflammatory and oxidative insults disrupt ovarian
steroidogenesis by suppressing the expression of CYP19A1, the gene encoding aromatase,
which is essential for estrogen biosynthesis and normal follicular maturation [25]. Dysreg-
ulation of this inflammatory—apoptotic—steroidogenic axis ultimately results in impaired
hormonal feedback, ovarian atrophy, and reproductive dysfunction. Therefore, transcrip-
tional profiling of inflammatory mediators, apoptotic markers, and steroidogenic enzymes
using quantitative real-time PCR (qRT-PCR) provides a powerful mechanistic tool for
elucidating ZEA-induced ovarian injury and evaluating potential protective interventions
at the molecular level [26].

The present study investigates a novel therapeutic strategy to mitigate ovarian toxicity
induced by zearalenone (ZEA) through the incorporation of melittin into chitosan-based
nanoparticles. Although extensive evidence has documented the deleterious effects of ZEA
on the female reproductive system, particularly ovarian structure and function, effective
protective or therapeutic interventions remain limited. Melittin has shown promising
anti-inflammatory and antioxidant properties; however, its clinical applicability is con-
strained by concerns related to peptide instability and potential cytotoxicity. To overcome
these limitations, the current work employs chitosan nanoparticles as a biocompatible
and biodegradable delivery system to enhance melittin stability, bioavailability, and func-
tional efficacy. Moreover, this study integrates biochemical, hormonal, histopathological,
and molecular assessments, with particular emphasis on qRT-PCR-based analysis of in-
flammatory, apoptotic, and steroidogenic gene expression. This integrated approach pro-
vides mechanistic insight into how nano-formulated melittin modulates the inflammatory—
apoptotic—steroidogenic axis to preserve ovarian integrity following zearalenone exposure.

2. Results
2.1. Melittin-Loaded Chitosan—TPP Nanoparticles Characterization

Positively charged chitosan and negatively charged TPP were ionically crosslinked
to create the chitosan nanoparticles. Chitosan nanoparticles with melittin were 37.5 nm in
size on average. The TEM technique was used to examine the morphological properties
of the nanoparticles. The melittin-loaded chitosan nanoparticles have a spherical form
and range in size from 26 nm to 49 nm, as shown in Figure 1. The particles are evenly
distributed, forming a spherical aggregate of individual particles with distinct connecting
boundaries. Chitosan and tripolyphosphate were cross-linked to create melittin-loaded
chitosan nanoparticles (TPP). This nano-formulation was centrifuged and collected after
the chitosan-TPP nanoparticles were made with melittin attached. A spectrophotometer
was then used to quantify the amount of melittin remaining in the supernatant. Melittin-
loaded chitosan nanoparticles exhibited a high encapsulation efficiency (EE) of 94.12% and
an excellent loading capacity (LC) of 98.77%, indicating highly efficient incorporation of
melittin within the nanoparticle matrix. The Fourier-transform infrared (FTIR) spectra of
chitosan, melittin, and melittin-loaded nanoparticles (MEL-NPs) are illustrated in Figure 2.
The chitosan spectrum (Figure 2A) demonstrated a wide absorption envelope between 3432
and 3286 cm ™!, assigned to the overlapping stretching vibrations of hydroxyl (O-H) and
amino (N-H) groups, confirming the presence of abundant hydrophilic functional moieties.
A clear amide I band appeared at 1641 cm ™! due to C=O stretching, accompanied by an
amide IT band at 1568 cm ™! corresponding to N-H bending. Moreover, the signals within
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1150-1028 cm ™! were attributed to the C-O-C asymmetric stretching of the glycosidic
linkages characteristic of chitosan. The melittin spectrum (Figure 2B) displayed intense
absorption peaks for N-H stretching vibrations in the range of 3291-2872 cm !, alongside
typical peptide backbone bands including amide I (1646 cm~!) and amide II (1536 cm™1).
Additional peaks between 1108 and 465 cm ! reflected C-N and C-C stretching modes
associated with the amino acid residues of the peptide. In contrast, the MEL-NPs spec-
trum (Figure 2C) revealed remarkable spectral modifications. The amide I and amide II
bands shifted slightly to 1631 cm ™! and 1537 cm ™!, respectively, while the O-H/N-H
stretching region became broader, extending across 3942-3187 cm~!. Such band shifts
and broadening patterns provide strong evidence for electrostatic and hydrogen-bonding
interactions between the amino functionalities of chitosan and the peptide groups of melit-
tin. These molecular interactions confirm that melittin was effectively incorporated into
the chitosan—TPP polymeric framework, producing a stable nanosystem with successful

peptide encapsulation.

Figure 1. Transmission electron microscopy (TEM) images of melittin-loaded chitosan-TPP nanopar-
ticles (MEL-NPs) at different magnifications. Scale bars represent 50 nm, 100 nm, and 200 nm as
indicated. The TEM micrographs reveal that MEL-NPs exhibit a predominantly spherical morphology
with a relatively smooth surface and good dispersion, indicating successful nanoparticle formation
via the ionotropic gelation method. The average particle diameter was approximately 37.5 + 2.4 nm,
confirming the nanoscale size suitable for efficient cellular uptake and controlled drug release.

