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Abstract

The study aimed to assess the mitigation of negative impacts of heat stress (HS) by the willow bark (Salix mucronata
Thunb.) powder (SWBP) or betaine (BET) as natural antioxidants on semen quality, blood biochemicals, and oxidative
status in rabbit bucks. Under control conditions, forty mature NZW adult males were distributed into five groups of eight
replicates. The 1st group fed the basal diet without any additives (control), whereas the other groups were fed the basal diet
contained 10 g of SWBP (SWBP,), 20 g of SWBP (SWBP,), 1 g of BET (BET)), or 2 g of BET (BET,) per Kg of diet.
The results demonstrated that supplementing SWBP significantly reduced (P<0.001) the respiration rates (RR), as well of
ear (ET) and rectal temperatures (RT), while BET, recorded the lowest (P=0.004) skin temperature (ST). All supplements
markedly improved serum total protein, total lipid, and the activities of the AST and ALT (P<0.001). Moreover, SWBP,,
and BET, enhanced serum albumin and globulin levels (P<0.01), superoxide dismutase, and total antioxidant capacity
(£<0.001). Both SWBP and BET also elevated testosterone levels and shortened reaction time (P<0.001). SWBP,,
showed the highest testosterone and shortest reaction time. Semen quality parameters including pH, ejaculate volume,
motility, sperm concentration, and viability were significantly improved (P<0.05). In seminal plasms, both supplements
increased glutathione and TAC levels while decreasing malondialdehyde (P<0.001). The findings indicate that dietary
SWBP and BET could improve semen quality, blood parameters, and oxidative capacity of rabbit bucks under HS condi-
tions. Therefore, SWBP,,, or BET, could be used as HS alleviators for New Zealand White bucks during the hot Egyptian
summer months by regulating the antioxidant/oxidative pathways to support reproductive health.
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Introduction performance (Hu et al. 2019). Rabbits struggle in hot cli-

mates, a challenge intensified by global warming (Oladimeji

In developing countries, rabbits serve a crucial role in
providing animal protein. Nevertheless, heat stress (HS)
represents the primary constraint on rabbit production in
subtropical areas such as Lower Egypt (Daader et al. 2016).
HS is defined as a non-specific physiological response that
occurs when the body is exposed to elevated ambient tem-
peratures, resulting in a redox imbalance and subsequent
oxidative stress (OS) detrimental to animal health and
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et al. 2022). In rabbits, HS triggers an extreme generation
of reactive oxygen species (ROS), leading to OS (Jimoh et
al. 2017; Bai et al. 2022). This OS, in turn, deteriorates rab-
bit performance, causes serious health issues, and results in
biological damage (Abdel-Khalek 2013). To counteract the
detrimental effects of HS in rabbits, numerous nutritional
and physiological techniques have been explored to main-
tain homeostasis or prevent nutrient deficiencies (Sultana et
al. 2022). Specifically, adding functional active substances
to the diet can effectively reduce the harmful impacts of HS
in rabbits (Liang et al. 2022).

Recent studies show that the antioxidant properties of
natural sources of bioactive compounds, such as polyphe-
nols, position them as effective alleviators of HS. Salix
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mucronata Thunb. (safsaf willow), is widely distributed
along the Nile River in Egypt. Like other willow trees,
extracts from safsaf have also been used in traditional medi-
cine (Beltag et al. 2022). S. mucronata contains phenolic
compounds, flavonoids, terpenes and lignans. The phenolic
compounds isolated, were the most abundant with reported
analgesic, antipyretic, anti-inflammatory and anti-rheumatic
properties. The therapeutic potential for willow’s natural
products may be attributed to their bioactive compounds,
which work synergistically to yield the anti-inflammatory
effects (Vlachojannis et al. 2011; Nahrstedt et al. 2007).
Among various forms, willow bark is an important natu-
ral source of salicin, f-O-glucoside of saligenin, but also
of polyphenols (flavonoids and condensed tannins) with
antioxidants, antimicrobial, and anti-inflammatory activity
(Saracila et al. 2021). Due to the presence of multiple bioac-
tive compounds in safsaf, which exhibit antioxidant, anti-
inflammatory, and antimicrobial activity, we hypothesized
that the addition of dietary safsaf can improve reproductive
health during hot climates by reducing oxidative stress and
enhancing antioxidant capacity.

Betaine (BET) is a natural, stable, and nontoxic sub-
stance in living cells. It is endogenously synthesized via
choline metabolism or exogenously supplemented to diets
as a feed additive. As a methyl-group donor and an osmo-
lyte, BET plays its physiological roles (Arumugam et al.
2021). Betaine is a derivative of the amino acid glycine,
with three hydrogen atoms on the nitrogen atom replaced
by methyl groups (Gouda et al. 2025). Its unique chemi-
cal structure allows it to play various roles such as methyl
donation and zwitterionic behavior. Betaine is a quaternary
ammonium compound with a positively charged nitrogen
atom bonded to four carbon atoms and a negatively charged
carboxyl group from its glycine component (Gouda et al.
2025). It serves as a crucial methyl group donor in animal
nutrition, synthesized in cellular mitochondria from choline
and glycine (Abd El-Ghany and Babazadeh 2022). Betaine’s
biological importance extends beyond its role as a methyl
donor. Its zwitterionic properties (having both positive and
negative charges) enable it to function as a crucial osmolyte
(Abdelnour et al. 2021). In this capacity, BET helps main-
tain cellular water homeostasis and integrity without inter-
fering with the cell’s normal metabolism (Gajardo-Parra et
al. 2022; Liu et al. 2024).

BET is a natural anti-heat stress agent for farm ani-
mals (Abu Hafsa et al. 2023). The action of BET appears
via donation of the methyl group (Cronje 2018), osmopro-
tectant properties, and anti-inflammatory and antioxidant
impacts (Zhao et al. 2018). BET has been found to alleviate
HS in rabbits (Daader et al. 2018) and in roosters (Attia et
al. 2019). Under HS, the supplementation of BET (1 g/Kg
diet) significantly improved the sexual desire, progressive
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motility, vitality, intact acrosome and membrane integrity,
sperm concentration, sperm outputs and fertility in the
Animal Production Research Institute (APRI) line rabbit
bucks (El-Ratel et al. 2021). During periods of stress, beta-
ine supports normal cellular metabolic function by donat-
ing its readily available methyl group for transmethylation
reactions. This process leads to the production of vital
compounds, such as carnitine, which, in turn, boosts both
overall metabolism and the immune system (Abd El-Ghany
and Babazadeh 2022). A review of the literature indicates
that existing research on the effects of betaine in rabbit diets
has exclusively focused on heat stress conditions (Has-
san et al. 2011; Chen et al. 2023; Abu Hafsa et al. 2023).
However, the role of BET or SWBP in mitigating oxida-
tive stress and improving serum biochemistry, libido, and
semen quality of male rabbits during the Egyptian hot sum-
mer remains unclear. Therefore, we hypothesize that dietary
supplementation of rabbit bucks with dried Safsaf willow
(Salix mucronata Thunb.) bark powder (SWBP) or betaine
(BET) will mitigate oxidative stress and improve serum bio-
chemistry, libido, and semen quality during the Egyptian hot
summer.

