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The current study investigated the effect of vitamin C and its nanoparticles (NPs) on testicular hemodynamics
using Doppler ultrasonography, testicular volume (TV), testicular echotexture (PIX), and circulating testosterone
(T), nitric oxide (NO), and total antioxidant capacity (TAC) in pubescent bucks under heat stress conditions.
Fifteen Baladi goat bucks were split into three groups (5 in each): the control group received subcutaneous
(S/C) injections of 1 ml of corn oil, the vitamin C group received S/C injections of 1 ml of traditional vitamin C
(5mg/kg body weight), and the vitamin C NPs group was administered by S/C injections of Tml of vitamin C
NPs (1.25 mg/kg body weight). All groups had been injected twice a week in 3-4 days intervals for 4 consecutive
weeks. Testicular hemodynamics assessment was done on day zero, 4, 8, 12, 16, 20, 24, 28, and 32. Estimating
the TV and PIX was performed by B-mode ultrasonography and computer-assisted image analysis software.
Concentrations of T, NO, and TAC were measured using commercial kits. Results revealed significant decreases
(P <0.05) in Doppler indices values (resistive index and pulsatility index) in the vitamin C NPs group followed by
the vitamin C group compared to the control group. There were significant increases (P < 0.05) in the TV, PIX,
and NO, TAC concentrations in the vitamin C NPs group and vitamin C group compared to the control group.
There were no significant differences (P > 0.05) in the concentrations of T between all groups during the studied
time points. In conclusion, vitamin C NPs improve testicular blood flow and increase NO concentrations and
TV than traditional vitamin C. Nano-formulations of vitamin C showed higher antioxidant activity compared to
traditional vitamin C as it improves its stability and bioavailability. So, using nanoparticles of vitamin C could be
recommended for improving the reproductive performance of pubescent bucks under heat-stress conditions.

Introduction

Goats in Egypt are one of the important livestock because they are
considered an important source of meat and milk production (Marai et
al.,, 2002; Galal et al., 2005). In the last decade, there has been a decline
in the productivity of goats. Therefore, different strategies that aim to
raise male and female reproductive capacities are of great value. In small
ruminant herds, it is essential to choose males with high reproductive
performance potential (Saaed and Zaid, 2018; Camela et al,, 2019). Male
spermatogenesis and normal testicular function are temperature-sensi-
tive because heat stress damages all of the major testicular cells, lowering
the quality and quantity of sperm. This explains why the testes in the
majority of mammals are situated outside the body in the scrotum to
maintain the intratesticular temperature at approximately 32°C, which is
somewhat lower than the body's core temperature, for proper spermato-
genesis (Paul et al., 2008; Hansen, 2009; Shahat et al., 2020).

The increased temperatures and relative humidity in summer months
could be contributing to the extra decline in bucks' reproductive perfor-
mance during the non-breeding season (Lu, 1989; Samir et al., 2018). The
decline of reproductive performance in goat bucks may be caused by
oxidative stress conditions brought on by summer heat stress (Lu, 1989).
Heat stress (HS) generates an excess of free radicals (hydroxyl radical,
superoxide anion radicals, singlet oxygen, and hydrogen peroxide), which
are constantly generated during aerobic metabolism (Bernabucci et al.,
2002) and can damage healthy cells if they remain inside. As a result, HS
reduces reproductive performance, hinders spermatogenesis (Kay et al,
1992), and has an impact on testicular hemodynamics, semen quality, and
the fertilizing potential of goat bucks (EI-Sherbiny et al., 2022a). Because
of the detrimental effects of oxidative stress on testosterone synthesis,
testicular blood flow, sperm quality, and fertility, (Bansal and Bilaspuri,

2011; El Tohamy et al., 2012; Hedia et al,, 2020), numerous studies were
conducted to mitigate the adverse effects of HS on testicular functioning
using hormones (gonadotrophin) in bucks (Samir et al, 2015; Abbas et
al., 2021) and antioxidants (Vitamin C) in goats and (L-carnitine) in rams
(Minka and Ayo, 2010; 2012; EL-Sherbiny et al., 2022b).

