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This work explored the activities of bergamot oil nano-emulsion (NBG) in modulating blood biochemical
parameters, redox status, immunity indices, inflammation markers, semen quality, testicular changes and
the expression of HSPs genes in stressed rabbit bucks. Twenty-four mature rabbit bucks (5 months) were
randomly divided into three groups; control group (NBG0) received 1 ml of distilled water, while the
other two groups received NBG orally at doses of 50 and 100 mg/kg (bw) twice a week. The present
study’s findings revealed that treated groups had lower values of total and direct bilirubin, triglyceride,
lactate dehydrogenase, and creatinine compared with NBG0 group (p < 0.05). NBG100 group recorded the
greatest of total protein, albumin, GPx, T3 and T4 values as well as the lowest values of uric acid, MDA,
and indirect bilirubin. Both treated groups showed significantly reduced 8-OhDG, Amyloid A, TLR 4, while
significantly increased nitric oxide, IgA, IgM, TAC, and SOD levels. Semen characteristics such as volume,
sperm count, sperm motility, normal sperm, and vitality were significantly higher in the NBG100 group
compared to the NBG50 and NBG0 groups, whereas sperm abnormalities and dead sperm were signifi-
cantly reduced. HSP70, HSP72, and HSPA9 gene overexpression showed that testicular integrity was
maintained after buck received oral doses of 50 or 100 mg/kg of NBG. Existing findings indicate that oral
administration of NBG improves heat tolerance in rabbit bucks primarily as e result of its antioxidant and
anti-inflammatory effects.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Global climate change promotes the jeopardy of excessive heat
actions and is categorized by temperatures transcending the long-
term intermediates of duration, magnitude, and occurrence (Cheng
et al., 2022, Tripathy, 2023), menacing animal health, and the
reproductive competence (Abdelnour et al., 2020) as well as the
economic capability of food-producing enterprises globally
(Malik et al., 2022). As the high ambient temperature is progres-
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sively rising global, heat stress (HS) represents a perilous risk tow-
ered the livestock sector (Cheng et al., 2022). Conversely, the live-
stock division has adversative impacts on climate change,
contributing around 14.5% of global greenhouse emissions
(Scoones, 2023). Consequently, there is emergent concern in esca-
lating the animal keeping as an economical and environmentally
sustainable solution. However, HS triggered negative effects on
rabbits’ feed effectiveness, growth performance, immunity, and
anti-oxidative system of rabbits (Sabry et al., 2021, Bashar et al.,
2022, El-Gindy et al., 2022, Liang et al., 2022). The reduction in
the previous aspects caused by HS might be associated with main
economic losses, and extremely restrains the expansion and pro-
gress of the rabbit business (Madkour et al., 2021, Bashar et al.,
2022), especially in the hot region (Sabry et al., 2021). Due mainly
to malfunctioning or fewer sweat glands than normal in their epi-
dermis, rabbits have a lot of difficulty releasing heat from their
bodies (Abdelnour et al., 2020). Accumulative studies elucidated
that severe HS is distinguished as an issue that strictly impacts
the semen quality, and testicular development of rabbit bucks
(El-Gindy et al., 2022, El-Kholy et al., 2021), instigating male infer-
tility or sterility. HS can also increase the inflammatory cytokines
execrations, testicular damage, metabolic dysfunction, reduce sex-
ual behavior and generate oxidative stress and modify transcrip-
tomic changes (Yasoob et al., 2022, Abdelnour et al., 2021).
Recently, different nutritional strategies have been evidenced to
mitigate the adverse consequences of HS in rabbit bucks including
phytochemicals, and nano-emulsified vegetable oils in stressed
broiler (Abudabos et al., 2021). Over the past two decades, growing
evidence demonstrated that nano-emulsified essential oil compo-
nents such as cinnamaldehyde, thymol and eugenol are an effec-
tive way in attenuating the oxidative stress and inflammation
factors induced by pathogenesis or environmental issues in differ-
ent animal species (Abudabos et al., 2021, Ibrahim et al., 2022,
Ibrahim et al., 2021, Abd El-Hamid et al., 2021). Nevertheless, our
knowledge regarding their modes of action and aspects of their
application in emaciating the undesirable influences of HS in rabbit
bucks is still restricted.