Materials and methods

The current study was conducted at the Rabbit Research
Farm and Laboratories of the Animal Production Depart-
ment, Faculty of Agriculture, Zagazig University, Egypt,
during the hot summer season, specifically from June to
September 2023. This experiment was approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of Zaga-
zig University under protocol No. ZU-IACUC/2/F/65/2020.

Experimental design, animals, management, and
diets

Forty sexually mature male New Zealand White (NZW)
rabbit, aged between 4 and 4.5 months, with an average
body weight of 2750+68.34 g. The rabbits were randomly
assigned to five homogenous experimental treatment groups
(8 males/each). The first group was fed the basal diet with-
out any additives and served as control, while the other
groups received the basal diets supplemented with 10 g of
SWBP (SWBP10), 20 g of SWBP (SWBP20), 1 g of BET
(BET1), and 2 g of BET2) per Kg of diet.

Each rabbit was housed individually in stainless steel
cages measuring 60 x55x40 cm. Throughout the 14-week
experimental period, all rabbits were maintained under
consistent managerial, hygienic, and environmental con-
ditions. They were acclimatized for one week before the
trial commenced. The rabbits were fed ad libitum during
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Table 1 Formulation and chemical composition of the basal diet

Ingredients % Chemical com- %
position (on DM
basis)
Berseem hay (15% CP) 30.00 Dry matter 88.76
Wheat bran 32.00 Organic matter  90.85
Barley grains 19.00  Crude protein 17.75
Soybean meal (44% CP) 14.00  Ether extract 2.29
Molasses 3.00 Crude fiber 13.36
Limestone 1.30 Nitrogen free 56.45
extract
Premix* 0.30 Total Ash 8.74
Sodium chloride 0.30 DE kcallkg DM 2554.90
*%
Anti coccids 0.10
Total 100

*: Vitamins and minerals mixture contained: Vit. A 6,000,000 1U,
Vit. D3 1,250,000 IU, Vit. E 15,000 mg, Vit. Bl 1000 mg, Vit. B6
1000 mg, Vit. B, 6 mg, nicotinic acid 15,000 mg; pantothenic acid
5000 mg, biotin 50 mg, folic acid 500 mg, choline chloride 50%
400 mg, Mn 35 mg, Fe 40 mg, Cu 3.5 mg, Zn 25 mg, iodine 0.25 mg,
Se 0.075 mg, cobalt 0.10 mg, and CaCO; up to1000g

**: Digestible energy, evaluated corresponding to (Fekete and Gip-
pert 1986) method as follows:

DE (Kcal/Kg DM)=4253-[32.6 (CF%) -144.4 (Total ash%)]

the experimental period, and fresh water was continuously
available to them.

The bark was peeled from the branches and trunks of
safsaf willow trees (Salix mucronata Thunb.) cultivated
on sluiceway banks in Abu Hammad, Sharkia governorate,
Egypt. The collected bark was sun-dried, grounded, and kept
until using it. Before starting this experiment, the phenolic
and flavonoid contents were determined in Salix mucronata.
BET, a tri-methyl glycine, is a commercial product called
Betafin® S4 (Danisco Animal Nutrition, Finland), pur-
chased from Multivita, Sixth of October City, Egypt. The
tested feed supplements, SWBP and BET (powder form),
were thoroughly mixed with the basal diet (weekly), then
packed and kept in the refrigerator. The diet was formulated
to meet the nutrient requirements for mature rabbits as rec-
ommended by De Blas (2010). Formulation and chemical
analysis of the basal diet is presented in Table 1. Nutrients in
the basal diet were determined According to AOAC (2000).

Fig. 1 Air temperature (AT °C),

relative humidity (RH %), and 70
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Inside the rabbitry, ambient temperature (AT) and rela-
tive humidity (RH) were measured daily at 4 p.m. using a
thermo-hygrograph. Then, AT and RH values were used to
calculate the temperature-humidity index (THI) based on
the equation provided by Marai et al. (2001) as follows:

THI = db°C — [(0.31 — 0.31 (RH/100) x (db°C — 14.4)]

Where db °C: dry bulb temperature and RH: relative humid-
ity percentage. THI values below 27.8: absence of HS, from
27.8 to 28.9: moderate HS, from 29.0 to 30.0: severe HS,
and above 30.0: very severe HS.

The AT, RH, and THI during the trial interval (hot Egyp-
tian summer) are illustrated in Fig. 1. The average values of
the THI indicated a state of very severe heat stress.

Body temperature and respiration rate

The skin temperature (ST), rectal temperature (RT), and ear
temperature (ET) were measured individually in all rabbits
using a digital thermometer. The ST was assessed at a single
location on the body surface, specifically between the loin
and the neck. The RT was obtained by inserting the ther-
mometer probe 2 cm deep into the rectum. The ET was mea-
sured by placing the thermometer probe in direct contact
with the internal central area of the auricle. The measure-
ment durations were minimized to ensure they were taken
at similar times. All body temperature measurements were
conducted at midday, between 14:00 and 16:00, during the
heat stress period. The respiration rate was measured by
observing the rabbit’s nostrils and counting their dilations
(inhaling) for 60 s using a stopwatch.

Blood sampling and blood measurements

At the end of the experimental period, blood samples were
collected individually from slaughtered rabbits (4 per
group) into heparinized and non-heparinized tubes. The
heparinized one was to assess the hematological parame-
ters immediately using an automated hematology analyzer

OJuly EJAugust EKSeptember
60.97 5919

334 3029 3033

RH % THI
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(Hospitex Hema Screen 18, Sesto Fiorentino, Italy) fol-
lowing the method declared by Moore et al. (2015). Also,
plasma was separated from the heparinized samples by
centrifugation at 503% g for 20 min and stored at -20 °C
until the testosterone hormone assay. The non-heparinized
tubes were left to clot, then centrifuged at 503% g for 20 min
to obtain the serum, which was kept at -20°C until analy-
ses. Blood serum metabolites, involving total protein (TP),
albumin (AL), total lipids (TL), aspartate amino transferase
(AST), and alanine amino transferase (ALT) were assessed
spectrophotometrically using commercial kits offered by
Bio-diagnostic Company (Giza, Egypt), following the man-
ufacturer’s directions. The Globulin level was determined
by calculating the differences between TP and AL concen-
trations. To assess antioxidant profile and OS parameters,
the activities of superoxide dismutase (SOD) (Marklund et
al. 1982) glutathione peroxidase (GPx) (Flohé and Giinzler
1984) and levels of GSH (Anderson 1985) and MDA (Ali-
pour et al. 2006), as well as the TAC (Ghiselli et al. 2000)
were determined in rabbit serum using commercial kits and
a spectrophotometer (Shimadzu, Kyoto, Japan).