2.2. Effect of Zearalenone and Melittin (Free and CS NPs) on Ovarian Inflammatory Markers in
Female Rats

As shown in Figure 3, the concentrations of pro-inflammatory cytokines tumor necrosis
factor-alpha (TNF-w), interleukin-6 (IL-6), and interleukin-1 beta (IL-1(3) were significantly
elevated in the ovarian tissues of zearalenone (ZEA)-treated rats compared with the control
group, indicating the induction of inflammatory responses. Treatment with melittin (MEL)
and melittin-loaded nanoparticles (MEL-NPs) markedly reduced the elevated cytokine
levels compared with the ZEA group. The MEL-NP-treated group demonstrated a more
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pronounced reduction in TNF-«, IL-6, and IL-13 concentrations than the Free MEL group,
suggesting a stronger anti-inflammatory effect of the nanoparticle formulation.
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Figure 2. FT-IR spectra of (A) chitosan, (B) melittin, and (C) melittin-loaded chitosan nanoparticles
(MEL-NPs). The FT-IR spectra illustrate characteristic functional groups of chitosan and melittin
and confirm the successful encapsulation of melittin within the chitosan nanoparticle matrix. In
MEL-NPs, notable shifts in the amide I (1647 — 1632 cm 1) and amide I (1536 — 1533 cm 1) bands,
as well as the broadening of the O-H/N-H stretching region (3402-3168 cm~!), indicate hydrogen
bonding and electrostatic interactions between the amino groups of chitosan and the peptide chains
of melittin.

2.3. Effect of Zearalenone and Melittin (Free and CS NPs) on Serum CA-125 and Caspase-3 in
Female Rats

As illustrated in Figure 4, rats treated with zearalenone (ZEA) exhibited a significant
elevation in the serum levels of CA-125 and caspase-3 compared with the control group,
indicating ovarian tissue injury and activation of apoptotic pathways. Administration of
melittin (MEL) or melittin-loaded nanoparticles (MEL-NPs) markedly reduced the elevated
levels of both CA-125 and caspase-3 compared with the ZEA group. The MEL-NP-treated
group showed a more pronounced reduction than the free MEL group, restoring the values
toward those of the control.
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Figure 3. Effect of MEL-NPs treatment on pro-inflammatory cytokines (A) IL-6, (B) TNF-«, and
(C) IL-1B in ovarian tissues of rats with ZEA-induced ovarian toxicity. Data are expressed as
mean £ S.E.M. (n = 12 rats per group). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant. # p < 0.001
vs. control group; ® p < 0.001 vs. ZEA group. IL-6: interleukin-6; IL-1p: interleukin-1f; TNF-o: tumor
necrosis factor-alpha; MEL-NPs: melittin-loaded chitosan nanoparticles; ZEA: zearalenone.

2.4. Effect of Zearalenone and Melittin (Free and CS NPs) on Ovarian Tissue Antioxidants in
Female Rats

As shown in Figure 4, the total antioxidant capacity in serum was significantly re-
duced in rats treated with zearalenone (ZEA) compared with the control group, indicating
oxidative stress and depletion of endogenous antioxidant defenses. Conversely, treatment
of ZEA-exposed rats with melittin (MEL) or melittin-loaded nanoparticles (MEL-NPs)
significantly increased the ovarian antioxidant levels compared with the ZEA group. The
MEL-NP-treated group exhibited a greater improvement than the Free MEL group, restor-
ing antioxidant capacity close to control values.

2.5. Effect of Zearalenone, Melittin, and Melittin-CS NPs on Ovarian Gene Expression of
Inflammatory and Steroidogenic Markers in Female Rats

As shown in Figure 5, the mRNA expression levels of the inflammatory genes TNF-«,
IL-6, and IL-1f3 were markedly upregulated in the ovarian tissues of rats exposed to zear-
alenone (ZEA) compared with the control group, confirming the activation of inflammatory
signaling pathways at the transcriptional level. Additionally, ZEA administration caused a
significant increase in the gene expression of the apoptotic marker Caspase-3, indicating
enhanced apoptotic activity within the ovarian tissue.
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Figure 4. Effects of MEL-NPs therapy on (A) antioxidant levels, (B) CA-125, and (C) Caspase-3 activity
in ovarian serum of rats with ZEA-induced ovarian toxicity. Data are expressed as mean + S.E.M.
(n = 12 rats per group). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant. # p < 0.001 vs. control
group; ® p < 0.001 vs. ZEA group. CA-125: cancer antigen 125; MEL-NPs: melittin-loaded chitosan
nanoparticles; ZEA: zearalenone.

In contrast, the expression of the key steroidogenic enzyme CYP19A1 (aromatase) was sig-
nificantly downregulated in the ZEA-treated rats, reflecting impaired steroidogenic capacity.

Treatment with free melittin (MEL) and melittin-loaded chitosan nanoparticles (MEL-
NPs) effectively reversed the ZEA-induced alterations. Both treatments significantly re-
duced the overexpression of TNF-«, IL-6, IL-13, and Caspase-3, while simultaneously
restoring CYP19A1 expression toward normal levels. Notably, the MEL-NPs group ex-
hibited a more substantial improvement in gene expression than the free MEL group,
indicating the superior anti-inflammatory, anti-apoptotic, and steroidogenesis-enhancing
effects of the nanoparticle formulation.

2.6. Effect of Zearalenone, Melittin, and Melittin-CS NPs on Ovarian Hormones in Female Rats

As shown in Table 1, the serum levels of FSH and LH were significantly increased in
rats treated with zearalenone (ZEA) compared with the control group. Treatment of ZEA-
exposed rats with melittin (MEL) or melittin-loaded nanoparticles (MEL-NPs) significantly
reduced the elevated FSH and LH concentrations, and the MEL-NP-treated group showed
values comparable to the control group.

In contrast, serum progesterone levels were markedly decreased in the ZEA-treated
rats compared with the control group, indicating suppression of ovarian steroidogenesis.
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Co-treatment with MEL or MEL-NPs significantly increased progesterone levels relative to
the ZEA group, with MEL-NPs showing greater improvement than free MEL.