Bergamot is prevalent term for Citrus bergamia Risso et Poit., a
plant belonging to the Rutaceae family. The plants display large
dark green ovate leaves similar to those of lemon, round yellow
fruits and starshaped white flowers. During the last decades, C. ber-
gamia juice has been raising attention because of its multi health
promoting effects (Ilari et al., 2021, Scuteri et al., 2019). It is sug-
gested that the beneficial properties of C. bergamia primarily derive
from its superior amounts of polyphenols (Siano et al., 2023).
Based on the previous studies, bergamot oil (BO) comprises consid-
erable quantities of limonene, linalool, b- and a -pinene, linalyl
acetate, c-terpinene, myrcene, and sabinene as well as a wide
range of vitamins (Cui et al., 2020, Siano et al., 2023). Moreover,
BO has antioxidant, anti-inflammatory, antiulcerogenic, and hep-
atoprotective capabilities (Cui et al., 2020, Karaca et al., 2005,
Kesbiç et al., 2020). Gamma-aminobutyric acid (GABA) levels in
the rat hippocampus were shown to be markedly increased in ear-
lier studies, indicating a possible anxiolytic effect of BO
(Saiyudthong and Marsden, 2011). Addition of BO (0.5 %) to Nile
Tilapia foods enhanced the growth activity, feed efficiency and
improved the blood metabolites in the fishes (Kesbiç et al.,
2020). Moreover, BO attenuated aluminum-induced anxiety in rats
(Cui et al., 2020), and showed a protective effect toward
chemotherapy-induced neuropathic pains (Ilari et al., 2021). Based
on the unique characteristic of BO as described in previous inves-
tigations, we hypothesized that the nano-emulsion of BO (NBG)
would boost the immune system, and antioxidants capability,
reduce the inflammation and improve the semen quality in
stressed rabbit bucks. Thereafter, the intent of this work was to
explore how oral NBG treatment during extremely difficult HS con-
2

ditions affected bucks’ semen quality and testicular attributes pos-
sibly via reducing the oxidative stress and inflammation.
2. Materials and methods

2.1. Ethic al approval

The investigational fulfillments in this research were permitted
by the IACUC (Institutional Animal Use and Care Committee), Zaga-
zig University (Approval number, ZU IACUC/2/F/367/2022).
According to the ARRIVE guidelines, the use and care of animals
totally followed those rules.

2.2. Preparation of bergamot oil nano-emulsion (NBG)

Citrus essential oil (Citrus bergamia, bergamot) was purchased
from the Horticulture Research Institute, Agricultural Research
Centre (ARC), Egypt. According to the previous described method
(Mohammadifar et al., 2021), a spontaneous emulsification
method was applied to prepare the nano-emulsion of bergamot
oil (NBG). Morphology of the freshly prepared NBG was visualized
by transmission electron microscope (TEM); JEOL JEM-2100, JEOL
Ltd., Tokyo, Japan) and presented in Fig. 1. The prepared NBG
was preserved at 4�C until further used and orally administered.
The principal components of bergamot oil were examined using
the gas chromatography-mass spectrometry (GC–MS) method as
described by Meng et al. (2014). Mass spectrum similarities with
a variety of commercially available libraries, such as the NIST/
EPA/NIH Mass spectral Library and the Wiley Registry of Mass
spectrum Data, was utilized to identify the constituents. The con-
tent of the essential oil is presented in Table 1.

2.3. Animal and treatments

Twenty-four rabbit bucks aged 5 months, weighing
3.15 + 0.2 kg were picked out from the farm flock for this research.
Animals were housed in natural environmental conditions with a
natural ventilation system. Animals were kept individually in cages
of galvanized wire net (60 � 60 � 40 cm, for width, length and
height) and provided with a manual feeder and an automatic drin-
ker. The bucks were kept under the same hygienic, managerial, and
housing environments throughout the entire investigational per-
iod. Diets were formulated to comprise digestible energy
2718 kcal/kg, and the percentages of crude protein and fiber were
16.44, and 12.33%, respectively. The bucks (n = 24, 8 in each group)
were alienated at random into three experimental treatments as
follow: group 1 (control group); bucks fed with basic diet without
any supplements (NBG0), groups 2 and 3 were treated with NBG
(per oral) at doses of 50 mg (NBG50) and 100 mg/kg (NBG100)
body weight per buck twice time weekly as previously recorded
(Celia et al., 2013). The NBG administration was provided to the
bucks by orally system in the morning between 8:00 a.m. and
9:00 a.m. To assess the severity of heat stress on rabbits, the tem-
perature humidity index (THI) values were used for this propose
according to previously published study (Marai et al., 2002). Utiliz-
ing a hygrothermograph (ST-50A, SEKONIC, Tokyo, Japan) fixed in
the center of animal facility 30–50 cm above the cages, the daily
ambient temperature (AT) and relative humidity (RH) were
assessed. The following equation was used for identifying the THI
values:

THI = db � [(0.31–––0.31(RH)] � [(db �C � 14.4)],
where db is the dry bulb temperature (AT) in �C. The THI read-

ings were then into the following categories: < 27.8 = absence of
heat stress; 27.8 to 28.9 = moderate heat stress; 28.9 to 30.0 = sev-
ere heat stress, and > 30.0 = extremely severe heat stress.



Fig. 1. A TEM image of NBG reveals spherical particles of various sizes and few aggregations.

Table 1
Identification and quantification of the main compounds in the essential oil of Citrus
bergamia.