Vitamin C is a potent antioxidant and plays a crucial role in immune
function regulation and protects from oxidative damage at many cellular
and sub-cellular levels by scavenging free radicals and preventing mem-
brane phospholipids from peroxidation (Englard and Seifter, 1986; Ranjan
et al, 2012) and as reported in goats, its oral supplementation reduces
the stress-induced hemolysis of erythrocytes following road transporta-
tion for 12 hours during hot-dry season (Minka and Ayo, 2010). Along
with all of these functions, it is essential for several mammalian species’
reproduction. Earlier investigations have demonstrated the advantages of
ascorbic acid subcutaneous injections to sub-fertile bulls (Phillips et al.,
1940), cows (Phillips et al., 1941), and stallions (Ralston et al., 1988). Ad-
ditionally, it has been reported that vitamin C was utilized therapeutically
to alleviate infertility in adult ruminants, enhancing the performance of
bulls with poor breeding records, and in cows, boosting the rate of con-
ception, and lowering the retained placenta cases (Daykin, 1960). Vitamin
C supplementation lowers the incidence of secondary sperm abnormal-
ities via lowering the formation of free radicals (Sikka, 1996), involved in
sex steroids synthesis including testosterone; hydroxylation of steroids is
particularly dependent on vitamin C (Luck et al., 1995; Weber et al., 1996)
and can enhance sperm viability and normal morphology in goats (Fazeli
et al, 2010). It raises the catalase concentration and enhances spermato-
genesis, sperm concentration, motility, and viability (Raeeszadeh et al.,
2021). Ascorbic acid may play an essential role in fertility and be regarded
as an essential element in the reproductive process (Luck et al.,, 1995), as
it is essential in protecting spermatozoa from oxidative damage in vivo,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
ISSN: 2090-6277/2090-6269/ © 2011-2025 Journal of Advanced Veterinary Research. All rights reserved.




M. Essam et al. /Journal of Advanced Veterinary Research (2025) Volume 15, Issue 1, 28-34

with approximately seven times higher concentrations of ascorbic acid
in seminal fluid in comparison with blood plasma concentration (Fraga
et al,, 1991). Its deficiency causes a reduction in sperm counting and in-
creases in morphological abnormalities (Ebesunun et al., 2004), along
with increased levels of oxidative sperm DNA damage (Fraga et al., 1991).

The poor stability of vitamin C impedes its therapeutic use. Vitamin
C is unstable due to a variety of physical and chemical factors, including
temperature, light, metal ions, enzymatic oxidation, ambient oxygen, and
alkaline pH, which causes it to break down rapidly into less active species
(Herbig and Renard, 2017). The development of efficient delivery systems
that can transport vitamin C to the bloodstream is essential for the pres-
ervation of vitamin C by protecting it from environmental factors with
the possibility of controlled releasing capacities (Comunian et al., 2022).
Incorporating vitamin C into nano-carriers was found to improve its sol-
ubility, stability, and bioavailability as well as its ability to cross barriers
(Alishahi et al., 2011; Mikirova et al,, 2019; Gopi and Balakrishnan, 2021;
Subroto et al, 2021). Male infertility has been reversed by vitamin C in
nanoparticles, according to Zhao et al. (2012). When compared to tradi-
tional vitamin C, vitamin C nanoformulations exhibit higher antioxidant
activity (Chae and Park, 2007; Parhizkar et al., 2018). For example, it was
revealed that with gingival inflammation cases, an emulsion of nano-vita-
min C showed antioxidant capabilities (Chae and Park, 2007).

Baladi goats in subtropical climates are more susceptible to HS than
crossbreeds (Teama and El-Tarabany, 2016; Al-Dawood, 2017; El-Tarabany
et al, 2017). Overall, we speculated that administration of vitamin C, in its
nanoparticle forms, could be beneficial to combat the adverse effects of
HS conditions on testicular function in male goats by increasing testicular
blood flow, testosterone (T) levels, and testicular volume. Therefore, the
objective of this study was to investigate and compare the effect of vita-
min C and vitamin C nanoparticles (Vitamin C NPs) on testicular hemo-
dynamics, testicular volume, testicular echotexture, and circulating tes-
tosterone, nitric oxide, and total antioxidant capacity in pubescent bucks
under HS conditions (during summer months).

Materials and methods

The study was conducted on male Baladi goats. Baladi goats are
the most common breed raised in Egypt's Nile Delta which is crucial to
Egypt's production of milk and meat. They are a non-seasonal breed and
reach puberty at the age of 4 to 6 months (Galal et al., 2005).