Semen collection and evaluation

During July, males were trained for adaptation to the experi-
ment conditions and semen collection according to IRRG
(2005). Semen ejaculates were collected from the New
Zealand White bucks (NZWB), once a week from each
buck, using an artificial vagina at 45 °C in the existence of
a female. During August and September, 56 semen ejacu-
lates were collected weekly from each rabbit group. As an
indicator of libido in NZWB, reaction time, the time elapsed
from the introduction of the female to the male’s cage till
ejaculation was detected in seconds using a stopwatch. The
net ejaculate volume (EV), pH value, mass motility (MM),
progressive motility (PM), sperm concentration (SC), live
(LS), dead (DS), and abnormal spermatozoa (AS) were
assessed.

The semen was maintained in a water bath (37 °C) and
then transferred to the laboratory for semen evaluation. Spe-
cial attention was given to protecting semen from cold or
heat shocks and direct light. Throughout semen collection,
the place and time of collection, and the collector were kept
constant. The ejaculate volume for each buck was recorded
after removal of the gel mass and semen pH value was
immediately determined using pH paper (p*! 0 to 14 univer-
sal indicator, Merck). Mass motility was determined using
one drop of fresh semen, which was placed on a warmed
slide. Mass motility from at least three fields was examined
under a light microscope, at 10 x, and assessed from 0 to
5. At 40x magnification, the percentage of sperm motility
was evaluated in several microscopic fields for each semen
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sample by visual examination using a light microscope
with classifications of subjective assessments ranging from
0% to 100% (Theau-Clément et al. 2005; Abo-Elsoud et
al. 2019). A weak eosin solution was used at a rate of 1:99
before counting the cells, for evaluation of sperm concentra-
tion (x10%/ml) according to Smith and Mayer (1955) by the
improved Neubauer haemocytometer slide (GmbH+Co.,
Brandstwiete 4, 2000 Hamburg 11, Germany). Percentages
of live, dead, and abnormal spermatozoa were assessed
using an eosin-nigrosin blue staining mixture (Blom 1950).
The eosin stain penetrates cells with damaged membranes.
Normal live spermatozoa do not take up the stain and appear
white, while dead spermatozoa are stained pink. Healthy
sperm typically have an oval head and a long tail, whereas
abnormal spermatozoa may exhibit defects in the head, mid-
piece, or tail, such as a large or misshapen head or a crooked
or double tail.

Eight semen samples were collected from each group at
the end of the trial period. The samples were then centri-
fuged at 126x g for 20 min to separate the seminal plasma,
which was stored at -20 °C for the determination of the total
antioxidant capacity (TAC), reduced glutathione (GSH),
malondialdehyde (MDA), and testosterone levels.

Statistical analysis

In a completely randomized design, the differences among
treatments were statistically analyzed with a one-way
ANOVA test. The data was analyzed using SPSS (version
21, SPSS Inc., Chicago, IL, USA). The following mathe-
matical model was used:

Yij = p+Ti+ eij

Where Yij: Observations, 4 =the overall mean, 7i: the fixed
effect of treatment, eij: residual error. The significant dif-
ferences among means were compared using Duncan’s new
multiple-range test (Duncan 1955).

Results
Body temperature parameters

Impact of dietary supplements (SWBP,,, SWBP,,, BET|,
or BET,) on parameters of body temperature (RT, ST, ET)
and RR are presented in Table 2. During the overall trial
period, all the tested feed additives have lowering effects
(P<0.05) on the apparent thermoregulation indices in the
heat-stressed NZW rabbit bucks (HS-NZWB) compared
to the control group. Among the tested supplements, the
best (P<0.001) values of RT, ET, and RR were recorded



Tropical Animal Health and Production (2026) 58:18 Page50f 15 18

Table 2 Effect of dietary SWBP and BET on RT, ST, ET and RR in HS-NZWB

Items CON SWBP,, SWBP,, BET, BET, P-Value  Normal range
RT (°C) 39.63 2+0.03 39.14°40.03  39.16°+0.04  39.31°+0.03 3927%+0.03  <0.001  38-38.6

ST (°C) 39.53 2+0.03 39.12%40.04  39.13°°+0.04  39.14%+0.04 389394026  0.004 37.8-38.3
ET (°C) 37.53 +0.05 37.02°940.05  36.939+0.05  37.10*+0.06 37.19°+0.06 <0.001  36-36.4

RR (breaths/minute)  104.932+0.93 9544 °+0.82  94.02°+0.95 100.40°+0.92 9832°+094  <0.001  50-55

CON, SWBP,,, SWBP,,, BET,, and BET,: rabbit groups were fed the basal diets with no supplements, 10 and 20 g of willow bark powder
(SWBP), or 1.0 and 2.0 g of betaine (BET) per kg of diet. RT: rectal temperature, ST: skin temperature, ET: ear temperature, and RR: respiration
rate. a, b, ¢ and d: means with different superscripts within the same rows are significantly different (P<0.05)

Table 3 Effect of dietary SWBP and BET on serum biochemicals in HS-NZWB

Items CON SWBP,, SWBP,, BET, BET, P-Value
TP g/dL 5.11°£0.12 5.45Y+0.09 5.66*°+0.06 5.54°£0.05 5.83+0.10 <0.001
ALB g/dL 2.99+0.10 3.14%¢£0.04 3.22%40.04 3.12%¢+0.04 3.35%+0.04 0.007
GLB g/dL 2.12°+0.02 2.31%°+0.08 2.44%+0.08 2.422+0.08 2.48%+0.07 0.010
ALB/GLB 1.42+0.04 1.36+0.05 1.32+0.06 1.29+0.06 1.35+0.03 0.447
TL mg/dL 427.87°+2.94 397.99°+6.56 372.08°+5.25 340.91°+6.3 334.41°+4.28 0.010
AST U/L 27.66°+0.84 21.66°+0.61 21.59°+0.47 23.53°+0.4 22.48%+0.46 <0.001
ALT U/L 18.36°+0.49 13.92°+0.31 13.72°+0.6 14.55°+0.42 14.52°+0.32 <0.001

CON, SWBP,,, SWBP,,, BET,, and BET,: rabbit groups were fed the basal diets with no supplements, 10 and 20 g of willow bark powder
(SWBP), or 1.0 and 2.0 g of betaine (BET) per kg of diet. TP: total protein, ALB, Albumin, GLB: globulin, TL: total lipids, AST: aspartate
amino transferase, and ALT: alanine amino transferase. a, b, and c: values with different superscripts within the same rows are significantly
different (P<0.05)