(A) B
5 3( )
2 -
4 i i
Eu 2 E% 2
2% iy 0%
&3 £3
Ee 4 NS
56 1 £9 1
28 o]
Zp 2p
: :
0
Control ZEN+MEL  ZEN+MEL . Control ZEN ZEN#MEL  ZEN+MEL
NPs NPs
(C) D)
12 25
gg 10 23
=] =
€5 08 ES
0T 0?®
g2 g2
=c U6 5
© Q0
n:.g n:'%
53 0.4 53
=g sk
v 0.2 v
0.0
Control ZEN ZEN+MEL  ZEN+MEL Control ZEN ZEN+MEL  ZEN+MEL
NPs NPs
E
252
g 20
£ 2
Es
Eg 15
[N - ###
s 10 NS
= S 05
0.0
Control ZEN ZEN+MEL  ZEN+MEL
NPs

Figure 5. Effect of melittin and melittin nanoparticles on (A) caspase-3, (B) CYP19A1, (C) IL-13, (D) IL-6,
(E) TNF-« gene expressions in ZEN-induced ovarian toxicity. Expression levels were calculated
using the 2722t method following normalization to the housekeeping gene. Data are expressed as
mean + SD (n = 5). Statistical analysis was performed using one-way ANOVA followed by Tukey’s
post hoc test. *, **, and *** indicate significant differences compared with the control group (p < 0.05,
p <0.01, and p < 0.001, respectively), and NS indicates non-significant differences compared with the
control group (p > 0.05. #, ##, and ### indicate significant differences compared with the ZEN-treated

group (p < 0.05, p < 0.01, and p < 0.001, respectively).

The estradiol (E2) concentration showed no significant differences among the control,
ZEA, and treated groups, indicating that the oral administration of ZEA, MEL, or MEL-NPs
did not substantially affect serum E2 levels under the current experimental conditions.

Overall, these results indicate that MEL-NPs effectively restored hormonal balance
altered by ZEA exposure by normalizing FSH, LH, and progesterone levels toward
normal values.
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Table 1. Effect of ZEA (2.7 mg/kg B.W.), MEL (40 ug/kg B.W.), and MEL NPs (40 pg/kg B.W.) on
serum hormone levels of female rats.

Parameters/Groups

Control ZEA ZEA + MEL ZEA + MEL NPs p Value

FSH (mIU/mL)

LH (mIU/mL)

E2 (pg/mL)
Progesterone(ng/mL)

1.80 + 0.09 12.02 +0.212 3.06 + 0.03P 2.10 +0.08 P <0.001
1.61 +0.12 8.09 +0.07 2 3.30 +0.08 P 244 +0.09° <0.001
28.66 + 1.11 31.42 +4.421 NS 3258 + 149 NS 26.17 + 0.95 NS 0.231
33.39 + 0.43 8.99 + 0.16 2 18.87 + 0.26 P 30.75 + 0.47 b <0.001

(A)

Control group

Data are presented as mean + S.E.M. (n = 12 rats per group). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant. * p < 0.001
vs. control group;  p < 0.001 vs. ZEA group; NS = p > 0.05 (non-significant). FSH: follicle-stimulating hor-
mone; LH: luteinizing hormone; E2: estradiol; MEL: melittin; MEL-NPs: melittin-loaded chitosan nanoparticles;
ZEA: zearalenone.

2.7. Morphological Observations of the Uterus and Ovary

As shown in Figure 6, remarkable morphological alterations were observed in the
reproductive organs of zearalenone (ZEA)-treated rats. The uterine horns appeared region-
ally or diffusely dilated and filled with proteinaceous fluid, while the oviducts and ovarian
corpora lutea were markedly prominent, congested, and reddish in color in the ZEA group
(panel B), compared with the thin and normal appearance observed in the control group
(panel A). In contrast, the melittin (MEL)-treated group (panel C) and the melittin-loaded
nanoparticle (MEL-NP)-treated group (panel D) exhibited a typical, nearly normal uterine
morphology, with the MEL-NP-treated rats showing a more pronounced improvement in
structural integrity and reduced congestion compared with the free MEL group.

(B) (C) (D)
T1 group (ZEA only) T2 (ZEA+MEL) T3 group (ZEA+MEL Nano)

Figure 6. Morphological appearance of the uterus and ovaries in the experimental groups (from the
present study). Representative photographs showing macroscopic changes in the uterus and ovaries
of female rats from different treatment groups. The ZEA-treated group exhibited regional or diffuse
uterine horn distention filled with proteinaceous fluid, along with congested oviducts and prominent
reddish corpora lutea, indicating inflammatory reactions. In contrast, rats treated with MEL and MEL-
NPs showed a nearly normal appearance of the uterine horns and ovaries, with the MEL-NPs group
demonstrating more prominent recovery than the free MEL group. ZEA: zearalenone; MEL: melittin;
MEL-NPs: melittin-loaded chitosan nanoparticles.

2.8. Histopathological Analysis of Ovarian Tissue

Histopathological examination was conducted to corroborate the biochemical findings
of the present study. Ovarian sections from rats exposed to zearalenone (ZEA) revealed
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Control

distinct toxic alterations compared with the normal histoarchitecture of the control group.
The ZEA-treated ovaries exhibited cystic degeneration of ovarian follicles, degeneration and
vacuolation of corpora lutea cells, and a marked increase in interalveolar fibrosis, indicating
severe structural and functional disruption. These findings were demonstrated through
hematoxylin and eosin (H&E) staining of paraffin-embedded ovarian sections, examined
and photographed at different magnifications (Low %100 and High x200) in the ovarian
follicle (OF) and corpora lutea (CL) regions (Figure 7). Treatment with melittin (MEL) and
melittin-loaded nanoparticles (MEL-NPs) markedly ameliorated the toxic histopathological
changes induced by ZEA exposure, with MEL-NPs showing superior restoration of normal
ovarian architecture compared to free MEL.