All methods in this study were performed following the rules and
regulations of the Ethics Committee for Animal Use at the Faculty of
Veterinary Medicine, Cairo University, Egypt (approval number: Vet CU
25122023889).

Materials

Vitamin C (L-Ascorbic Acid), Surfactant (non-ionic) (Tween 80 and
Tween 20), and deionized water were obtained from Sigma-Aldrich Com-
pany, and corn oil was obtained from Oleum Company Egypt.

Animals and management

This study was performed at the Department of Theriogenology, Fac-
ulty of Veterinary Medicine, Cairo University. Fifteen Baladi bucks (Capra
hircus) weighing 15 - 20 kg, and 5-6 months- old, were included in this
study during September 2023. Based on data from the Egypt Meteoro-
logical Agency, the average temperature (T), relative humidity (RH), and
temperature humidity index (THI) were 35.88+1.2°C, 49.38+3.45%, and
85.6+0.96 for the duration of the experiment. To determine if bucks in
this experiment were heat-stressed, the following previously published
formula (Kendall and Webster, 2009; El-Tarabany et al,, 2017) was utilized:
THI = (1.8 x T + 32) - [(0.55 — 0.0055 x RH) x (1.8 x T - 26)]. The three
stress levels of the buck were ascertained by this: not stressed (THI < 70),
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moderately stressed (THI = 70 — 80), and severely stressed (THI > 80). The
bucks that were examined (THI = 85.6+0.96) were therefore considered
to be under severe HS. Bucks were housed indoors and fed according to
NRC guidelines with clean water availability ad libitum. Before starting the
study, bucks were exposed to routine clinical examinations which includ-
ed full ultrasonographic scans of the reproductive tract to exclude the
existence of any abnormalities. Bucks were regularly subjected to vacci-
nation and deworming against endemic diseases in Egypt.

Preparation of nanoparticles of vitamin C

Method of preparation

After 8 mg of vitamin C was mixed with 25 ml of tween 20 and 25
ml of tween 80 using a probe homogenizer (LK Lab, Korea). Fifty ml of
deionized water was gradually added to the mixed oil phase (corn oil).
The procedure for the preparation of nanoemulsion was followed by Silva
etal (2011).

Isolation and drying

To sediment the formed vitamin C nano-emulsion, the prepared vita-
min C nano-emulsion was centrifuged at 20,000 rpm. After 3 to 4 times of
washing, the nanoparticles were vacuum-dried overnight at 40°C.

Method of characterization

We have examined the physical and chemical characteristics of the
vitamin C nano-emulsion to evaluate its biological capabilities. The shape
and surface topography of the vitamin C nanoemulsion were determined
using microscopic analysis. TEM (Transmission Electron Microscopy)
model of Jeol, JEM-2100 high-resolution, Japan, and AFM (Atomic force
microscopy), Agilent, USA were used to index, identify, and characterize
the specimen. The ability of particles to disperse in fluids was determined
by determining the zeta potential and size using DLS (dynamic light scat-
tering) (Malvern, UK).

Antioxidant activity of Vitamin C nano-emulsion in vitro

Baliyan et al. (2022) used the stable radical DPPH to evaluate the
free radical scavenging abilities of Vitamin C nano-emulsion compared
to regular vitamin C. One mL of Vitamin C nano-emulsion at different
concentrations (1000, 500, 250, 125, 62.5, 31.2, 15.6 pyg/mL) with 1.0 mL
of DPPH (1.0 M in methanol) was centrifuged, thereafter 30 minutes in-
cubation at room temperature. A UV-VIS spectrophotometer (Systronics,
AU-2701) was used to measure the absorbance at 517 nm. We also tested
the sample with DPPH and chemicals that were not in the sample as a
control. We used a methanol blank solution. The following formula was
used to measure free radical scavenging activity:

Percentage of scavenging = (Pc - Ps)/Pc x 100.
Where Pc= absorbance of vitamin C and Ps = Vitamin C nano-emulsion.