Table 4 Effect of dietary SWBP and BET on serum oxidative status in in HS-NZWB

Items CON SWBP,, SWBP,, BET, BET, P-Value
SOD ng/mL 23.119+0.16 24.98°+0.59 28.70°+0.69 25.47%¢10.35 27.08%+0.96 <0.001
GPy ng/mL 1.69°+0.08 1.912+0.04 2.05+0.07 1.94*£0.06 1.99%+0.06 0.010
GSH ng/mL 12.55°+0.48 15.96*+0.46 16.76*°+£0.34 15.80°+£0.49 16.222+0.43 <0.001
TAC ng/mL 0.894+0.03 1.07°¢+0.06 1.24°+£0.03 1.03°+£0.05 1.19°+0.02 <0.001
MDA nmol-mL 7.728+0.25 4.89°+0.19 4.67°+0.18 5.11°+0.16 4.90°+0.16 <0.001

CON, SWBP,,, SWBP,,,, BET,, and BET,: rabbit groups were fed the basal diets with no supplements, 10 and 20 g of willow bark powder
(SWBP), or 1.0 and 2.0 g of betaine (BET) per kg of diet. TAC: total antioxidant capacity, GSH: reduced glutathione, GPx: glutathione peroxi-
dase, SOD: superoxide dismutase and MDA: malondialdehyde. a, b, and c: values with different superscripts within the same rows are signifi-
cantly different (P<0.05)

in SWBP groups, while the BET, group showed the lowest
value of ST (P=0.004).

Serum biochemistry

Table 3 presents biochemical constituents in blood serum
of the NZWB as impacted by the SWBP and BET supple-
mentation. In comparison with the control, there were linear
improvements in the concentrations of serum TL (P=0.01)
and TP (P<0.001), as well as the activitiecs of AST and ALT
(P<0.001) with all the tested supplements. Additionally, the
ALB concentrations were significantly enhanced (P=0.007)
only with the high level of SWBP and BET. Also, the GLB
levels were significantly upsurged in SWBP,,;, BET,, and
BET, groups. The serum TL concentrations were signifi-
cantly lower in the SWBP groups (P=0.01) compared to the
BET and BET, groups. The best values of serum proteins
and lipids were recorded with the high level of BET, while

the best values of ALT and AST were observed with the high
level of SWBP.

Serum oxidative status

Incorporating SWBP or BET in the diets of Hs-NZWB
resulted in significant improvements in all indices of serum
oxidative status (P<0.05) compared to the control (Table 4).
There were no significant changes in GPx, GSH, and MDA
values among all SWBP and BET groups. On the other side,
among the tested doses of SWBP and BET, the high levels
in the SWBP,, and BET, rabbit groups triggered signifi-
cant enhancements in SOD and TAC (P<0.001) levels. The
most useful impacts on oxidative status were observed with
SWBP,,, compared to the other tested groups.
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Fig.2 Effect of dietary SWBP and BET on testosterone levels in blood
and seminal plasma, and reaction time of HS-NZWB. CON, SWBP ,,,
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no supplements, 10 and 20 g of willow bark powder (SWBP), or 1.0
and 2.0 g of betaine (BET) per kg of diet. a, b, and c: columns tagged
with different letters represent means that differ significantly (P<0.05)

Table 5 Effect of dietary SWBP and BET on semen quality parameters in HS-NZWB

Ttems CON SWBP,, SWBP,, BET, BET, P-Value
pH 7.15%+0.01 7.07°+0.18 7.08 2 +0.012 7.07+0.015 7.08 °+0.01 0.001
EV mL 0.49°+0.03 0.54 % +0.03 0.61 % +0.03 0.53 % +0.03 0.55 2 +0.02 0.030
MM 3.20€+0.14 4.40°+0.11 4.58740.10 3.94°40.13 4.30°+0.11 <0.001
PM % 70.43 © £1.46 83.28 2 +0.84 84.42 2 +1.06 77.89 0 +1.24 82.93 2 +0.79 <0.001
e x10° 206.10 ¢ £5.14 291.47% +4.47 317.172 +4.72 264.50 ¢ +4.11 292.0 7% +3.34 <0.001
LS % 71.10 © £0.89 82.924+0.97 83.36 * £0.96 78.23°40.92 82.41 % £0.66 <0.001
DS % 28.90 @ £0.89 17.08 € +0.97 16.64 € +0.96 21.77°+0.92 17.59 € £0.66 <0.001
AS % 15.96 * +0.43 11.19 ©+0.276 10.92 € +0.31 12.11°+0.31 11.48 % £0.23 <0.001

CON, SWBP,,, SWBP,,, BET,, and BET,: rabbit groups were fed the basal diets with no supplements, 10 and 20 g of willow bark powder
(SWBP), or 1.0 and 2.0 g of betaine (BET) per kg of diet. pH: concentration of hydrogen ions, EV: net ejaculate volume, MM: mass motility,
PM: progressive motility, SC: sperm concentration, LS: live spermatozoa, DS: dead spermatozoa, and AS: abnormal spermatozoa. a, b, ¢, and
d: values with different superscripts within the same rows are significantly different (P<0.05)

Testosterone levels in blood and seminal plasma,
and reaction time

Effects of supplementing the HS-NZWB with SWBP,,,
SWBP,,, BET,, or BET, on testosterone concentrations in
blood and seminal plasma, and reaction time are shown in
Fig. 2. Throughout the experimental period, all the tested
additives considerably ameliorated the reaction time and
levels of blood and seminal plasma testosterone compared to
the control (P<0.001). Among the examined supplements,
the reaction time with the high level of SWBP (SWBP,)
had the lowest value (P<0.001), while there were no dose
dependent impacts on reaction time and testosterone levels
among the rest of the tested additives.

Semen quality parameters

According to the results of Table 5, the dietary SWBP and
BET significantly improved all the tested semen character-
istics in the HS-NZWB (P <0.05). The pH values of semen
were similar for all supplementary doses of SWBP and
BET, but they statistically (P=0.001) lessened in parallel
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with that of the control. Only the high dose of SWBP and
BET (SWBP ,, and BET,) resulted in increased (P=0.03)
EV values compared to the control. Also, the SWBP,, group
displayed a remarkable increase in SC (P<0.001) among the
tested groups. Moreover, the best values of EV, MM, PM,
SC, LS, DS, and AS were detected in the SWBP,, group.

