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Abstract

Hydroxyurea (HDU) is a widely used medication for various malignancies, thalassemia, and
sickle cell anemia with reported side effects. The current study investigated HDU- induced
hepatic injury and the protective potential of the royal jelly (RJ) against this hepatotoxic
effect in the light of hepatic oxidative/ antioxidative status, pro-inflammatory cytokine, apo-
ptosis signaling pathway, and histopathology. Sixty albino rats were used (n = 10/group) for
60 days: control, RJ (100 mg/kg body weight, orally), HDU (225 mg/kg body weight, orally),
2HDU (450 mg/kg body weight, orally), and HDU + RJ groups. HDU-treated rats showed
significant elevation of liver function tests as aspartate aminotransferase, alanine amino-
transferase, and alkaline phosphatase, as well as malondialdehyde and nitric oxide
(oxidative biomarkers) and significant decreased hepatic antioxidant molecules (reduced
glutathione, superoxide dismutase, and glutathione peroxidase), compared to a control
group, that more pronounced in the high dose of HDU. In addition, HDU induced significant
upregulation of TNF-a and the Caspase-3 apoptotic pathway. Moreover, the liver of HDU
treated groups showed various hepatic lesions from mild to severe necrotic changes related
to the HDU dose. However, administration of RJ with HDU improved liver function tests,
liver histology, and hepatic oxidative/antioxidative status concerning HDU groups. Further-
more, oral RJ administration with HDU significantly lessens the immune-expression area %
of TNF-a and Caspase-3. Thus, the royal jelly has antioxidant, anti-inflammatory, and anti-
apoptotic properties against HDU- induced hepatic injury and could be, therefore, used as
adjuvant therapy in patients with long-term HDU medication.
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1. Introduction

Hydroxyurea (HU), a united states food and drug administration-approved drug [1], is an
inhibitor of ribonucleotide reductase frequently used to treat myeloproliferative illnesses and
sickle cell anemia [2]. In addition, HUD is used as an anti-tumor drug to treat various malig-
nancies [3] such as Melanoma; Leukemia; Ovarian cancer; Head and neck cancer [4]. It is
being utilized as an antineoplastic agent in the treatment of malignant melanoma, head and
neck malignancies, brain tumors, and a few non-malignant illnesses in combination with radi-
ation therapy [5, 6].

Furthermore, it is recurrently used to treat HIV infections and sickle cell disease, polycythemia
vera, and essential thrombocytopenia [1, 7, 8]. Although its advantageous effect, there are many
reports on gonadotoxicity [3, 9] cytotoxicity [10], and genotoxicity impact of HDU [11, 12]. The
integrated mechanism of HDU-induced gonadotoxicity (decreased sperm production and sper-
matogenic arrest, and reduced oocyte maturation) and cytotoxicity is explained by the overpro-
duction of the formation of the reactive oxygen species [3, 9]. Also, HDU induced apoptosis in
fetal tissues [13, 14] and cancer cell lines [15, 16]. Furthermore, HDU triggered microsomal acti-
vation-dependent mutagenicity [17, 18]. In addition, several reports describe the hepatotoxic
effect of HDU, including hepatitis [19], hepatic dysfunction [20], and acute elevation of liver func-
tion tests [21]; however, the mechanism of this effect has not been thoroughly studied previously.

Royal jelly (R]) is a thick milky-white material secreted by young, newly emerged honeybee
workers [22]. Its ingredients consist of 60-70% water, 9-18% protein, and 10-16% total sugars
with a mixture of small amounts of free amino acids, vitamins, salts, and lipids [23]. Several
valuable properties of R] have been reported, including anti-inflammatory, antineoplastic,
hypotensive effects, and accelerated immune response [24, 25]. Furthermore, several studies
have evidenced that RJ has antioxidant [26, 27] and hepatoprotective effects [28, 29].

The current study aims to investigate the hepatotoxic effect of HDU in light of hepatic oxi-
dative/ antioxidative status, a pro-inflammatory cytokine, apoptotic signaling pathway, and
histopathology. In addition, the protective potential of RJ against HDU induced liver injury
was also studied.

2. Materials and methods
2.1 Chemicals and reagents

Hydroxyurea (Hydrea™) capsules containing 500 mg hydroxycarbamide as the active ingredi-
ent (E.R. Squibb & Sons Ltd., England). Immediately before administration, HDU and R]J were
dissolved in distilled water. Royal jelly (Royal Jelly™ capsules containing 340 mg lyophilized
royal jelly equivalent to 1000-mg-crude royal jelly) was also obtained from Pharco Pharmaceu-
ticals Company (Cairo, Egypt).