Experimental design

All experimental procedures are illustrated in Figure 1. Bucks were
splitinto 3 groups (5 in each group): (1) the control group, which received
subcutaneous (S/C) injections of 1 ml of corn oil, (2) the vitamin C group,
which received S/C injections of 1 ml of traditional vitamin C (5mg/kg
body weight). The dose was chosen based on a previous study in goats
(Daykin, 1960), (3) the vitamin C NPs group, which received S/C injections
of 1ml of vitamin C NPs (1.25 mg/kg body weight) (Shadman et al., 2022).
All groups were injected twice a week in 3-4 days intervals for 4 weeks
based on previous literature (Daykin, 1960). Bucks were examined for he-
modynamics parameters [resistive index (RI) and pulsatility index (PI)] in
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the supra testicular artery (STA), testicular echotexture, and testicular vol-
ume at 3-4 days intervals post-injection. Blood samples were collected at
the same time as ultrasonographic scanning, to determine the variations
in the circulating testosterone (T), nitric oxide metabolites (NO), and total
antioxidant capacity (TAC) in the sera.
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Fig. 1. Schematic diagram of the experimental design.
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Blood sampling

Blood samples (3 ml) were collected from the jugular vein of each
buck at each ultrasound examination time in plain tubes (Vacutest; Shan-
dong Yaohua, China). Three ml of blood was collected and then centri-
fuged at 3000 rpm for 15 minutes. The serum was separated and stored
at —20°C until further analysis.

Hormonal and biochemical analysis

Testosterone concentration (ng/mL) was measured in sera samples
using a commercial ELISA kit (Diasino Laboratories Co., Ltd, China) with an
assay sensitivity of 0.055 ng/ml and the intra-and inter-assay coefficients
of variation were 3.3 and 4.8%, respectively.

Concentrations of NO metabolites and TAC were measured calori-
metrically by a spectrophotometer, to be set, at 540 and 505 nm wave-
length respectively using commercial kits (Nitric oxide kit and total an-
tioxidant capacity, Bio-diagnostic Co., Dokki, Giza, Egypt) following the
instructions of the manufacturer.

Ultrasonographic examinations

All ultrasonographic scans were performed by the same operator us-
ing the ultrasound scanner (EXAGO, Echo Control Medical, IMV, France)
supplied with a 5-7.5 MHz linear transducer. Before starting the ultra-
sonographic examinations, each animal was restrained without sedation
then recumbent on the right side, and the hair on the scrotum till the
spermatic cord was shaved carefully without injuries. A sufficient amount
of ultrasonic gel was applied to the probe eliminating air spaces to facili-
tate the ultrasonographic assessment.

Testicular volume and echotexture assessment using B-mode ultrasonog-
raphy

For determining the testicular volume (TV), each testis was scanned
gently by B-mode ultrasonography without pressure until the appearance
of mediastinum testis. Images of each testis, longitudinal and cross-sec-
tion, were recorded. The testicular length (L), width (W), and height (H)
were measured using electronic calipers from the frozen B-mode images.
These measurements were used in the following formula for calculating
the testicular volume:

TV (ml) = L* W* H* 0.61 (Montes-Garrido et al., 2023).

30

For assessing the echotexture of the testicular parenchyma (pixel in-
tensity {PIX)), each testis was imaged in longitudinal and cross sections
for further analyses using computer-assisted image analysis software
(Adobe Photoshop CC program) as previously described (Ahmadi et al.,
2012; Brito et al., 2012; Pozor et al., 2017). The transducer was put parallel
to the longitudinal axis of the testis for the longitudinal sections, and for
the cross-sections, the transducer was perpendicular to the longitudinal
axis of the testis (Samir et al,, 2018). On saved images of homogeneous
testicular parenchyma, four rectangular-shaped areas above and below
the mediastinum were chosen and selected for each testis separately ex-
cluding any artifact in the images. The results of the right and left testes
were averaged for analysis.

Testicular hemodynamics evaluation

To examine the hemodynamic changes within the STA, the probe
was placed vertically on the proximal pole of the testis and then moved
upward till the appearance of the vascular network and identified the
supratesticular artery in the pampiniform plexus by using B-mode ultra-
sonography. Following that, the color and pulsed Doppler modes were
activated to visualize the blood flow waveforms within the examined
segment of the STA. However, to differentiate the STA from the venous
network, the artery had a waveform on the spectral graph following the
arterial pulse in each cardiac cycle (systole and diastole), while the flow
in the veins was relatively constant without a distinct pulse (Samir et al,
2015, 2018). After the spectral pattern of the STA appearance (Fig. 2),
three to -five successive waves with complete systolic and diastolic car-
diac cycles were measured for assessment of Doppler indices as RI, PI,
and systolic/diastolic ratio (S/D ratio) (Gumbsch et al,, 2002). All spec-
tral-Doppler settings including focus, brightness, contrast, and gain were
kept constant for all examinations. The angle between the long axis of the
examined vessel and the Doppler beam was < 60 degrees in the blood
flow direction (Fig. 2).
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Fig. 2. The spectral pattern of the STA using color-pulsed Doppler ultrasonography.