Oxidative biomarkers in seminal plasma

The results of the tested levels of SWBP and BET on the
oxidative biomarkers in the seminal plasma of HS-NZWB
are presented in Fig. 3. It can be observed that the dietary
SWBP and BET significantly increased levels of TAC
(P=0.004) and GSH (P<0.001), while the MDA concentra-
tions were significantly decreased as compared to the con-
trol (P<0.001). Among the investigated additives, the GSH
concentrations were ameliorated considerably (P<0.001)
with the high dose of SWBP and BET. The oxidative bio-
markers were remarkable with the SWBP 20 group.
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Fig. 3 Effect of dietary SWBP and BET on total antioxidant capacity
(TAC), reduced glutathione (GSH), and malondialdehyde (MDA) in
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Discussion

Animal performance is influenced by genetics, environ-
ment, and their interaction. HS is considered one of the
environmental strains. It instigates significant health injury
through OS, disrupted endocrine regulation, deteriorated
immune function, and reproductive disorders. Eventually,
this leads to reduced production performance and increased
mortality rates in rabbits (Liang et al. 2022). Prolonged
exposure of rabbits to HS can lead to physiological damage
(Okab and Koriem 2008). This impairment is generated by
OS, which results from the excessive production of ROS
and/or a defect in the antioxidant system (Choi et al. 2009).
Consequently, this can negatively impact the reproductive
performance in rabbit bucks. The body temperature mea-
surements in this study are consistent with the findings of
El-Ratel et al. (2021), who reported that betaine acts as a
body temperature modulator, reducing RT, ST, and ET in
APRI bucks experiencing severe heat stress. Additionally,
Chen et al. (2023) observed that RT, ST, and ET values
tended to decrease with betaine supplementation (0.75 to
2 g/kg diet) in rabbits. Furthermore, Hassan et al. (2011)
found that dietary BET supplementation (0.5 to 1 g/kg diet)
linearly reduced RT in growing male NZW rabbits under
heat stress conditions.

BET may help animals maintain a thermo-neutral state
by reversing heat-induced disruptions of osmotic balance
and preserving the tertiary structures of macromolecules
in the kidneys (Huang et al. 2007). In simpler terms, the
reduced body temperature is likely linked to osmoprotec-
tive mechanisms that assist in restoring cellular hydra-
tion, helping animals regulate their core body temperature
(Ratriyanto and Mosenthin 2018; Deshpande et al. 2020).
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and 20 g of willow bark powder (SWBP), or 1.0 and 2.0 g of betaine
(BET) per kg of diet. a, b, and c: columns tagged with different letters
represent means that differ significantly (P<0.05)

b)
M

The abundant deposition of BET in cells or organelles can
partially substitute inorganic ions to control osmotic pres-
sure, thus relieving the damage caused by inorganic ions to
enzymes and cell membranes (Lever and Slow 2010). This
cytoprotective effect may be attributed to BET as a zwitter-
ionic ion that can bind water and help stabilize the structure
and function of proteins to regulate cell osmotic pressure
(Kettunen et al. 2001).

The respiration rate of HS-NZWB showed a significant
linear decrease (P<0.001) in values (Table 2), consistent
with findings from previous studies. Chen et al. (2023)
found similar results when supplementing the diet of grow-
ing rabbits with BET (1 to 2 g/kg). Additionally, Hassan
et al. (2011) and Daader et al. (2018) reported a reduction
in respiration rate with dietary BET supplements in heat-
stressed rabbits. Chen et al. (2023) concluded that BET can
help maintain endocrine system homeostasis and effectively
alleviate heat stress in rabbits.

This experiment demonstrated that SWBP lowered
(P<0.05) the body temperature indices and RR in the HS-
NZWB. Similarly, the aqueous extract of S. babylonica
leaves (100 mL/day) significantly reduced the panting rate,
and mortality (P<0.05) in the heat-stressed broiler chicks
(Al-Fataftah and Abdelqader 2013). The bark of several
species of willow is characterized by their antipyretic, anal-
gesic, and anti-inflammatory properties (Mahdi et al. 2006).
Willow trees are recognized for their ability to inhibit the
actions of pyrogens, making them antipyretic agents. They
reduce the activity of prostaglandin synthase with low selec-
tivity and do not cause side effects (Khan 2017). The phe-
nolic compounds in Salix mucronata leaves extract have a
long history of usage as an analgesic, anti-inflammatory and
anti-pyretic herbal remedy (Dissanayake et al. 2017). Like-
wise, Beltag et al. (2022) revealed that the anti-inflammatory
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properties of the Salix family may originate from their phy-
tochemicals, including salicin, quercetin, and rutin. Safsaf
willow bark has been reported to be rich in salicin (Aboul-
Soud et al. 2020). The anti-inflammatory effects of salicin in
S. mucronata are the inhibition of cyclooxygenase-1 (COX-
1) and cyclooxygenase-2 (COX-2) leading to the inhibition
of prostaglandin synthesis (Mahdi 2010; Beltag et al. 2022).
In comparison with the activity of pure salicin, the salicin
activity of the S. mucronata leaf extract may be enhanced
by other metabolites involved in this extract (Dissanayake
etal. 2017).

Evaluating the health and physiological status of rab-
bits can be achieved by analyzing their blood biochemis-
try. When augmenting a diet with any feed supplement, it is
critical to monitor changes in serum metabolites to ensure
the safety and efficacy of this supplement (Abdelghani et al.
2024). The serum profile indicates the climatic and manage-
ment conditions to which the animals are exposed (Minafra
et al. 2010).

BET supplements significantly improved the levels
of serum proteins in the HS-NZWB (P<0.05). The aver-
age values of TP, ALB, and GLB were upgraded by 14.09,
12.04, and 16.98%, respectively, in the BET, group com-
pared to the control group. These findings are matched
Abu Hafsa et al. (2023) in NZW males and Hassan et al.
(2012) in APRI bucks subjected to high ambient tempera-
ture. Likewise, Hassan et al. (2011) declared the benefi-
cial impact of BET supplements on serum TP and GLB in
NZW rabbits. Previous authors’ findings showed that BET
supplementation advantageously influences dietary pro-
tein utilization and the intestinal integrity, which supports
enhanced the levels of serum proteins. In the NZW rab-
bit males, BET significantly improved digestibility of the
dietary protein (Abd El-Moniem et al. 2016; Abu Hafsa et
al. 2023). As well, BET (0.75 to 2.0 g /kg basal diet) sig-
nificantly increased TAC, GPx, and SOD activities, while
significantly decreased MDA levels in the small intestine
of the growing rabbits (Chen et al. 2023). Additionally, the
dietary BET (1.25-2.5 g/ Kg diet) significantly augmented
the activity of GPx in the gut, intestinal structure, activities
of the digestive enzymes, and protein digestibility in piglets
(Wang et al. 2020). The enhanced plasma ALB, GLB, and
ALB/GLB ratio reveal the encouraging impact of BET as a
methyl group donor on liver function by increasing protein
synthesis (Hassan et al. 2005).