ZEA ZEA+MEL ZEA+MEL NPs

Figure 7. Representative histopathological images of the control and treatment groups’ ovaries
stained with H&E. Low x100 and high %200 magnification are used for the corpora lutea (CL) and
ovarian follicles (OF) areas. The control group displayed corpora lutea (black arrows, CL) and several
ovarian follicles (white arrows, OF) with undamaged ova (black star). Ovarian follicles with intact ova
(white star) were absent from the ZEA group. Cystic alterations (white arrows) were seen in the others.
Degenerative alterations in the corpora were characterized by increased intercorporate fibrosis (white
star) and cellular vacuolation and loss of cellular characteristics (black arrows). ZEA + MEL group;
group for therapy: Histological changes brought on by ZEA showed preservation, with corpora cells
appearing less vacuolated (black arrows) and some immature follicles visible (white arrows). The
ovarian tissue’s natural structure, including the corpora (black arrows) and Graafian follicles (white
arrows), was significantly restored in the ZEA + MEL NPs group and the nanotherapeutic group.
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3. Discussion

Zearalenone (ZEA) is a potent estrogenic mycotoxin that has been widely studied for
its ability to induce reproductive abnormalities in animals and hyperestrogenic syndromes
in humans [27]. In addition to its reproductive toxicity, ZEA has been reported to exert
systemic toxic effects on major metabolic organs, including the liver and kidneys [28].
Accordingly, the present study was designed to evaluate the protective and therapeutic
potential of free melittin (MEL) and melittin-loaded chitosan nanoparticles (MEL-NPs)
against ZEA-induced ovarian toxicity in female rats, with particular emphasis on oxidative
stress, inflammation, apoptosis, and steroidogenic dysfunction.

ZEA exerts its toxic effects through multiple molecular mechanisms, primarily by
mimicking estrogen and disrupting cellular redox homeostasis. ZEA and its metabolites
competitively bind to estrogen receptors, leading to dysregulation of estrogen signaling
and transcriptional activity in reproductive tissues. In parallel, ZEA promotes excessive
generation of reactive oxygen species (ROS), suppresses antioxidant defenses, and induces
DNA damage, cell-cycle arrest, and apoptosis through both intrinsic (mitochondrial) and ex-
trinsic (death receptor-mediated) pathways [28,29]. Similar findings have been reported in
porcine oocytes, where ZEA-induced toxicity was attenuated by activation of the PI3K/ Akt
pathway [30]. Collectively, these mechanisms contribute to ovarian injury, follicular atresia,
and impaired reproductive function.

In the present work, melittin was successfully encapsulated within chitosan-TPP
nanoparticles using the ionotropic gelation technique. Transmission electron microscopy
confirmed the spherical morphology of MEL-NPs, with an average particle size of 37.5 nm,
while a high encapsulation efficiency reached 94.12%, and an excellent loading capacity
(LC) of 98.77%, indicating effective peptide loading. Fourier-transform infrared (FTIR)
spectroscopy further verified the successful incorporation of melittin into the nanoparticle
matrix. Shifts in the amide I and amide II bands, along with broadening of the O-H/N-H
stretching region, indicated the formation of hydrogen bonding and electrostatic interac-
tions between chitosan and melittin, consistent with previous reports on peptide-loaded
chitosan nanoparticles [31,32]. These interactions suggest that melittin was structurally
integrated within the chitosan—-TPP network rather than superficially adsorbed, supporting
nanoparticle stability and sustained peptide release.

Although nanoparticle morphology and size were verified using TEM and FT-IR spec-
troscopy, which confirmed successful melittin incorporation, additional characterization
techniques such as dynamic light scattering (DLS) and zeta potential measurements would
provide further information regarding particle size distribution, polydispersity index, and
surface charge. These analyses were not available in the present study and represent an
important aspect for future work.

Hormonal analysis revealed that ZEA exposure significantly increased serum luteiniz-
ing hormone (LH) and follicle-stimulating hormone (FSH) levels compared with the control
group, indicating disruption of the hypothalamic-pituitary—ovarian axis. Such eleva-
tions are commonly associated with impaired ovarian feedback regulation and primary
ovarian insufficiency [33]. Similar increases in LH and FSH following ZEA exposure
have been reported by Collins et al. [34], whereas Milano et al. [35] observed no signifi-
cant hormonal changes, highlighting dose- and model-dependent variability. Treatment
with both free MEL and MEL-NPs attenuated these alterations, with MEL-NPs exerting
a more pronounced regulatory effect, likely due to improved bioavailability and con-
trolled release. Comparable hormonal modulation has been reported following bee venom
administration [36], although context-dependent effects of melittin on LH release have also
been described.
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ZEA exposure resulted in a slight, nonsignificant increase in serum estradiol (E2) levels
compared with controls. Previous studies have shown that ZEA may impair granulosa
cell function and alter estrogen synthesis [27], although other investigations reported no
significant changes in estradiol receptor expression following dietary ZEA exposure [37].
In the present study, neither free MEL nor MEL-NPs significantly altered E2 concentrations,
indicating that the protective effects of melittin formulations were not mediated through
direct modulation of estrogen synthesis.

In contrast, ZEA exposure markedly reduced serum progesterone levels, reflecting
impaired luteal function and disrupted steroidogenesis. Progesterone deficiency is asso-
ciated with abnormal estrous cyclicity, implantation failure, and reduced fertility [38,39].
Both free MEL and MEL-NPs significantly ameliorated the ZEA-induced decline in proges-
terone levels, with superior recovery observed in the MEL-NPs group. This improvement
is most plausibly attributed to the antioxidant and anti-inflammatory actions of melittin
nanoparticles, which preserve granulosa and luteal cell integrity and maintain steroidogenic
enzyme activity.