2.2 Experimental animals and animal welfare

Sixty male Wistar rats (190 + 10 g), 3-4 months old, were obtained from Medical Research
Institute (Alexandria, Egypt). The experiment was permitted by the Research Ethics Commit-
tee of Alexandria University, following the National Institutes of Health guidelines for the care
and use of laboratory animals [30]. All rats were raised in plastic cages and fed a standard bal-
anced diet and water ad libitum throughout the experiment.

2.3 Experimental design

Following an acclimatization period of 14 days, the experimental animals were randomly allo-
cated into six groups (n = 10/ each). All rats were treated orally using the stomach tube daily
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for 60 successive days: 1) Control group was administered 2 ml saline solution. 2) RJ group
was given 100-mg royal jelly/ kg body weight (bwt) [31, 32]. 3) HDU group received a thera-
peutic dose of 225 mg of HDU / kg body weight [3, 33]. 4) 2HDU group received a double
therapeutic dose of 450 mg of HDU / kg body weight [3]. 5) R] + HDU group received 100
mg/kg bwt royal jelly plus 225 mg/kg body weight HDU. 6) R] + 2HDU group received 100
mg/kg bwt royal jelly plus 450 mg/kg body weight HDU.

2.4 Samples collection and processing

Twenty-four hours following the last treatment, rats were anesthetized with sodium pentobar-
bital (30 mg kg’l, i.p.) [34, 35]. Samples were collected from the retro-orbital venous plexus.
Serum was separated and kept under at — 4°C for the subsequent biochemical analysis of liver
enzymes. Following euthanization by intraperitoneal injections of 80 mg/kg of ketamine
(Nimatek; Eurovet, Bladel, the Netherlands) combined with 0.5mg/kg of medetomidine
(Domitor, Novartis, Arnhem, The Netherlands) [36]. The abdomen was opened, part of the
liver of all rats was collected and fixed for at least 48 hours in 10% buffered formalin for the
subsequent immunohistochemical and histopathological examinations. Another part of the
liver of all rats was preserved at — 20°C for assay of oxidative and anti-oxidative parameters.

2.5 Biochemical analysis of serum hepatocellular enzymes

The level of serum hepatocellular enzymes, including aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), and alkaline phosphatase (ALP), were measured using the kits
of Diamond Diagnostics (Egypt) according to manufacturers’ directions. AST and ALT were
measured as described previously [37], while ALP level was measured previously [38].

2.6 Oxidative stress and antioxidant capacity assay

The liver homogenate was prepared as described previously [3, 39]. In the liver homogenate,

the biomarkers of oxidative stress were measured, including lipid peroxidation biomarker as
malondialdehyde (MDA) and nitric oxide (NO) in the aliquots of the hepatic supernatant as

described by [40] and [41], respectively. In addition, reduced glutathione (GSH), glutathione
peroxidase (GPx), and superoxide dismutase (SOD) levels were measured as described previ-
ously [42-44], respectively.

2.7 Caspase-3 and TNF-a immunostaining

Deparaffinized liver sections were used for immunostaining of TNF-o and Caspase-3 as
described previously [45]. Caspase-3 immunostaining was done using rabbit polyclonal anti-
cleaved Caspase-3 antibody diluted 1:100 (BioCare Medical, Cat. CP229C, Concord, CA,
USA). TNF-o immunostaining was done using a polyclonal rabbit anti-TNFo antibody diluted
1: 400 (GeneTex, Cat# GTX110520). Twenty sections were examined in each group. To deter-
mine the Caspase-3 and TNF-o immunoreactivity, the DAB-stained cytoplasmic option in the
IHC profiler Image-J plugin was used as described previously [46] in the captured photomi-
crographs. Finally, the area% of Caspase-3 and TNF-o. expressions was measured using Image
J software (freely available public domain image processing software) as described previously
[47].

2.8 Hepatic histopathology

Using the paraffin-embedding technique, the fixed liver samples of all rats were processed.
The obtained 4-5 pm thick sections were stained with hematoxylin and eosin [48]. Finally, the
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stained liver slides were examined under a light microscope to evaluate the histopathological
changes. The histopathological scoring was performed by measuring the area% of the affected
tissues using Image J software as described previously [47].

2.9 Statistical analysis

Statistical analysis was done by GraphPad Prism version 7.0 for Windows (GraphPad Software
Inc., San Diego, USA). The obtained data were performed by one-way analysis of variance
(ANOVA) followed with Dunnett’s multiple comparison test to determine the significance of
each treated group versus the control group (as negative control). In addition, the outcome of
oral royal jelly administration in R] + HDU and R] + 2HDU groups was compared to HDU
and 2HDU groups, respectively (as positive control) using an unpaired t-test (two-tailed). The
analyzed data are presented as the mean + standard error (SEM). Mean values were considered
statistically significant when p < 0.05.