About ameliorating the activities of aminotransferases
(P<0.05) in the HS-NZWB with supplementing BET, the
results are in concurrence with Hassan et al. (2012) who
reported that BTE (1 g /Kg diet) reduced the activity of these
enzymes in the serum of APRI rabbit bucks exposed to high
ambient temperature. Moreover, previous studies on heat-
stressed animals demonstrated that BET supplementation
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significantly (P<0.05) reduced serum AST activity in NZW
male rabbits (Hassan et al. 2011; at 1 g/Kg diet) and in Qix-
ing rabbits (Li et al. 2024; at 1.5 g/Kg). BET is an osmolyte
that stabilizes proteins, cell membranes, and cell organelles
for animals under stressors (Attia et al. 2016; Ahmed et al.
2018). It possibly acts as hepatoprotective through their
antioxidant activity by boosting the SOD and GPy activities
and GSH content and by upregulating the transcription of
SOD1, GPx1, and uncoupling protein genes in the hepato-
cytes (Wen et al. 2021).

The lipid-lowering effect of BET in this scrutiny harmo-
nized with findings of Abu Hafsa et al. (2023) in NZW rab-
bits and Attia et al. (2019) in roosters. Also, BET decreased
the lipid content of the body in poultry (Metzler-Zebeli et al.
2009). Furthermore, BET has a sparing effect on methionine
and choline (Hassan et al. 2005) and thus, increases choline
for biosynthesis of very low-density lipoproteins, which pre-
vent the lipid deposition via increased lipid removal from the
liver (Yao and Vance 1989). On the other hand, the SWBP,,
enhanced levels of serum TP, ALB, and GLB (P<0.05). In
rabbits, there was a tendency to elevating plasma TP and
GLB levels with including the safaf willow (Salix Saf-
saf) twigs hay (7.5%) in diets of the NZW growing males
(Basyony et al. 2018). However, the TP, ALB, and GLB
contents in the chicks group received willow leaf extract
(450 mg/kg diet) increased (P<0.01) by 22.89, 63.33, and
19.63%, respectively, compared to the control group (Farag
et al. 2024). Liver hepatocytes have an important role in
the synthesis of most plasma proteins (Haussinger 1996). In
liver tissues, significant (P=0.001) linear advances of GSH
and TAC pointed to that polyphenolic content in dietary
powder of S. alba improved the oxidative status. This find-
ing might be indicating that the bioactive compounds in the
dietary willow bark have a hepatoprotective impact, thus it
enhanced the liver functions (Panaite et al. 2020).

Concerning the TL concentrations in the HS-NZWB
with SWBP addition, there were significant linear reduc-
tions in their values. Similar trend was noticed in TL of
NZW growing male fed (7.5 to 22.5%) safsaf willow twigs
hay (Basyony et al. 2018). Likewise, the broilers group fed
graded levels of willow leaf extract showed a linear reduc-
tion (P<0.01) in serum total cholesterol and triglycerides
(Farag et al. 2024). Previous research stated that phenols
could interact with cholesterol carriers and transporters
present across the brush border membrane (Conseil et al.
1998; Leslie et al. 2001), thus resulting in lower choles-
terol absorption (Zern and Fernandez 2005; Abdelnour et
al. 2020).

Regarding results of serum ALT and AST, linear reduc-
tions (P<0.05) were detected with SWBP addition. Similar
results were detected by Basyony et al. (2018) in the NZW
males. In the heat-stressed broilers, activities of serum ALT
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and AST were significantly lesser with 1% Salix bark extract
diet (Saracila et al. 2018). Serum ALT and AST levels are
sensitive indicators of hepatocellular damage (Zhang 2011;
Martin et al. 2019). Phenolic compounds are included in the
antioxidant defense of organism, protecting cellular dam-
age from the detrimental impacts of ROS (Tan et al. 2018).
Liver is a target of polyphenols. Under HS conditions, high
levels of polyphenols which detected in the liver can elu-
cidate their hepatoprotective effect (Hu et al. 2019). The
orally administrated S. mucronata bark extract has a protec-
tive impact on liver cirrhosis in rats (Beltag et al. 2022). The
in vitro phytochemical evaluation of S. mucronata exhibited
that the TPC and total flavonoids content in SWPB were
126.33 mg GAE and 79.01 mg QE per gram dry weight of
SWPB, respectively.

In animals, prior research papers exposed the beneficial
impacts of phenolic compounds detected in many plants.
The anti-lipogenic effect of SWBP can be attributed to gal-
lic acid (Olaniyan et al. 2018), quercetin (Jahan et al. 2018),
and rutin (Al-Rejaie et al. 2013). Also, the reduction in liver
transaminases may be due to the rutin activity (Khan et al.
2012) and caffeic acid (Liu et al. 2021). These compounds
were detected in S. safsaf, S. alba, and S. mucronata as pub-
lished by Aboul-Soud et al. (2020), Kalia et al. (2021), and
Ahmad et al. (2023), respectively.

During the hot Egyptian summer, the THI were elevated,
accordingly, NZWB are prone to OS. The ROS are released
excessively into the blood, resulting in an imbalanced redox
status (Jimoh et al. 2017). ROS must be safely scavenged
through administering antioxidant compounds to avoid the
detrimental impacts of the OS (Oriani et al. 2001; El-Ratel
et al. 2025). The OS biomarkers (SOD, GPx, GSH, TAC,
and MDA) in blood can reveal the oxidative status of ani-
mals. In the current study, serum levels of GPx, SOD, GSH,
MDA, and TAC in HS-NZWB were notably better with
SWBP or BET supplements.

In farm animals, BET, a is a novel compound and has
been found to ameliorate HS in rabbits (Hassan et al. 2011).
Values of SOD, GPx, GSH, TAC, and MDA were improved
by 17.18, 17.75, 29.24, 33.71, and 36.52%, respectively,
in BET2 group relative to the control. These findings are
consentient with Abu Hafsa et al. (2023) in the NZW male
rabbits and Zhang et al. (2014) and Lakhani et al. (2019) in
cattle under HS conditions. Those authors found that BET
supplements improved the oxidative biomarkers in blood.
BET has various mechanisms to reduce the negative effects
of HS in animals. It plays vital functions in combating redox
imbalance during the HS (Uyanga et al. 2022). The valu-
able capabilities of BET could be through protecting the
mitochondrial function (Khodayar et al. 2018), modifying
cysteine supply in the transsulfuration pathway for GSH
synthesis, enhancing methionine and S-adenosylmethionine,

which form a protective membrane around cells by regu-
lating the cycle of methionine-homocysteine (Zhang et al.
2016), modulating the endogenous antioxidant enzymes and
GPx mRNA expression (Cai et al. 2021). On the other hand,
the high dietary SWBP level (SWBP,,) enhanced the per-
centages of SOD, GPx, GSH, TAC, and MDA were 24.19,
21.30, 33.55,39.33, and 39.51%, respectively, relative to the
control. Similar results were reported by previous authors.
Zabihi et al. (2018) recorded that the polyphenolic com-
pounds in S. alba twigs’ extract inhibited the OS through
their potency of free-radical scavenging and ameliorating
the levels of SOD, GSH, and MDA in the hypercholes-
terolaemic rabbits. Ishikado et al. (2013) reported that the
polyphenolic compounds in willow bark extract combated
the OS through activation of the transcription factor Nrf2
which improves the intracellular GSH in human umbilical
vein endothelial cells.