At the molecular level, ZEA induced significant upregulation of pro-inflammatory
cytokines, including TNF-, IL-6, and IL-1f3, confirming activation of ovarian inflammatory
pathways. These findings are consistent with previous reports linking cytokine overpro-
duction to granulosa cell injury and accelerated follicular atresia [40]. Concomitantly, ZEA
markedly increased caspase-3 expression and activity, indicating activation of the apoptotic
machinery and enhanced granulosa cell loss, in agreement with earlier studies describ-
ing caspase-mediated ovarian failure [41]. In addition, ZEA significantly downregulated
CYP19A1 (aromatase), highlighting the vulnerability of ovarian steroidogenic pathways to
oxidative and inflammatory insults [27,42].

Taken together, these findings support a mechanistic cascade in which ZEA-induced
oxidative stress triggers inflammatory activation, promotes caspase-dependent apoptosis,
and ultimately suppresses steroidogenic capacity, resulting in ovarian dysfunction, as
proposed previously by Wu et al. (2025) [43].

Notably, treatment with MEL-NPs effectively counteracted these pathological changes.
MEL-NPs significantly reduced pro-inflammatory cytokine expression, attenuated caspase-
3 activation, restored antioxidant capacity, and partially normalized CYP19A1 expres-
sion. Although melittin has been reported to induce apoptosis in certain cancer cell
models [44,45], its nanoformulated delivery in the present toxicant-injury context exerted
a cytoprotective effect, consistent with previous reports on melittin nanoformulations.
For instance, melittin nanoparticles have been shown to mitigate toxicant-induced organ
injury by suppressing pro-inflammatory cytokines and enhancing antioxidant defenses [36].
Similarly, melittin exhibited anti-inflammatory and anti-apoptotic effects by downregulat-
ing TNF-« and IL-1$3 and inhibiting caspase-3 activation in vivo [46]. Moreover, melittin
reduced inflammation and apoptosis in inflammatory cell models through modulation of
cytokine expression and caspase pathways [47].

Although CYP19A1 plays a central role in ovarian estrogen biosynthesis through
the conversion of androgens to estradiol, alterations in its gene expression do not always
translate into parallel changes in circulating estradiol levels. In the present study, the down-
regulation of CYP19A1 expression following zearalenone exposure was not accompanied by
a significant reduction in serum estradiol; several compensatory mechanisms may explain
this. Previous studies have demonstrated that estrogen homeostasis can be maintained
through extra-ovarian estrogen synthesis, particularly in adipose tissue and adrenal sources,
which may partially compensate for reduced ovarian aromatase activity [48]. Additionally,
estrogen regulation is highly tissue-specific, and local ovarian gene expression changes
may not be immediately reflected in systemic hormone concentrations due to dynamic feed-
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back regulation involving the hypothalamic—pituitary—gonadal axis [49]. Furthermore, the
timing of sample collection represents a critical factor, as transient suppression of CYP19A1
expression may precede measurable hormonal alterations, particularly in short-term or
subacute exposure models [25]. Importantly, inflammatory mediators such as TNF-« and IL-6
have been shown to suppress aromatase transcription without necessarily causing immediate
changes in circulating estradiol, reinforcing the concept that CYP19A1 expression serves as a
sensitive early molecular marker of steroidogenic disruption rather than a direct surrogate
of serum estrogen levels [50]. Collectively, these findings support the interpretation that
zearalenone-induced suppression of CYP19A1 reflects early steroidogenic impairment that
may precede overt hormonal imbalance, and they further explain the apparent dissociation
between gene expression and circulating estradiol levels observed in this study.

Biochemically, ZEA exposure significantly reduced total antioxidant capacity, reflecting
oxidative stress and impaired redox balance [51,52]. Similar findings have been reported
by Nguyen and Lee (2021) [53], whereas restoration of antioxidant defenses following bee
venom or melittin treatment has been documented previously (e.g., melittin enhanced oxidant—
antioxidant balance and upregulated antioxidant defenses in oxidative stress models).

In the present study, MEL-NPs markedly restored antioxidant levels compared with
both the ZEA and free MEL groups, indicating superior efficacy in mitigating ROS-
mediated damage.

In the current study, rats fed zearalenone (ZEA) for two weeks exhibited a significant
increase in serum CA-125 levels compared with the control group. CA-125 is a glyco-
protein expressed by various epithelial cells, particularly those of ovarian origin, and is
widely recognized as a tumor biomarker for the diagnosis and monitoring of ovarian
cancer [54]. Elevated CA-125 levels are not exclusive to ovarian malignancies; they may
also be observed in cancers of the fallopian tubes, pancreas, breast, colorectum, lungs,
and stomach [55]. Consistent with the findings of Minervini et al. [3], who reported that
zearalenone exerts toxic effects on the female reproductive tract following acute exposure,
our results suggest that the ZEA-induced elevation of CA-125 may reflect early pathological
alterations or preneoplastic changes within ovarian or fallopian epithelial tissues. This
elevation could therefore serve as an indicator of ZEA-related reproductive toxicity and
potential tumorigenic risk. Treatment with free melittin (Free MEL) and melittin-loaded
nanoparticles (MEL-NPs) markedly attenuated the ZEA-induced elevation in serum CA-
125 levels. The MEL-NPs formulation demonstrated a greater reduction compared to
the Free MEL group, reflecting its superior cytoprotective and anti-inflammatory poten-
tial. This enhanced effect is likely attributable to the improved physicochemical stability,
controlled-release profile, and targeted delivery of melittin within the nanoparticle system,
which collectively contribute to more efficient suppression of ZEA-induced oxidative stress
and inflammatory pathways that drive epithelial injury and biomarker overexpression.