3. Results
3.1 Survival rate and body weight changes

Each week during the experimental period, the number of animals that died was recorded, as
was the survival rate of the control group (88.8%); In the fifth week, one rat died as a result of
medication perfusion into the esophagus via stomach tube. Survival % for the groups were as
follows: RJ: 88.8%; HDU: 80. %; 2HDU: 72.72%; RJ+HDU: 66.6%; RJ+2HDU: 66.6% (Fig 1).
As shown in Fig 2(A) and 2(B), a significant decrease (p < 0.001) in bodyweight and hepatoso-
matic index in rats treated with HDU in HDU and 2HDU groups compared to the control
group. In addition, the body weight and the hepatosomatic index were significantly increased
in the R] + HDU and RJ+2HDU groups to the HDU and 2HDU groups, respectively.

3.2 Serum hepatocellular enzymes

As shown in Fig 3, a significant increase (p < 0.001) in the level of serum hepatocellular
enzymes (AST, ALT, and ALP) in rats treated with HDU in HDU and 2HDU groups com-
pared to the control group. In addition, rats treated with a therapeutic dose of HDU showed
nearly double the fold of serum hepatocellular enzymes compared to the control group.

100
=i Control
- ~~ RJ
g 20 ~ HDU
g -~ 2HDU
s 301 ~~ RJ+HDU
£ - RJ+2HDU
» 704
60 ) ) L ) ) ) L}

0 1 2 3 4 § 6 7 8
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Fig 1. The survival rate.

https://doi.org/10.1371/journal.pone.0265261.g001
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Fig 2. Effects of oral royal jelly (RJ; 100 mg/kg bwt) administration on body weight (A) and hepatosomatic index
(B) in rats treated with hydroxyurea (HDU; 225 or 450 mg/kg bwt) for 60 days. Data are presented as the

mean * SEM. Compared to the control, significance at (p < 0.001) *** (ANOVA with Dunnett’s multiple comparison
test). Compared to HDU treated groups using Unpaired t-test, significance at p < 0.01 ## and p < 0.001 &&& for
HDU and 2HDU groups, respectively).

https://doi.org/10.1371/journal.pone.0265261.9002

Meanwhile, a double dose of HDU showed increased serum hepatocellular enzymes by about
four-fold. Interestingly, the level of serum hepatocellular enzymes was significantly decreased
(p < 0.001) in the R] + HDU group to the control group level and by about 40% in the RJ +
2HDU group.

3.3 Hepatic oxidative stress

The results of hepatic oxidative stress of HDU and the effect of R] in control and treated rats
were presented in Fig 4 HDU induced statically (p < 0.001) elevation in hepatic MDA and
NO, which is more pronounced in the high dose HDU compared to the control group. Rats
received R] + HDU induced a significant (p < 0. 001) decrease of MDA content to the control
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Fig 3. Effects of oral royal jelly (RJ; 100 mg/kg bwt) administration on serum aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP) levels in rats treated with hydroxyurea (HDU; 225 or 450 mg/kg bwt) for 60
days. Data are presented as the mean + SEM. Compared to the control, significance at (p < 0.01) ** and (p < 0.001) *** (ANOVA with
Dunnett’s multiple comparison test). Compared to HDU treated groups using Unpaired t-test, significance at p < 0.001 ### and &&& for
HDU and 2HDU groups, respectively).

https://doi.org/10.1371/journal.pone.0265261.9003
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Fig 4. Effects of oral royal jelly (R]; 100 mg/kg bwt) administration on the biomarkers of oxidative damage,
malondialdehyde (MDA), and nitric oxide (NO) formation in rats treated with hydroxyurea (HDU; 225 or 450
mg/kg bwt) for 60 days. Data are presented as the mean + SEM. Compared to the control, significance at (p < 0.01) **
and (p < 0.001) *** (ANOVA with Dunnett’s multiple comparison test). Compared to HDU treated groups using
Unpaired t-test, significance at p < 0.01 ## and p < 0.001 &&& for HDU and 2HDU groups, respectively).

https://doi.org/10.1371/journal.pone.0265261.g004

group level but showed a significant decrease (p < 0. 001) in NO by about 26%. Furthermore,
R] treatment in rats that received a double dose of HDU significantly alleviated (p < 0.001) the
harmless effect of HDU on hepatic MDA and No by 39.3% and 26.3%, respectively.