No. Compound % Rt

1 (+) – limonene 51.32 4.36
2 linalyl acetate 21.34 10.23
3 linalool 7.2 6.47
4 b-pinene 6.81 4.78
5 c-terpinene 6.38 6.85
6 a-pinene 1.18 3.97
7 sabinene 1.33 4.29
8 myrcene 1.17 5.47
Total 96.73
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2.4. Biochemical analysis of blood parameters

After the treatment period of 3 months, six bucks form each
group were selected for blood sample collection from the ear vein
via sterilized heparinized tubes. Centrifugation (1700 � g for
15 min at 4 �C) was performed to blood samples for separating
and collecting the plasma. Then, the plasma samples were kept
at � 20 �C for more biochemical examination. Metabolites in the
blood including total protein, albumin, globulins, total bilirubin,
direct and indirect bilirubin, triglyceride, lactate dehydrogenase,
uric acid and creatinine were estimated spectrophotometrically
based on the constructer’s procedure utilizing commercial ELISA
kits procured from Biodiagnostic Company (Giza, Egypt).
2.5. Redox status and immunity assays

Utilizing ELISA kits supplied by Biodiagnostics company (Giza,
Egypt), the redox status was evaluated using superoxide dismutase
(SOD), reduced glutathione (GSH), and total antioxidant capacity
(TAC), as determined by the methods of (Paglia and Valentine,
1967), (Durak, 1993), and (Abo-Elsoud et al., 2019),. The malondi-
aldehyde (MDA) levels in plasma were evaluated using the method
of Tsikas and Mikuteit (Tsikas and Mikuteit, 2022). According to
the method of Abdulazeem and Jassim (Abdulazeem and Jassim,
2018), the immunoglobulins (IgA and IgM) were assessed by ELISA
kit purchased from Elabscince company (Houston, Texas, 77079,
USA), following the directions protocols.
2.6. Assays of inflammatory response, oxidative DNA marker and
thyroid hormones

The plasma levels of TLR4 were calculated by sandwich ELISA
(Rockland company, Limerick, PA 19468, USA) in a modified proce-
3

dure suggested by the technique of Liu (Liu et al., 2012). Nitric
oxide (NO) levels in the blood were determined using the Griess
reagent, as described by Chen and his co-authors (Chen et al.,
2022). The levels of Amyloid A (ng/ml) were measured with sand-
wich ELISA provided by (Biosource, Camarillo, CA) following the
proceedings recommended and based on the method of Kepes
(Képes et al., 2022). Additionally, the plasma levels of thyroid hor-
mones including Triiodothyronine (T3) and Thyroxine (T4) were
detected by commercial kits on radioimmunoassay (RIA) method.
Moreover, the concentration of 8-hydroxy-20-deoxyguanosine (8-
OHdG; ng/ml) which is a valuable indicator for DNA injury, was
assessed. Assessment of 8-OHdG levels from plasma was accom-
plished utilizing a competitive sandwich ELISA kit (Trevigen,
Gaithersburg, MD, USA) following the manufacturer’s directions
based on the method of Kocak (Koçak et al., 2022).

2.7. Semen collection and assessments

In addition to the control group, ten bulks from each treated
group were chosen for semen assessment after 3 months of oral
administration of NBG. Semen samples (12 ejaculates from each
bulk) were collected using artificial vagina method where a mature
female was employed as a mount and introduced into the buck for
the collection of semen. Immediately after semen collection, the
samples were reserved in the water bath (37 �C) pending semen
valuation. Semen attributes, counting volume of each ejaculate,
sperm livability, progressive motility, sperm normality, abnormal
sperm, and dead sperm of bucks were evaluated as described pre-
viously in our work (Abdelnour et al., 2021). Valuations of dead,
live, and anomalous sperms were executed by tally 200 sperm cells
using an Eosin–Nigrosin staining mixture. Complete or partial,
purple-stained sperm cells were measured nonviable, while no
stained sperm cells were measured viable. Proportions of movable
sperms on a warm stage displaying continuous forward motion
were visually assessed using a light microscope (X100).

2.8. Testis histological architecture

Three bucks form each treatment were selected for slaughtering
(Islamic method) and the testis were removed from each buck. The
testicular specimens were preserved in buffered neutral formalin
solution (10% for 48 h). Then, the fixed specimens were adminis-
tered for dehydration in alcohol, cleared in xylol, and embedded
in paraffin. A thin section of samples (5 lm thicknesses) was pre-
pared and picked up using microtome (Leica RM 2155, London, UK)
and deparaffinised. After that, the sections were stained with H&E
(eosin and haematoxylin) stains for histopathology evaluations
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(Suvarna et al., 2018). After staining, the alterations in testicular
tissue sections were detected in certain fields under blindfold sit-
uations using standard light microscopy (Olympus BX 51, Japan)
for exploring the pathological fluctuations. Then, the histopatho-
logical lesions grading was planned by explanation of histomor-
phology fluctuations in five pitches per segment conferring to
(Gibson-Corley et al., 2013) protocol.
Experimental period