CA-125 was evaluated in the present study not as a cancer-specific marker, but as a
potential indicator of ovarian epithelial and serosal stress or injury, since elevated serum
CA-125 levels have been reported in a broad range of non-malignant conditions involving in-
flammation or tissue irritation, including endometriosis, uterine fibroids, pelvic inflammatory
disease, and other serous effusions, beyond its traditional use in oncology diagnostics [56,57].

Morphological observations revealed visible differences in the uterine horns between
groups. Rats in the ZEA group displayed inflammatory signs and fluid accumulation
within the uterine lumen, likely reflecting estrogenic overstimulation and tissue edema.
ZEA and its metabolites are known to bind to estrogen receptors (ERs), thereby disrupting
ovarian activity and altering reproductive behavior in both animals and humans [5]. Due
to its steroid-like structure, ZEA can also cause uterine edema, ovarian cyst formation,
excessive follicular growth, and reduced fertilization rate, as previously reported in gilts [6].
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Similar findings were observed in our study, where uterine horn distention and congestion
were evident in the ZEA group.

Although morphological alterations of the uterus and ovaries were clearly observed,
quantitative morphometric analysis, such as organ weight measurements or digital surface
area analysis, was not performed in the present study. Future investigations incorporating
morphometric quantification would provide additional objective evaluation of reproductive
organ alterations induced by ZEA and their modulation by melittin nanoformulations.

Conversely, treatment with melittin and MEL-NPs alleviated these pathological
changes, with MEL-NPs showing superior improvement compared to Free MEL. These
results demonstrate that melittin nanoparticles can effectively preserve reproductive sys-
tem integrity and protect against ZEA-induced reproductive toxicity. Histopathological
examination of ovarian sections further supported these biochemical findings. The ZEA-
treated group exhibited severe interstitial fibrosis, degeneration, and vacuolation of luteal
cells, along with cystic follicular alterations. However, female rats treated with ZEA plus
MEL-NPs showed marked structural restoration and minimal pathological alterations,
consistent with the absence of gross morphological abnormalities. Collectively, these data
confirm that MEL-NPs provide strong protection against ZEA-induced ovarian damage by
restoring oxidative balance, reducing inflammation, and preventing apoptosis, ultimately
maintaining normal reproductive histology and hormonal homeostasis.

Hormonal profiles and ovarian histology in rodents are strongly influenced by the
stage of the estrous cycle. In the present study, estrous cycle staging was not monitored
during the experimental period, which represents a limitation when interpreting endocrine
outcomes. Although group randomization minimizes systematic bias, future studies
incorporating vaginal cytology-based estrous cycle monitoring would allow for more
precise assessment of hormone-dependent reproductive alterations.

Histopathological assessment in the present study was primarily qualitative. Quantita-
tive histomorphometric approaches, including follicle counting at different developmental
stages and assessment of follicular atresia rates, would provide additional objective insight
into ovarian structural changes and will be incorporated in future studies.

One limitation of the present study is the absence of a nanoparticle-only control group
(chitosan nanoparticles without melittin). Although chitosan nanoparticles are generally
regarded as biocompatible and biologically inert carriers, inclusion of such a control would
allow for clearer discrimination between the intrinsic biological effects of the carrier and
the therapeutic activity of melittin.

In summary, the present findings demonstrate that ZEA-induced ovarian toxicity is me-
diated through an integrated inflammatory—apoptotic—steroidogenic axis. ZEA markedly
increased ovarian TNF-«, IL-6, and IL-1(3 expression, consistent with previous reports
linking ZEA exposure to ovarian inflammation and follicular damage [43]. This was ac-
companied by caspase-3 overexpression, supporting caspase-dependent apoptosis as a key
mechanism of ZEA-induced ovarian injury [58]. Concurrent downregulation of CYP19A1
highlights disruption of steroidogenic capacity under inflammatory and oxidative stress
conditions [59]. Importantly, melittin-loaded chitosan nanoparticles effectively reversed
these molecular alterations by suppressing inflammation and apoptosis while restoring
CYP19A1 expression, in agreement with recent evidence supporting the cytoprotective and
anti-inflammatory potential of melittin nano-formulations [36].

4. Materials and Methods
4.1. Chemicals

Sigma Aldrich, Cairo, Egypt, supplied zearalenone (CAS No. 17924-92-4), melittin
(CAS No. 20449-79-0), and sodium tripolyphosphate (CAS No. 7758-29-4). Chitosan, de-
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rived from shrimp shells (Pandalus borealis), was purchased from Oxford Laboratory Chem-
icals, Mumbeai, India, with low-molecular-weight chitosan (degree of deacetylation 93%).

4.2. Animals

Forty-eight mature female Wistar rats weighing 180-200 g and 10-12 weeks of age
were supplied from the animal house at Sohag University in Sohag, Egypt. All of them
were fed a balanced pellet meal and had unrestricted access to water in typical laboratory
settings. Before the trial, the animals were acclimated to the laboratory environment and
maintained in standard housing. Every ethical guideline was adhered to in accordance with
the Institutional Animal Care and Use Committee, Faculty of Sciences, Sohag University,
Sohag, Egypt, which provided ethical approval for this research, which was carried out by
IACUC protocol no. SU-FS-5-26.

4.3. Study Design

After one week of acclimatization, forty-eight adult female Wistar rats were ran-
domly allocated into four experimental groups (n = 12 animals per group) using a simple
randomization procedure. The experimental groups were as follows:

Control group: Rats received the vehicle only (1% DMSO in saline) by oral gavage.