Statistical analysis

GraphPad Prism 5 software was used in all statistical analyses. The
data normality was examined by the Kolmogorov-Smirnov test. In this
study, all data were normally distributed and expressed as the meant-
standard error of the mean (SEM). The differences between control, vita-
min C, and vitamin C NPs groups, in terms of testicular volume, testicular
echotexture (PIX), testicular blood flow (RI, Pl, and S/D ratio), T, NO con-
centrations, and total antioxidant capacity throughout the studied time
points (twice/week for 4 weeks; time effect) and combined treatment
time effect was analyzed by two-way ANOVA test. A probability value of
at least < 0.05 was considered significant. The differences between the
left and right testis were non-significant; therefore, data from both testes
was pooled and expressed per buck.
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Results

Characterization of Vitamin C Nano-emulsion

The results of characterization techniques have been illustrated in
Figure 3. A TEM image of the Vitamin C nano-emulsion, as shown in Fig.
3A, revealed that the particles were spherical to subspherical with a max-
imum thickness of 25-50 nm. Additionally, it was found that Vitamin C
Nanoemulsion does not tend to agglomerate in certain regions. Vitamin
C Nano-emulsion is spherical without any agglomeration with a homo-
geneous well-dispersed matrix as demonstrated by TEM and AFM images
(Fig. 3A, 3B). The results of zeta size showed that the average particle size
of synthesized Vitamin C Nanoemulsion is 33.8+0.41 nm as shown in Fig.
3C. Based on the results, it can be concluded that the high zeta potential
of the synthesized Nanoemulsion as shown in Fig. 3D, directly affects the
colloidal stability in water, since it is obtained from the high bioactivity of
the Vitamin C Nanoemulsion.
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Fig. 3. illustrates the results of characterization techniques of vitamin C nano-emulsion: A)
Imaging the vitamin C nano-emulsion by transmission electron microscopy (TEM) showed
that the particles were spherical to subspherical without any agglomeration. B) imaging the
vitamin C nano-emulsion by atomic force microscopy (AFM) revealed that all particles are
homogeneous with a well-dispersed matrix. C) The ability of particles to disperse in fluids
was determined using dynamic light scattering (DLS) that showed the average particle size
(zeta size) of synthesized vitamin C Nanoemulsion is 33.840.41 nm. D) panel showed the
high zeta potential of the synthesized nano-emulsion.

Antioxidant activity of Vitamin C nano-emulsion in Vitro

At the various tested concentrations (100, 50, 25, 12.5, 6.25, 3.12, 1.56
pg/mL) represented as 1, 2, 3, 4, 5, 6, 7 in Fig. 4, Vitamin C nano-emul-
sion showed antioxidant activity. The percentage of antioxidant activity
increased in a dose-dependent manner that was comparable to that of
standard ascorbic acid.

Testicular hemodynamics

The effect of vitamin C NPs and vitamin C administration on testic-
ular hemodynamics in pubescent bucks is shown in Figure 5. There were
treatment and time effects (P < 0.05) on the values of RI, PI, and S/D ratio.
The interaction (treatment x time) factor showed non-significant effects
on all studied Doppler parameters. There was a significant decrease in
Doppler indices in the vitamin C NPs group followed by the vitamin C
group compared to the control group. Significant decreases in the RI, PI,
and S/D ratio values were found nearly at all the studied time points in
the vitamin C NPs group. In the vitamin C group, there were significant
decreases in the Rl value on days 8, 12, and 28 compared to the control
group. However, the Pl and S/D ratio attained lower values from day 2 till
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the end of the study compared to the control group.
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Fig. 4. demonstrates the % of free radical scavenging activity of standard ascorbic acid and
vitamin C nano-emulsion.
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Fig. 5. Changes in the parameters of testicular hemodynamics [RI (A), PI (B), and S/D
ratio(C)] at the level of supratesticular artery as measured by pulsed-wave Doppler ultra-
sonography in pubescent goat bucks in the vitamin C nanoparticles (NPs) group, vitamin
C group, and the control group (n = 5, each) during different time points (days). Values
are means+SEM. Values with superscripts A represent a significant difference (P < 0.05)
between vitamin C and control groups during the study, while those with superscripts B rep-
resent a significant difference (P < 0.05) between vitamin C NPs and control groups during
the study. Values with superscripts C represent a significant difference (P < 0.05) between
vitamin C NPs and vitamin C groups at indicated time points. Values with superscripts a, and
b represent significant differences (P < 0.05) between day 0 and the indicated point within
the vitamin C and vitamin C NPs group, respectively.