Fig. 2. Calculated temperature-humidity index (THI) throughout the experimental
period in Sharkia Province, Egypt.
2.9. RNA isolation and real-time quantitative RT-PCR

Testicular tissues were picked up for studying the molecular
changes induced by HS. RNA was extracted from testicular tissues
utilizing Trizol reagent (Invitrogen, USA) following the instructions
from the manufacturer. The RNA quantity and quality were evalu-
ated using NanoDrop 1000 at 260/280 wavelength. The RNA was
converted into cDNA via revert Aid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, USA). A precise primer pair for the
mRNA of the designated genes was intended via Primer-BLAST
software and presented in Table 2. The reverse transcription was
performed utilizing the PrimeScript RT reagent kit (Takara, China).
The qRT-PCR analyses were carried out in QuantStudio 6 Flex sys-
tem (Applied Biosystems, USA) utilizing SYBR Premix Ex TaqTM II
reagents (No. RR820A, Takara, China) as designated earlier
(Madkour et al., 2021, Liu et al., 2012). The fold changes in selected
genes were determined by the equation, 2^-DDCt (Livak and
Schmittgen, 2001).
2.10. Statistical model and analysis procedure

Results were expressed as means ± SE. The Levene and Shapiro–
Wilk tests were conducted in order to check for normality and
homogeneity of variance (Razali and Wah, 2011). One way ANOVA
of statistical analysis system (Proc Anova; SAS., 2012 version 8,
Cary, NC, USA) was used for assessing the studied variables. P-
values<0.05 were recognized as statistically significant.
3. Results

3.1. Meteorological parameters

As depicted in Fig. 2, temperature-humidity index (THI) values
were arranged between 74.78 and 87.51 during the whole experi-
mental period. The first 6 weeks of experimental period, animals
did not suffer from heat stress as reported in the material and
methods (absence heat stress) depending on the THI values. The
THI values were 81.69 after six weeks of treatment, indicating mild
heat stress. The THI values for the remaining experiment weeks
ranged from 84.39 to 87.51, indicating that the rabbits were under
severe and extremely severe heat stress.
Table 2
A list of the primer’s sequences, amplicon size, and annealing temperature used in the
present study.

Gene
name

Primer Molecular
weight (bP)

Annealing
temperature
(℃)

HSP70 F: CGTGGAGTCCTACACCTACAAC
R: ACTCGTCTTTCTCGGCCATC

152 58

HSP72 F: ATGGCCAAGCAATCAGCG
R: TAATCCACCTGCACGATGGT

122 59

HSPA9 F: CCACCAGGATGGCTGGAATGG
R: CCAACAACTGCACCCTTAATTGCTT

96 57.5

b-actin F: CTGGAACGGTGAAGGTGACA
R: CGGCCACATTGCAGAACTTT

73 56

4

3.2. Liver and kidney functions

As illustrated in Fig. 3, bucks administrated with 50 or 100 mg/
kg of NBG had markedly (p < 0.05) lower levels of total bilirubin,
direct and indirect bilirubin, ALT, AST, ALP, and LDH lactate. The
lowest levels of liver parameters were noticed in NBG100. Total
protein and albumin in the treated groups of bucks were signifi-
cantly higher than in the control animal (p < 0.05). There were
no statistical alterations in globulins and A/G ratio among the trea-
ted groups and the heat stressed group (p > 0.05). Bucks adminis-
trated with 50 or 100 mg/kg NBG had markedly (p < 0.05) lower
levels of total bilirubin, direct and indirect bilirubin, triglyceride,
lactate dehydrogenase, while the lowest levels of indirect bilirubin
were noticed in NBG100 (p < 0.05). When compared to the NBG0
group, treated groups significantly reduced uric acids (p < 0.001)
and creatinine (p < 0.05), with 100 mg/kg of NBG producing the
best outcomes. Overall, the treatment of NBG (50 or 100 mg/kg)
to heat-stressed rabbit bucks significantly reduced the damage
caused by HS to the liver and kidney tissues. (Figs. 3-5).
3.3. DNA damage, inflammatory and immunity responses

The levels of 8-hydroxy-20-deoxyguanosine (8-OHdG; ng/ml),
which is an indicator for oxidative destruction of DNA, were
assessed. Both groups NBG50 and NBG100 significantly declined
the 8-OHdG levels (ng/ml) as compared to the NBG0 group
(p < 0.001) (Fig. 6). Amyloid A (p = 0.035) and TLR 4 (p = 0.005)
were significantly inferior in all supplemented groups relative to
the control. The lowest values were detected in bucks adminis-
trated with NBG at 100 mg/kg (Fig. 6). Moreover, bucks adminis-
trated with NBG (50 or 100 mg/kg) caused markedly an elevation
in the nitric oxide levels in relation to untreated group
(p = 0.028). Similarly, NBG50 and NBG100 groups had significantly
higher IgM (an increase 458%, and 437%) and IgA (an increase 270%
and 222%, respectively) levels than the control group (p < 0.001).
3.4. Redox status and thyroid hormones