ZEA group: Rats received zearalenone at a dose of 2.7 mg/kg body weight adminis-
tered orally twice weekly for two weeks to induce ovarian toxicity.

ZEA + MEL group: Rats were first exposed to zearalenone as described above,
followed by treatment with free melittin (40 pug/kg body weight) administered orally
three times per week for four weeks.

ZEA + MEL-NPs group: Rats were exposed to zearalenone and subsequently treated
with melittin-loaded chitosan nanoparticles at an equivalent melittin dose (40 ug/kg body
weight) administered orally three times per week for four weeks.

All treatments were administered by oral gavage using a sterile gastric tube. The
dosing volume was adjusted to 1 mL per 100 g body weight. Zearalenone was dissolved in
1% DMSO in physiological saline, which was also used as the vehicle for the control group.

The experimental protocol was designed to evaluate the therapeutic efficacy of melittin
and melittin-loaded chitosan nanoparticles against zearalenone-induced ovarian toxicity.
The study was conducted in two sequential phases. In the first phase (weeks 1-2), ovarian
toxicity was induced by oral administration of zearalenone at a dose of 2.7 mg/kg body
weight twice weekly, as stated by EL-Sawi et al. [60]. In the second phase (weeks 3-6), ani-
mals received treatment with either free melittin or melittin-loaded chitosan nanoparticles
at a dose of 40 ug/kg body weight administered orally three times per week, according to
Abu-Zinadah et al. [61]. This experimental design for allowed for the assessment of the po-
tential therapeutic effects of melittin formulations following toxin-induced ovarian injury.

The administered dose of melittin was maintained constant (40 pug/kg body weight) in
both the free melittin (MEL) and melittin-loaded nanoparticle (MEL-NPs) groups to allow
for direct comparison between the two formulations.

Throughout the experimental period, animals were monitored daily for signs of toxic-
ity, including behavioral alterations, food and water intake, grooming behavior, and body
weight changes. No mortality or visible adverse effects were observed in rats treated with
either free melittin or melittin-loaded nanoparticles at the administered dose (40 ng/kg),
indicating that the treatment regimen was well tolerated.

All treatments were administered according to the experimental grouping, and the
duration of the study was six weeks. At the end of the experimental period, animals were
sacrificed and ovarian tissues were collected for biochemical and molecular analyses. Blood
samples from all groups were collected from the heart into plain tubes and centrifuged
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at approximately 1800 g for 10 min to separate the serum. They were then divided into
several aliquots and stored at —20 °C until analysis.

Ovarian Homogenate Preparation

Ovarian tissues were homogenized in cold potassium phosphate buffer (0.05 M,
pH 7.4) using a glass homogenizer on ice to obtain a 10% (w/v) tissue homogenate. The
homogenate was centrifuged at 5000 g for 10 min at 4 °C, and the resulting supernatant
was collected and stored at —80 °C until biochemical analysis.

4.4. Preparation of Melittin-Loaded Chitosan—TPP Nanoparticles

Melittin-loaded chitosan nanoparticles were prepared using the ionic gelation method
according to Walaa et al. [62]. Briefly, chitosan was dissolved in 1% (v/v) acetic acid to
obtain a 0.2% (w/v) chitosan solution and adjusted to pH 5.5 using 1 M NaOH. Sodium
tripolyphosphate (TPP) was dissolved in distilled water to obtain a 0.1% (w/v) solution.
Melittin was dissolved in distilled water and added to the chitosan solution under con-
tinuous magnetic stirring. Subsequently, the TPP solution was added dropwise to the
chitosan—melittin mixture under constant stirring at room temperature. The chitosan to
TPP mass ratio was maintained at 5:1. The mixture was stirred for 30 min to allow for
complete nanoparticle formation through electrostatic interaction between chitosan and
TPP. The resulting nanoparticles were collected by centrifugation and washed with distilled
water to remove unbound components. Finally, the nanoparticles formed were precipitated,
dried at 70 °C for 24 h, and characterized.

Melittin-Loaded Chitosan-TPP Nanoparticles Characterization

The size and the surface morphology of MEL-NPs were observed by transmission elec-
tron microscopy (TEM) (JEOL JEM 1200 EXII, Microscope (JEOL Ltd., Tokyo, Japan)). TEM
analysis was applied at NanoTech Company, Dokki, Egypt, according to Taher et al. [63].

CS, TPP, MEL, and MEL-loaded CS-NPs’ FT-IR spectra were obtained by placing a
small portion of the sample on the sensor of the Spectrophotometer (ATR-FTIR, Alpha
Bruker Platinum, 1-211-6353, Bruker, Billerica, MA, USA) according to Devaraj et al. [64].

UV-vis absorption spectrum was obtained using a spectrophotometer (UviLine 9400,
SECOMAM, Domont, France) at 280 nm to verify the formation of nanoparticles and
evaluate the Loading Capacity of melittin nanoparticles according to Fakhari et al. [65].

The encapsulation efficiency (EE%) and loading capacity (LC%) of melittin in chitosan
nanoparticles were determined to evaluate the drug entrapment and payload [66].