Testicular volume and echotexture

The effect of vitamin C NPs and vitamin C administration on testicular
volume and echotexture (PIX) is shown in Figure 6. Generally, there were
treatment, time, and their interaction effects (P < 0.0001) on the values
of TV. Also, there were treatment, time, and their interaction effects (P
< 0.0001, P < 0.0001, and P < 0.01, respectively) on the values of PIX.
Bucks in the vitamin C NPs and vitamin C groups had significantly high
values of the TV (P < 0.001) at all studied time points compared to the
control group. The TV value, especially on day 20, was significantly high-
er in the vitamin C group (86.3+1.09) compared with the vitamin C NPs
group (77.2+1.04, P < 0.01). There was a significant increase (P < 0.001)
in PIX values at all studied time points in the vitamin C NPs and vitamin C
groups compared to the control group. The PIX value, especially on day 4,
was significantly higher in the vitamin C NPs group (105.7+2.2) compared
with the vitamin C group (97.6+£2.04, P < 0.05).

Hormonal and biochemical analysis

The effect of vitamin C NPs and vitamin C administration on testos-
terone, nitric oxide metabolites, and total antioxidant capacity is shown
in Figure 7. In general, there were time and interaction (treatment x time)
effects on the T concentrations (P < 0.0001, P < 0.001). Significant in-
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Fig. 6. Changes in the testicular volume (A) as measured by B-mode ultrasonography and
testicular echotexture (B) [pixel intensity; PIX] as measured by computer analysis software
in pubescent goat bucks in the vitamin C nanoparticles (NPs) group, vitamin C group, and
the control group (n = 5, each) during different time points (days). Values are means+=SEM.
Values with superscripts A represent a significant difference (P < 0.05) between vitamin C
and control groups during the study, while those with superscripts B represent a significant
difference (P < 0.05) between vitamin C NPs and control groups during the study. Values
with superscripts C represent a significant difference (P < 0.05) between vitamin C NPs
and vitamin C groups at indicated time points. Values with superscripts a, and b represent
significant differences (P < 0.05) between day 0 and the indicated point within the vitamin C
and vitamin C NPs group, respectively.

creases (P < 0.05) in T concentrations were found in the vitamin C group
on days 12, and 16 (2.254+0.08 ng/ml and 2.14+0.08 ng/ml, respectively)
compared with the control group at the same time points (1.9+0.08 ng/
ml and 1.8+0.07 ng/ml, respectively). Pubescent bucks in the vitamin C
NPs group attained a significant increase (P < 0.05) in T concentration
on day 8 (2.16+0.03 ng/ml) compared with that in the vitamin C group
(1.87+0.02 ng/ml). Regarding the time factor, the highest concentration
of T (2.20+0.06 ng/ml) was recorded on day 4 in the vitamin C NPs group,
while it reached the highest concentration (2.25+0.08 ng/ml) on day 12
in the vitamin C one.

There were treatment, time, and their interaction effects (P < 0.0001)
on the NO concentrations. There were significant increases (P < 0.05)
in the concentrations of NO at all studied time points in the vitamin C
NPs group followed by the vitamin C group compared to the control
group. Concentrations of the NO were significantly high in the vitamin C
NPs group especially on days 8, and 20 (22.2+0.8 and 22.5+0.5 umol/L,
respectively) compared with the vitamin C group at these time points
(18.4+0.5 and 18.7+£0.5 pmol/L, respectively).