The values of TAC, GPx and SOD were very low in the untreated
group, whereas the level of MDA was high. Administration of NBG
at 50 and 100 mg/kg exhibited significantly higher levels of TAC,
GPx and SOD in comparison to the control group (Fig. 7). Further-
more, the NBG100 group had the greatest levels of TAC and Gpx,
while the NBG50 exhibited intermediate values for SOD activities.
Heat stress induced significantly elevations in serum lipid peroxi-
dation (MDA), while administration of NBG at dosage of 50 and
100 mg/kg markedly reduced this augmentation by 46.6% and
32.3% for NBG50 and NBG100, respectively (Fig. 7). T3 and T4
had the best results in the NBG100 group, with highly significant
differences from the other groups. NBG50 showed intermediate
values for T3 and T4 levels. Overall, T3 values were increased by
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Fig. 3. Effects of orally administration of nano-emulsion of bergamot oil (NBG) on liver biomarkers of rabbit bucks during thermal stress. Data presented as mean ± SEM,
*P < 0.05, **P < 0.01, ***P < 0.001 compared to control. Rabbits received bergamot essential oil nano-emulsion at different concentrations: 0 (Control), 50 (NBG50) and 100 mg/
kg (NBG100).
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10.4 and 62.8%, while T4 increased by 10.9 and 17.5% in NBG50 and
NBG100 groups, respectively (Fig. 8).

3.5. Semen quality and testicular alterations

As depicted in Table 3, NBG administration significantly
improved all semen parameters including semen volume, normal
sperm, sperm concentration, progressive motility, sperm livability,
while decreased significantly the dead sperm percentage and
abnormality of heat stressed rabbit bucks. NBG100 exhibited the
lowest values for dead sperm compared with the NBG50 and
NBG0 groups. Moreover, the intermediate values for sperm con-
centration, and sperm livability were detected in NBG50 treat-
5

ment. As shown in Fig. 9, rabbits received 100 mg/kg of NBG
exhibited significantly higher levels of NSET, (numbers of seminif-
erous tubules), MDSET (mean diameters of seminiferous tubule,
lm), HSET, (height of seminiferous, lm). Similarly, the NSP/SET
(numbers of spermatogonia/ seminiferous tubule) and NSPC/SET
(numbers of spermatocytes/ seminiferous tubule) measurements
were also significantly higher.
3.6. Histological studies

Fig. 10 (A-F) demonstrated that some seminepherous tubules in
the testes of heat-stressed rabbits (NGB0 group) had atrophied and
were represented by necrotic germinal epithelial lining (Fig. 10A
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Fig. 4. Effects of orally administration of nano-emulsion of bergamot oil (NBG) on total protein, albumin and globulin levels of rabbit bucks during thermal stress. Data
presented as mean ± SEM, *P < 0.05, compared to control. Rabbits received bergamot essential oil nano-emulsion at different concentrations: 0 (Control), 50 (NBG50) and
100 mg/kg (NBG100).
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Fig. 5. Effects of orally administration of nano-emulsion of bergamot oil (NBG) on
kidney biomarkers of rabbit bucks during thermal stress. Data presented as
mean ± SEM, *P < 0.05, **P < 0.01 compared to control. Rabbits received bergamot
essential oil nano-emulsion at different concentrations: 0 (Control), 50 (NBG50) and
100 mg/kg (NBG100).
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and 10B). Moreover, testicular tissues of those animals exhibited
interstitial edema caused by heat stress. Rabbit bucks which had
received 50 mg of NGB revealed moderate normal architectures
of the majority of seminiferous tubules (Fig. 10C and D). However,
less edema and depleted few numbers of germ cells in some
tubules were encountered. Rabbit testicular tissues revealed nor-
mal histology of seminiferous tubules and Leyding cells after the
treatment with 100 mg/kg of NGB (Fig. 10 E and F). Moreover,
6

the seminiferous tubules exhibited normal spermatogonia, sper-
matocytes, spermatids and central impacted sperms.

3.7. Testicular heat stock proteins (HSPs) genes

The mRNA expression of HSPs including HSP70, HSP72 and
HSPA9 were found to be downregulated in response to oral admin-
istration of NBG when compared with the control (Fig. 11).

4. Discussion

High environmental temperature resulting from global warm-
ing has critical adverse effects on both animals and human, leading
to impaired immune system, hormonal profile, dysregulated testic-
ular development, reduced sperm function, and even infertility.
The current data show that the liver function, immune system,
and antioxidant status were all greatly improved, whereas DNA
damage, inflammatory factors, and thyroid hormone synthesis
were all dramatically decreased by the bergamot oil nano-
emulsion. Additionally, NBG enhanced the reproductive capacity
of buck under heat stress conditions via sustaining the testicular
architecture, improving the semen quality and modulating the tes-
ticular heat shock protein families HSP70, HSP72 and HSPA9 genes.