EE% was calculated using the following equation:

Total drug added — Free drug

EE% = 1
/ Total drug added X100
LC% was calculated using the equation:
LC% — Total drug added — Free drug < 100

Total weight of nanoparticles

where total drug added represents the initial amount of melittin used in the formulation,
free drug is the unencapsulated melittin measured in the supernatant after centrifugation,
and total weight of nanoparticles refers to the weight of the dried nanoparticles. The
concentration of free melittin was quantified using UV-vis.
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4.5. Biochemical Kits

An enzyme immunoassay test kit for quantitatively determining LH, FSH, E2, and
the source of the serum’s ovarian cancer antigen concentration was (BIOS Company, South
San Francisco, CA 94080, USA). We purchased an enzyme immunoassay from PerkinElmer
(Hayward, CA 94545, USA, Uok SA) to measure serum progesterone levels. TA 25 13 is
the catalog number for the total antioxidant capacity kit for colorimetric determination in
serum, which was purchased from Bio Diagnostic Company in Cairo, Egypt. An ELISA
kit for the in vitro quantitative determination of Rat Caspase3 concentrations in serum
was purchased from Elabscience Biotechnology Company (Catalog Number: E-EL-R0160,
USA). TNF-«, IL-6, and IL-1f levels in ovarian tissue were measured using ELISA Kkits in
accordance with the manufacturer’s instructions. Catalog numbers E-EL-R0012 and E-EL-
R0019, respectively, correspond to the TNF-« and IL-1(3 ELISA Kkits that were provided by
Elabscience Biotechnology Inc. (Houston, TX, USA). We purchased the IL-6 ELISA kit from
Invitrogen Fisher Scientific (Waltham, MA, USA) with catalog number LOT 192587043.

4.6. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from tissue samples using TRIzol reagent following standard
procedures. One microgram of RNA was reverse transcribed into cDNA using a commercial
reverse transcription kit. Gene expression was quantified by qRT-PCR using SYBR Green
chemistry (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) on
a Rotor-Gene Q system. Primers were designed for IL-1f3, IL-6, TNF-«, Caspase 3, and
CYP19A1, with GAPDH used as a housekeeping control (Table 1). Amplification conditions
were optimized for each primer set, and all reactions were repeated five times. Relative

2-AACt method, with the untreated control

gene expression levels were calculated using the
group serving as the reference. Primer specificity was confirmed by melt-curve analysis,
and amplification efficiency ranged between 90 and 110 gRT-PCR reaction was performed
in triplicate for at least n = 5 biological samples per group.

Each qRT-PCR reaction was performed in a final volume of 20 uL containing 10 uL
SYBR Green Master Mix, 1 pL of forward primer, 1 puL of reverse primer, 2 uL of cDNA
template, and 6 uL nuclease-free water. The thermal cycling conditions consisted of an
initial denaturation at 95 °C for 5 min followed by 40 amplification cycles of denaturation
at 95 °C for 15 s, annealing at the gene-specific temperature (Table 2) for 30 s, and extension
at 72 °C for 30 s. Melt-curve analysis was performed to confirm amplification specificity.

Table 2. The qRT-PCR for each gene.

Genes Primer Probes Annealing Temperature References
Caspase3 F:5 CGGGGAGCTTGGAACGGTACG-3 60°C [67]
P R:5 TCCCAGAGTCCACTGACTTGC T-3/
F:5'-GCTGAACCCCATGCAGTA TAA-3' o
CYPI9AL R: 5-AGCCAAAAGGCTGAAAGT ACC-3/ 59°C [68]
F:5'-CTTTCCCGTGGACCTTCCA-3' o
IL-18 R:5-CTCGGAGCCTGTAGTGCAGTT-3’ 60°C (691
L6 F:5- TTGGTCCTTAGCCACTCCTTC-3 60°C [70]
R:5'-TAGTCCTTCCTACCCCAATTTCC-3’
F: CCTATGTCTCAGCCTCTTCT-3’ o
TNF-o R: CCTGGTATGAGATAGCAAAT-3' 58°C (711
.5/ Y
GAPDH F:5’ AGGAGTAAGAAACCCTGGAC-3 55°C [72]

R:5'-CTGGGATGGAATTGTGAG-3'
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4.7. Histopathological Examination

Ovarian tissues were fixed in 10% neutral buffered formalin for 24-48 h, dehydrated
in graded ethanol series, cleared in xylene, and embedded in paraffin. Sections of ap-
proximately 5 um thickness were cut using a microtome and mounted on glass slides.
The sections were stained with hematoxylin and eosin (H&E) and examined under a light
microscope for histopathological evaluation. Every technique was carried out in accordance
with Suvarna et al. [73].

5. Statistical Analysis

Data was analyzed using the Statistical Package for the Social Sciences (SPSS version 26).
The mean + SE (standard error) was used to express the results. Tukey’s contrast test
was used to compare groups after one-way analysis of variance (ANOVA). A normal
distribution with equal variance characterizes the values in each group. The significance
levels were set at p < 0.05, p < 0.01, and p < 0.001.

For biochemical and hormonal assays, analyses were performed using serum sam-
ples from at least six animals per group (biological replicates). Each measurement was
performed in duplicate technical replicates.

6. Conclusions

Zearalenone (ZEA) induced severe ovarian toxicity via oxidative stress, inflamma-
tion, apoptosis, and disruption of steroidogenesis, resulting in significant biochemical,
hormonal, and histopathological alterations with impaired ovarian structure and func-
tion. Both free melittin (MEL) and melittin-loaded chitosan nanoparticles (MEL-NPs)
ameliorated ZEA-induced ovarian damage; however, MEL-NPs demonstrated superior ef-
ficacy. The nanoformulation more effectively restored antioxidant balance, suppressed pro-
inflammatory cytokines, inhibited caspase-3—mediated apoptosis, and enhanced steroido-
genic function through upregulation of CYP19A1, thereby preserving follicular integrity
and ovarian architecture.

These results suggest that chitosan-based nanoparticle delivery improves melittin
bioavailability and enhances its protective potential against mycotoxin-induced ovarian
dysfunction. MEL-NPs represent a promising nanotherapeutic strategy, yet further studies
in higher mammalian models, along with detailed pharmacokinetic, toxicity, and long-term
reproductive safety evaluations, are warranted.
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