Salicin, phenolic acids (gallic, chlorogenic, syringic,
p-coumaric and trans-cinnamic acids) and flavonoids were
identified in the bark of various Salix species (Gligori¢
et al. 2023). The phenolic compounds in the extract of S.
mucronata leaves showed strong antioxidant activity in
vitro due to their ability to inhibit lipid peroxidation (LPO)
(Dissanayake et al. 2017). Gallic acid prevents cell damage
through impeding the unruly generation of ROS. The anti-
oxidant activity of gallic acid is related to its efficient elec-
tron transfer capacity (Velderrain-Rodriguez et al. 2018).
Chlorogenic acid has demonstrated powerful biological
activities, particularly its role as an antioxidant (Mussatto
et al. 2011). In vitro, chlorogenic acid can scavenge free
radicals and impede the OS (Mohammadi and Hosseinchi
Gharehagha 2024). The p-Coumaric acid has an antioxidant
activity through quenching the radicals that responsible for
LPO in goats (Akhtarshenas et al. 2024). The adequate lev-
els of coumaric acid and cinnamic acid can alleviate the HS.
The antioxidant activity of rutin occurs by directly remov-
ing ROS through the donation of electrons to free radicals
(Ghiasi et al. 2012). The dietary quercetin improves the
plasma antioxidant levels and reduces the ROS (Hu et al.
2015). Quercetin lowered the serum MDA concentration in
NZW adult male rabbits by scavenging the oxyradicals from
the lipid bilayer of the cell (Naseer et al. 2020).

The detrimental effect of HS on Leydig cells was proved
in reducing testosterone production and libido in the heat-
stressed rabbit bucks (Hosny et al. 2020; Yousef et al.
2022). The natural antioxidant supplements augmented
the testosterone synthesis and subsequently the libido in
the heat-stressed APRI rabbits (El-Ratel et al. 2021). In the
present study, under HS conditions, the SWBP and BET sig-
nificantly improved testosterone levels in both serum and
seminal plasma. Thus, the sexual desire was advanced in the
supplemented groups (P<0.001).
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In a dose-dependent manner, the reaction time was lin-
early shrunk with adding BET (P<0.001). The reaction
time was reduced by 40.06% in BET, relative to the con-
trol. These results are in correspondence with those attained
by El-Ratel et al. (2021) in rabbit bucks suffering from HS.
They found that dietary BET (1 g/Kg diet) significantly
increased plasma testosterone (P<0.012), while signifi-
cantly decreased the reaction time (P<0.001), compared
with the control. The improvement in sexual desire of rabbit
bucks under HS may be attributed to the thermoregulatory
action of BET (Table 2), which is attributed to its abilities
as a natural anti-heat stress mediator for farm animals (Abu
Hafsa et al. 2023), a methyl group donor (Cronje 2018), and
an antioxidant and anti-inflammatory (Zhao et al. 2018).

Likewise, the reaction time was lowered with SWBP
supplements. It decreased by 41.31 and 43.93% in SWBP,,
and SWBP,,, respectively, compared to the control. Our
data from the in vitro phytochemical assay detected consid-
erable levels of TPC (126.33 mg GAE) and TFC (79.01 mg
QE) in each gram of SWBP. Dissanayake et al. (2017)
stated that the phenolic compounds in S. mucronata have
antipyretic anti-inflammatory properties. Saracila et al.
(2021) added that the natural antioxidants in willow bark are
responsible for their useful impact. Supplementing the aged
roosters with gallic acid considerably elevated the plasma
testosterone levels (P<0.01), indicating protective activities
of the steroidogenic pathways in Leydig cells (Ghadimi et
al. 2024). In Wistar rats exposed to scrotal hyperthermia,
the dietary rutin mitigating the oxidative stress by boosting
the activities of the antioxidant enzymes and reducing LPO
(Olasehinde et al. 2025). Several studies indicated declined
semen characteristics and damage to sperm DNA, which is
due to OS in heat-stressed mammals (Hosny et al. 2020; Ijab
et al. 2022). In this research, the qualitative and quantita-
tive enhancements in the measured semen parameters (EV,
MM, and PM, SC, LS, and sperm normality) compared to
the control group were attributed to the SWBP and BET as
natural exogenous antioxidants.

BET, particularly the high level (BET,), yielded notable
improvements in all the tested semen characteristics of
the HS-NZWB (P<0.05). In the current experiment, find-
ings of semen quality are in the same line with El-Ratel et
al. (2021), who reported that BET supplements upgraded
the EV, PM, SC, viability, normality, intact acrosome, and
membrane integrity in the heat-stressed APRI rabbit bucks
(P<0.05). Likewise, Hassan et al. (2012) found that the
dietary BET (1 g/Kg diet) significantly improved the EV,
SC, sperm motility, and viability (P<0.05) in rabbits under
HS. From the parameters discussed above, the roles of BET,
particularly with the high dose (BET),), as an antipyretic and
antioxidant, can explain the improvement in semen qual-
ity through restoring serum testosterone concentration and
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supporting spermatogenesis. The noticeable decrease in
acrosomal damage and sperm abnormality in APRI bucks
is dependent on enhancing the testosterone level (El-Ratel
et al. 2023). Also, BET increased the testicular protection
against the ROS and enhanced the germinal epithelium
activity in mice subjected to HS (Shadmehr et al. 2018).
Additionally, semen characteristics are negatively impacted
by the homocysteine produced during HS. The dietary
BET decreased the homocysteine concentrations. BET is a
methyl donor that contributes to the conversion of homo-
cysteine into methionine. This reaction is mediated by beta-
ine-homocysteine methyl transferase (Rokade et al. 2020).
Thus, BET has a methionine-sparing effect, which enhances
GSH synthesis and protects the cell from ROS (Zhang et al.
2016). SWBP,, exhibited the best semen characteristics in
the HS-NZWB (P<0.05), where the pH, EV, MM, PM, SC,
LS, and AS values were improved by 0.98, 24.49, 43.13,
19.86, 53.89, 17.24, and 31.58%, respectively, relative to
the control.