There were treatment, time, and their interaction effects (P < 0.01, P
< 0.0001, and P < 0.05, respectively) on total antioxidant capacity values.
There was a significant increase (P < 0.05) in TAC value in the vitamin
C group on day 20 (0.77+0.09 mM/L) compared to the control group
(0.53+0.03 mM/L) at the same time point.

Discussion

Vitamin C is a strong antioxidant and gives protection against oxi-
dative damage at several cellular levels by acting as a free radical scav-
enger by inhibiting membrane phospholipids peroxidation (Englard and
Seifter, 1986; Ranjan et al., 2012). It is regarded as a crucial biochemical
in the reproductive process and as potentially having a significant effect
on fertility (Luck et al,, 1995), as it is essential in protecting spermatozoa
from oxidative stress in vivo (Fraga et al., 1991). Due to the poor stabili-
ty of vitamin C which impeded its therapeutic uses, the development of
efficient delivery systems is necessary. We hypothesize that the adminis-
tration of vitamin C, in its nanoparticle forms, could be more beneficial
than traditional vitamin C to combat the adverse effects of HS conditions
on testicular function in male goats by increasing testicular blood flow,
testosterone (T) levels, and testicular volume. The findings of the present
work supported our hypothesis. The blood flow of the testis is essential
to its function as any disruptions to this flow may impair spermatogen-
esis due to inefficient mitochondrial energy metabolism (Ribeiro et al.,
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Fig. 7. Changes in testosterone (T; ng/mL) (A), nitric oxide concentrations (NO; pmol/L)
(B), and total antioxidant capacity (TAC; mM/L) (C) in pubescent goat bucks in the vitamin
C nanoparticles (NPs) group, vitamin C group, and the control group (n = 5, each) during
different time points (days). Values are means+SEM. Values with superscripts A represent
a significant difference (P < 0.05) between vitamin C and control groups during the study,
while those with superscripts B represent a significant difference (P < 0.05) between vitamin
C NPs and control groups during the study. Values with superscripts C represent a significant
difference (P < 0.05) between vitamin C NPs and vitamin C groups at indicated time points.
Values with superscripts a, and b represent significant differences (P < 0.05) between day 0
and the indicated point within the vitamin C and vitamin C NPs group, respectively.

2020; Abdelnaby et al., 2021). Male reproductive capabilities can be re-
liably assessed using testicular hemodynamics assessment (Gloria et al,
2020; Ribeiro et al.,, 2020). The Rl and Pl are frequently applied in clinical
studies of testicular blood flow in both humans and animals under physi-
ological and pathological conditions (Glinzel-Apel et al., 2001; Biagiotti et
al., 2002; Gumbsch et al.,, 2002; Pozor and McDonnell, 2004; Bumin et al.,
2007; Dudea et al., 2010). According to our findings, the Doppler indices
(RI'and PI) within the STA in the vitamin C NPs group followed by the vita-
min C group were significantly lower than the control group. Doppler in-
dices and blood flow were inversely correlated. Decreased blood flow re-
sistance and increased testicular vascular flow are indicated by decreased
RI'and Pl values, which maintain the testis’s constant oxygen and nutrient
supply (Dickey, 1997; Ginther, 2007). One possible explanation for the
increase in testicular blood flow in the NPs group could be attributable to
the higher antioxidant activity of vitamin C in its nanoformulations when
compared to traditional vitamin C (Chae and Park, 2007; Parhizkar et al.,
2018). These could improve its solubility, stability, and bioavailability as
well as its ability to cross barriers (Alishahi et al, 2011; Mikirova et al.,
2019; Gopi and Balakrishnan, 2021; Subroto et al,, 2021), and collectively
moore protection of testicular blood vessels and reduction of the endo-
thelial oxidative damage to properly function.

Numerous peripheral organs produce nitric oxide, such as the tes-
ticular endothelium and seminiferous tubules (Paulis and Simko, 2007).
Owing to its potent vasodilatory effect, some studies have suggested that
NO is essential for regulating testicular hemodynamics and vascular tone
(Lissbrant et al., 1997; Paulis and Simko, 2007; Abdelkhalek et al., 2022).
Our findings revealed an increase in NO concentration in the vitamin C
NPs group followed by the vitamin C group than the control group. As
vitamin C acts as a free radical scavenger, it protects the testicular endo-
thelium from damage during oxidative stress states and prevents vascular
dysfunction. Our finding was consistent with previous studies (Khalili et
al., 2020; Schwartz-Duval et al,, 2020). In rats, vitamin C NPs reduced sys-
tolic blood pressure in contrast to the free compound, and this action is
mediated through nitric oxide production (Khalili et al.,, 2020). According
to the preceding data, the decrease in Doppler indices may also be at-
tributed to the rise in NO concentration following the administration of
vitamin C and its NPS.