Several studies have reported that HS could induce high dam-
ages in hepatic tissues of rabbits which resulted in significant
levels of liver enzymes in the blood (Abdelnour et al., 2020,
Bashar et al., 2022, Yasoob et al., 2022). In the present study,
NGB attenuated liver injury by HS in rabbits via a significantly
reduction in the levels of lactate dehydrogenase, triglycerides, total
and direct bilirubin. Bergamot oil was found to have a hepatopro-
tective effect on rats in a prior study (Karaca et al., 2005), which
agrees with the findings of our study. The use of medicinal plants
in enhancing the blood metabolites in rabbits has been confirmed
by many authors (Abdelnour et al., 2022, Abdelnour et al., 2020,
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Fig. 6. Effects of orally administration of nano-emulsion of bergamot essential oil (NBG) on DNA damage, inflammatory and immunity indices of rabbit bucks during thermal
stress. Data presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 compared to control. Rabbits received bergamot essential oil nano-emulsion at different
concentrations: 0 (Control), 50 (NBG50) and 100 mg/kg (NBG100).
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Swelum et al., 2021). However, the application of nano-emulsion
essential oils such NBG is a new strategy for reducing the negative
effects of heat stroke in animal and is considered as an urgently
needed safe and applicable method for more sustainable produc-
tion. Previous investigations demonstrated that oral administra-
tion of fresh onion juice (El-Gindy et al., 2022) and orange peel
extract (Morshedy et al., 2022) considerably improved blood
parameters in male and female rabbits raised under severe heat
stress. The earlier researchers observed that these phytochemicals
improved reproductive efficiency and might lessen the adverse
consequences of extreme heat exhaustion in rabbits. Additionally,
(Perna et al., 2019) showed that bergamot oil (BO) has positive
effects on hyperlipidemia by regulating triglycerides, LDL, HDL
and total cholesterol. In a recent study on fish, dietary BO consid-
erably increased total protein and reduced cholesterol and triglyc-
eride levels. This is comparable to our current data in rabbit bucks
exposed to HS. According to Saiyudthong and Marsden (2011), BO
exhibits anxiolytic-like characteristics by weakening the HPA axis
and reducing the corticosterone stress response (Saiyudthong
and Marsden, 2011).
7

In comparison to rats treated with AlCl3, rats co-treated with
bergamot oil significantly reduced oxidative stress by increasing
antioxidative defenses like CAT and SOD in the hippocampus
(p < 0.05) (Cui et al., 2020). MDA is the lipid peroxidation product.
Heat stress meaningfully augmented the amounts of MDA in the
serum of heat stressed rabbit bucks (p < 0.05) as compared to con-
trol group. Oral administration of NBG (50 or 100 mg/kg) attenu-
ated the oxidative stress via diminishing the MDA in rabbit
caused by HS. Several earlier efforts share similarities with our
findings, regarding the potentiality of bergamot oil in boosting
the antioxidative enzymes and reducing the lipid peroxidation
(Cui et al., 2020, Ilari et al., 2021). According to Madkour and his
co-authors, using BO in its nano-form may be able to prevent crit-
ical proteins from nitrating, protecting them from oxidative stress
and maintaining the DNA’s integrity from damage (Madkour et al.,
2021). As reported by (Roberto et al., 2010), the antioxidant prop-
erty of D-limonene may help to successfully protect lymphocytes
from oxidative stress and mitochondrial malfunction. The presence
of D-limonene maybe explains the improvement in the antioxida-
tive system in heat stressed bucks.
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Fig. 7. Effects of orally administration of nano-emulsion of bergamot oil (NBG) on antioxidative and oxidative biomarkers of rabbit bucks during thermal stress. Data
presented as mean ± SEM, **P < 0.01, ***P < 0.001 compared to control. TAC; total antioxidant capacity, Gpx; Glutathione peroxidase, SOD; Superoxide dismutase, MDA;
Malondialdehyde. Rabbits received bergamot essential oil nano-emulsion at different concentrations: 0 (Control), 50 (NBG50) and 100 mg/kg (NBG100).
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Fig. 8. Effects of orally administration of nano-emulsion of bergamot oil (NBG) on antioxidative and oxidative biomarkers of rabbit bucks during thermal stress. Data
presented as mean ± SEM, **P < 0.01, ***P < 0.001 compared to control. T3; Triiodothyronine and T4; Thyroxine. Rabbits received bergamot essential oil nano-emulsion at
different concentrations: 0 (Control), 50 (NBG50) and 100 mg/kg (NBG100).
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Our results revealed that exposing rabbit bucks to high environ-
mental temperature induced significantly the inflammatory
responses including increased levels of amyloid A and TLR 4 levels,
and DNA marker 8-OhDG (p < 0.001), while the nitric oxide was
lower in NBG0 group compared with the other groups. With this
sense, co-administrationofNBGatdifferent levels considerably low-
ered the inflammatory response by declining the amyloid A and TLR
4 levels in rabbit bucks given NBG (p < 0.05). According to the
research by Cui and co-authors (Cui et al., 2020), bergamot oil
reduced the inflammation markers (TNF-a and IL-1b) induced by
AlCl3 in rats. However, additional markers of inflammation, such as
amyloid A and TLR 4, were used in our investigation. Inflammation
throughout the body may result from this process, which may be
linked to the increase in oxidative grade. Otherwise, (Ríus et al.,
2022) indicated that HS induced a significant higher level of serum
amyloidA incalves,while theprobiotics inclusiondidnotameliorate
8