Chemical composition varies among willow species and
plant organs of the same species (Gligori¢ et al. 2023). Pre-
vious studies have shown high concentrations of phenolic
compounds and flavonoids in S. mucronata leaves (Dis-
sanayake et al. 2017; Ahmad et al. 2023). In this study,
sun-dried S. mucronata bark was found to have significant
TPC and TFC (126.33 mg GAE and 79.01 mg QE/g, respec-
tively). Polyphenols, known for their antioxidant properties,
can help alleviate heat stress by donating hydrogen atoms to
free radicals and quenching ROS (Hu et al. 2019). The bark
of Salix species contains phenolic acids (gallic, chlorogenic,
syringic, p-coumaric, and trans-cinnamic acids) and flavo-
noids (epicatechin, rutin, quercetin, and naringenin), which
have antioxidant and anti-inflammatory effects (Kalia et al.
2021). S. alba leaf extract has been used as a phytogenic
feed additive to improve animal performance during heat
stress. However, the efficacy of S. mucronata bark has not
been compared in terms of semen quality in rabbits.

In this study, the antipyretic and antioxidant properties
of SWBP, especially the high dose (SWBP,,) may eluci-
date the improvement in HS-NZWB semen quality. Sertoli
cells play a crucial role in the development of germ cells
into spermatozoa. The regulation of spermatogenesis is
influenced by the actions of follicle-stimulating hormone
(FSH) and testosterone on Sertoli cells. While testosterone
is essential for spermatogenesis, FSH primarily enhances
spermatogenic output by increasing the number of Sertoli
cells (Griswold 1998). For Sertoli cells to function prop-
erly in the testis, testosterone signaling is necessary, which
operates through both classical and non-classical pathways
(Walker 2009).

Gallic acid supplements increased testosterone levels
without affecting basal LH or FSH levels, indicating direct
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protective actions on Leydig cell steroidogenic pathways
instead of modifying pituitary gonadotropin set points.
Additionally, the antioxidant potency of gallic acid boosted
the integrity of sperm plasma membrane, SC, and sperm
morphology by alleviating testicular oxidative damage
(Ghadimi et al. 2024). In the HS-NZWB, dietary quercetin
enhanced semen quality (Naseer et al. 2018). Moreover, the
quercetin supplements maintained the seminiferous tubules,
Leydig cells, germinal and Sertoli cells in the HS-NZWB by
reducing the OS. These protective effects led to significant
(P<0.05) improvements in PM, SC, and viability (Naseer
et al. 2020). The forementioned HS relief and antioxidant
properties of SWBP may explain the improvement that
occurred in semen quality of HS-NZWB in this study.

The pH values of semen were found to be statistically
lower (P=0.001) compared to the control group by approxi-
mately 1%. Theau-Clément et al. (2016) reported a signifi-
cant negative correlation between fertility and semen pH
value. They observed that even a slight increase in semen
pH led to a decrease in fertility rates in rabbits.

Lipids are major structural and functional components
of sperm, and their composition can change due to physi-
ological events (Mourvaki et al. 2010). Sperm contains a
high concentration of polyunsaturated fatty acids, which
makes it vulnerable to LPO, especially due to the significant
production of ROS (Hezavehei et al. 2018). HS leads to an
elevation in LPO, hence negatively affects sperm quality
(Attia et al. 2019). To combat this OS, sperm employs vari-
ous intrinsic antioxidant protective systems found both in
the sperm itself and in the seminal plasma. These systems
include both enzymatic and non-enzymatic antioxidants
(Amidi et al. 2016). The overproduction of free radicals in
seminal plasma damages sperm membranes and mitochon-
dria (Mizera et al. 2019).

In the HS-NZWB seminal plasma, natural exogenous
antioxidants (BET and SWBP) significantly improved oxi-
dative biomarkers. MDA, GSH, and TAC values increased
by 52.65%, 29.15%, and 32.05%, respectively, in the BET2
group compared to the control. El-Ratel et al. (2021) also
observed similar improvements in APRI rabbit bucks
with dietary BET supplementation. They found that BET
enhanced the chemical composition of seminal plasma,
leading to positive effects on spermatozoa function and
metabolism. MDA levels decreased by 37.84%, while GSH
and TAC increased by 59.62% and 30.95%, respectively, in
the seminal plasma compared to the control. BET’s lipo-
tropic activity allows it to easily cross cell membranes and
protect against oxidative stress. Furthermore, the beneficial
effects of BET may be linked to its role as ROS scavenger
in testicular tissues, reducing endogenous oxidative dam-
age (El-Speiy et al. 2017). The SWBP,, group improved
MDA, GSH, and TAC levels in seminal plasma by 53.19%,

35.07%, and 41.02%, respectively, compared to the con-
trol. In the same line, willow bark extract can reduce the
OS by improving GSH concentrations in animals (Sharma
et al. 2011; Nauman et al. 2018) and humans (Ishikado et
al. 2013).

In this respect, phenolics can serve as antioxidants and
have the potential to protect sperm from OS (Seddiki et al.
2017). In this study, the in vitro phytochemical evaluation
of S. mucronata willow bark exhibited high TPC and TFC.
The pentahydroxyflavone structure of quercetin functions
as a chelating agent for metal ions due to its ortho-dihy-
droxy phenolic structure, and it scavenges lipid alkoxyl and
peroxyl radicals (Naseer et al. 2020). Gallic acid showed
potent free radical scavenging abilities by improving SOD
activity, TAC, and MDA values in the aged rooster seminal
plasma, thereby preserving sperm plasma membrane, fol-
lowed by the maintenance of semen quality traits (Ghadimi
et al. 2024). It has inhibitory effects against the ROS genera-
tion and LPO (Jahan et al. 2018). The dietary flavonoid rutin
alleviated OS in male by boosting the activities of antioxi-
dant enzymes, decreasing LPO, and suppressing inflamma-
tory (Olasehinde et al. 2025).

Despite the promising results of this study, we have
some limitations including exploring the molecular path-
ways to enhance our understanding of how SWBP or
BET improve reproductive health. Furthermore, there
is a limitation regarding the histological studies regard-
ing testicular morphometrics and exploring the immune
expression of some related biomarkers to provide more
insights on the anti-heat stress effects of both additions.
Additionally, using omics tools to explore in-depth the
different doses of SWBP on the HS-bucks in natural envi-
ronments should also be provided.

Conclusions

The dietary supplements SWBP or BET improved all the
tested parameters in the HS-NZWB. Among the tested sup-
plements, BET at a dosage of 2 g/Kg diet (BET,) yielded
the best results in terms of ST and levels of serum pro-
teins and TL. However, the other apparent physiological
indices, along with serum ALT and AST activities, serum
and seminal testosterone levels, and oxidative biomarkers,
sexual desire, and semen quality showed superior values
with SWBP at 20 g/Kg diet (SWBP,,) compared to the un-
supplemented HS-NZWB. Hence, it is recommended to use
SWBP,, and/or BET, as an effective strategy for enhanc-
ing the reproductive efficiency of the breeding rabbit bucks
under HS conditions.
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