B-mode ultrasonography has been regarded as an accurate and
reproducible method for assessing testicular function and pubertal de-
velopment, as well as TV (Takihara et al, 1983; Sakamoto et al, 2008).
The estimation of testicular volume is crucial for ensuring reproductive
capacity, as it is a significant indicator of sperm cell production. This is
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because the testis is a highly compact organ (with seminiferous tubules
comprising 70-80% of the testicular parenchyma) (Sarlos et al, 2013).
There was an increase in TV in our study in both treated groups com-
pared to the control one. Increasing TV could be attributable to changes
in seminiferous tubules, interstitial cells, and the spermatogenesis pro-
cess. As previously reported, vitamin C and its nanoparticles enhanced
the deposition of seminiferous tubules and boosted the spermatogenesis
process (Raeeszadeh et al., 2021; Rauf et al,, 2021). Additionally, increased
TV could be due to the decreased Rl and Pl values of the blood flow
within the testicular artery, as there was an inverse correlation between
TV and the Rl and PI of the STA (Samir et al,, 2015; Ribeiro et al., 2020).
Additionally, the low Doppler indices of the testicular artery are consis-
tent with the increase in testicular volume (Strina et al., 2016). Decreased
RI'and PI of the STA may result in increased testicular blood flow and
interstitial fluid (IF), and this correlation may explain the TV increases. Our
results were contrary to those previously reported (Fazeli et al., 2010).

Testicular echogenicity is regarded as a complementary noninvasive
method for estimating the testicular function by assessing some param-
eters such as pixel intensity (Brito et al, 2012). In our study, there were
significant increases in the PIX in vitamin C NPs and vitamin C groups
compared to the control group. These findings might be attributed to
changes in seminiferous tubules, interstitial cells, and the spermatogen-
esis process as previously reported (Raeeszadeh et al, 2021; Rauf et al.,
2021). Furthermore, the changes might be attributed to an alteration in
the TBF as previously reported (El-Shalofy et al., 2021). From the forego-
ing, we might be provided with an explanation for the changes in echo-
genicity.

Testosterone hormone is the primary hormone responsible for fe-
tal male sexual differentiation, pubertal development, spermatogenesis
maintenance, and prevention of germ cell apoptosis (Chandra et al., 2007,
2010). Vitamin C is involved in the synthesis of sex steroids such as tes-
tosterone because the hydroxylation of steroids is vitamin C-dependent
(Luck et al,, 1995; Weber et al., 1996). Although increased testicular blood
flow corresponds to an increase in testosterone levels as previously re-
ported in goats (Strina et al., 2016), there was no change in T concentra-
tions in our study. Our findings were contrary to the previously reported
in adult male rats (Rauf et al.,, 2021), and this variation in response could
be attributed to differences in animal species, animal age, and method of
nanoparticle preparation (Saki et al.,, 2013).

The increased free radical activity is associated with several condi-
tions, including HS, and consumes radical scavenging antioxidants. Total
antioxidant capacity (TAC) assay provides a method for measuring the
combined antioxidant activities exerted by both enzymatic and non-en-
zymatic seminal plasma antioxidants (Barranco et al,, 2015). Vitamin C is
one of the non-enzymatic antioxidants that need to be assessed. In the
current work, there was an increase in TAC values after vitamin C and
its NPs administration. Our results were consistent with a previous study
(Moradi et al., 2024) in mice. To definitely explain the TAC increases, fur-
ther detailed analysis for different antioxidants is required.

Conclusion

Collectively, vitamin C NPs improve testicular vascularization and TV
than traditional vitamin C. Pubsecnt bucks administered the vitamin C
in its nano-formulations showed higher concentrations of NO compared
to traditional vitamin C and the control group. So, the administration of
nanoparticles of vitamin C could be recommended for improving the re-
productive performance of pubescent bucks under HS conditions and
treating more animals with a low dose compared to the conventional
dose.
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