this effect. Bergamot juice (20 mg/kg) is auspicious mediator in
terms of pro-inflammatory mediators decrease (Perna et al., 2019).

High levels of inflammatory factors after a heat stroke may be a
result of testicular dysfunction, which is often accompanied by
higher sperm death, worse sperm quality, and thus decreased
reproductive potential. Amyloid A displays substantial immuno-
logical action via inducing the secretions of various cytokines
and by being chemotactic for mast cells and neutrophils (Eklund
et al., 2012). Moreover, it was found that amyloid A could activate
cell-surface receptors TLR4 for boosting the immune system in the
body (Eklund et al., 2012). As shown in our research, NBG modifies
the immune reactions of rabbit bucks under heat stress. We have
for the first time discovered that NBG has immunomodulatory
properties in rabbits, which may open up new opportunities for
employing compounds that can reduce animal heat stress through
immunomodulatory agents.



Table 3
Effects of orally administration of nano-emulsion of bergamot oil on semen quality
and testicular attributes of rabbit bucks during thermal stress.

Item1 Treatments

Control NBG50 NBG100

Volume (ml) 0.425 0.463 0.575*
Normal (%) 75.25 90.12*** 94.00***
Sperm concentration (x106) 72.25 87.7*** 95.25***
Progressive Motility (%) 61.25 73.5** 83.75***
sperm livability (%) 70.5 93.25*** 96.00***
Dead spermatozoa (%) 29.5 6.75*** 4.00***
Abnormal spermatozoa (%) 24.75 9.87*** 6.00***
NSET 15 17* 19*
MDSET 200.66 233.3** 279.33**
HSET 60.66 69** 81.66**
NSP/SET 54 65.66** 69.66**
NSPC/SET 96.66 117*** 132***

Results were presented as mean ± SEM, *P < 0.05, **P < 0.01 ***P < 0.001 compared
to control. NSET, numbers of seminiferous tubules (SET); MDSET, mean diameters of
SET (lm); HSET, Height of seminiferous (lm); NSP/SET, numbers of spermatogonia/
SET, and NSPC/SET numbers of spermatocytes/SET. Rabbits received bergamot
essential oil nano-emulsion at different concentrations: 0 (Control), 50 (NBG50) and
100 mg/kg (NBG100).
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Thyroid hormones have important roles in thermoregulation
system in animal. HS caused critical disturbances in T3 and T4 syn-
thesis in rabbits (Liang et al., 2022). Presently, NBG at 100 mg
showed the highest values of T3 and T4 compared with other
groups. Reduction in feed utilization inhibits the releasing of T3
and T4 which decline the growth performance and other physio-
logical process (Liang et al., 2022). In line with our data, (El-
Kholy et al., 2021) found that the dietary phytochemicals addition
in the buck diets enhanced the thyroid function and other blood
metabolites including kidney and liver functions.

Morphological structure of seminiferous tubules reflects the
reproductive health status of the male. The current investigation
demonstrated that NBG treatment of NBG could maintain the tes-
ticular architecture of heat stressed rabbit bucks. It’s well known
that HS caused damages in the spermatogonia, Leyding cell,
reduced the testosterone levels, and led to sperm abnormalities
and testicular dysfunction. Due to the powerful antioxidant capac-
ity of NBG and its function in attenuating the oxidative stress in the
cellular study, NBG significantly enhanced the volume, sperm
Fig. 9. The lesions score of the severity extent within testicular tissues as affected by di
lesion score. Histologic lesions were scored for severity (0 = No altrerations, 1 = Mild al
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motility, livability, and concentration, as well as reduced the
abnormalities and the number of dead sperm (Table 3). Previously,
it was found that D-limonene (30–40 mg/kg injection) protects
sexual organs from oxidative stress induced by old age (Shereen,
2020).

D-limonene is the major compound of bergamot essential oil as
shown in Table 1 and evidenced by other researchers (Cui et al.,
2020, Furneri et al., 2012, Li et al., 2022). The findings of the current
research showed that d-limonene accounts for 51.3% of all discov-
ered compounds. This percentage is higher than the 33.7% found in
the study conducted by Furneri et al., 2012, but it is lower than the
60.9% found in the study conducted by Cui et al., 2020. The per-
centages of other major compounds such as linalyl acetate
(21.3%), linalool (7.2%), and c-terpinene (6.4%) were lower than
those reported by Furneri et al., 2012. In contrast to our findings,
other researchers (Djenane, 2015, Salvino et al., 2022) revealed
that bergamot essential oil primarily consists of linalool acetate
and linalool. Indeed, the composition of essential oils could be
influenced by fruit maturity, growth stage of the plant, storage
conditions, extraction procedures. Additionally, it is likely that
both genetic and geographical environmental factors contributed
to the development of a chemical composition variation.

Similar to our findings, other investigations have demonstrated
that the bergamot oil enhanced the thickness of the walls of sem-
iniferous tubules and tubules with regular layers of various sper-
matogenic cell types in the testis of old rats (Roberto et al., 2010,
Shereen, 2020).

As shown in Fig. 9 and Table 3, NBG (particularly 100 mg/kg)
significantly improved bucks as seen by increased spermatogenic
cell layer thickness. Other authors provided evidence of this (Cui
et al., 2020, Roberto et al., 2010). The antioxidant impact of limo-
nene may be also responsible for the improvement in testicular
characteristics. Another main compound presented in bergamot
oil is linalool, which exhibits antihyperalgesic and antinociceptive
properties in various animal models in addition to anti-
inflammatory actions (Sakurada et al., 2009). Our findings show
that NBG treatments improved buck sperm quality, including
sperm count, motility, and normal sperm, as well as a clear
decrease in the fraction of dead and abnormal sperm. Moreover,

(El-Gindy et al., 2022) found that fresh onion juice (1.5, and
3 ml/kg) significantly enhanced sexual behavior such libido, and
etary supplement of NBG in rabbit buck diets. The represented scores are the mean
trerations, 2 = Moderate altrerations, 3 = Severe altrerations).



Fig. 10. (A-F). Photomicrograph of H&E-stained sections from testicular tissues of bucks. (A&B) Bucks reared under HS conditions (NBG), showing some atrophied
seminepherous tubules (curved arrow) with necrotic germinal epithelial lining (arrowhead), in addition to interstitial edema (arrow). (C&D) Bucks received 50 mg/kg of NBG
under hot conditions showing normal architectures of the majority of seminepherous tubules (thick arrow), less edema (arrow) and depleted few numbers of germ cells
(arrowhead). (E&F) Bucks received 100 mg/kg of NBG showing regular histology of seminepherous tubules (thick arrow), spermatogonia (arrow), spermatocytes (arrowhead),
central impacted sperms (star) and lyding cells (curved arrow).
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Fig. 11. Effect of nano-emulsion bergamot oil (NBG) on heat shock proteins (HSP72,
HSP70, and HSPA9) related expressions in testicular tissues. Results are presented
as mean ± SEM, **P < 0.01 ***P < 0.001 compared to control.
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semen features viz. individual and mass sperm motility, semen
concentration, sperm viability, and acrosome reaction in heat
10
stressed rabbit bucks. HSPs are an intracellularly produced family
of proteins that are tremendously conserved and prevalent and
are triggered in response to numerous environmental issues
(Abdelnour et al., 2019). In the current study, it was found that
the NBG induced significant down regulation of the HSPs including
HSP70, HSP72 and HSPA9 in testis tissues. Consequently, the reduc-
tion in the of HSP70, HSP72 and HSPA9 expressions in testicular tis-
sues of treated NBG groups reflecting its antioxidant capability,
which can affect the important enzymes that have a significant
effect on maintaining the redox balance and homeostasis in the
body (Yasoob et al., 2022, Abdelnour et al., 2019). As mentioned
above, the oral administration of NBG can alleviate the adverse
effects of HS in rabbit bucks via modulating the immune, inflam-
matory and HSFs genes due its powerful antioxidant, immunomod-
ulatory, and anti-inflammatory properties. Nevertheless, to clarify
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its probable use as an anti-stressor agent in animal feeding and
welfare, more molecular and transcriptome studies are required.

5. Conclusions

In summary, HS induced liver and kidney dysfunction,
decreased antioxidant function, upregulated the protein expres-
sion of HSPs family, impaired the testicular tissues, caused inflam-
mation, and declined the immune system of rabbit bucks. The HS-
induced testicular injury is accompanied by reduced semen qual-
ity. Oral administration of bergamot oil nano-emulsion (50 or
100 mg/kg bw) protects against testicular damage and immune
dysfunction in buck with HS via the action on associated HSPs
(HSP70, HSP72, and HSPA9) genes.
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