3.4 Hepatic antioxidative status

As shown in Fig 5. HDU caused a significant decline at p < 0.001 in hepatic GSH, SOD,

and GPx compared to the control group, especially at the high dose of HDU. Again, R] admin-
istration with a therapeutic dose of HDU significantly alleviated the harmful effect of HDU on
the hepatic tissues through elevation of GSH to control levels and increase SOD and GPx con-
tent by about 23.5% and 35% but still not reach the control group level (Fig 3). Compared to
2HDU groups, rats receiving RJ with double HDU doses showed significantly (p < 0.001)
increased GSH, SOD, and GPx content by 139.3%, 73%, and 100%, respectively, values below

the control level.
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Fig 5. Effects of oral royal jelly (R]; 100 mg/kg bwt) administration on the anti-oxidant enzymes, reduced glutathione (GSH),
glutathione peroxidase (GPx), and superoxide dismutase (SOD) content in rats treated with hydroxyurea (HDU; 225 or 450 mg/
kg bwt) for 60 days. Data are presented as the mean + SEM. Compared to the control, significance at (p < 0.001) *** (ANOVA with
Dunnett’s multiple comparison test). Compared to HDU treated groups using Unpaired t-test, significance at p < 0.01 ## and

p < 0.001 &&& for HDU and 2HDU groups, respectively).

https://doi.org/10.1371/journal.pone.0265261.9005
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3.5 Apoptosis biomarker (Caspase-3)

As illustrated in Fig 6, control and R]J rats revealed negative staining (no expression) for cas-
pase-3 protein expression. The sections from HDU -intoxicated rats exhibited weak to moder-
ate to the positive immune reaction of caspase-3 protein in hepatocytes. Moreover, 2HDU
intoxicated rats exhibited moderate to strong brown caspase-3 expression. Oral administration
of RJ showing weak caspase-3 expression in HDU and weak to moderate caspase-3 immunos-
taining in 2HDU intoxicated rats. Approximately 12 + 0.28% and 22.4 + 0.16% of hepatic

Arca% of Caspase-3 expression

25+ ="
] ]
15+ -
10+
54
o L) Ll Ll
fa‘ @ &S S S
@ QO
f

Fig 6. Effects of oral royal jelly (RJ; 100 mg/kg bwt) administration on hepatic caspase-3 protein expression in rats
treated with hydroxyurea (HDU;j 225 or 450 mg/kg bwt) 60 days. Photomicrograph of Immunohistochemical
staining of the hepatic caspase-3 protein expression (scale bar = = 50 um). (a) control showing negative
immunostaining for Caspase-3 protein, (b) HDU (225 mg/kg bwt), (c) 2HDU (450 mg/kg bwt), (d) R] + HDU and (e)
R] + 2HDU showing nuclear caspase-3 expression in hepatocytes. Negative immunostained hepatocytes (black
arrows), strong (red arrows), moderate (green arrows), weak (blue arrows) nuclear caspase-3 expression in
hepatocytes. (f) lessening effect RJ on the area (%) of caspase-3 positive cells in the liver of HDU- intoxicated rats. Data
are presented as the mean + SEM. Compared to the control, significance at (p < 0.001) *** (ANOVA with Dunnett’s
multiple comparison test). Compared to HDU treated groups using Unpaired t-test, significance at p < 0.001 ### and
&&& for HDU and 2HDU groups, respectively.

https://doi.org/10.1371/journal.pone.0265261.g006
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tissues in HDU and 2HDU-treated rats showed strong immunostaining of Caspase-3, respec-
tively. Caspase-3 immunostaining caused by HDU was significantly decreased (p < 0.001)
upon administration of RJ.

3.6 Pro-inflammatory cytokine (TNF-a)

The pro-inflammatory cytokine (TNF-o) expressions in different groups are shown in Fig 7.
control and R] rats revealed negative staining for TNF-o. expression. The sections from HDU

=
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Fig 7. Effects of oral royal jelly (RJ; 100 mg/kg bwt) administration on the pro-inflammatory cytokine (TNF-a)
hepatic expression in rats treated with hydroxyurea (HDU; 225 or 450 mg/kg bwt) for 60 days. Photomicrograph
of Immunohistochemical staining of the hepatic TNF-o. expression (scale bar = = 50 um). (a) control showing negative
immunostaining for TNF-o, (b) HDU (225 mg/kg bwt), (c) 2HDU (450 mg/kg bwt), (d) RJ + HDU and (e) RJ

+ 2HDU showing nuclear TNF-a expression in hepatocytes and Kupffer cells. Negative immunostained hepatocytes
(black arrows), strong (red arrows), moderate (green arrows), weak (blue arrows) nuclear TNF-o expression in
hepatocytes and Kupfter cells. (f) Alleviating effect RJ on the area (%) of TNF-a. positive hepatocytes and Kupffer cells
in HDU- intoxicated rats. Data are presented as the mean + SEM. Compared to the control, significance at (p < 0.01)
**and (p < 0.001) *** (ANOVA with Dunnett’s multiple comparison test). Compared to HDU treated groups using
Unpaired t-test, significance at p < 0.001 ### and &&& for HDU and 2HDU groups, respectively.

https://doi.org/10.1371/journal.pone.0265261.9007
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-intoxicated rats exhibited weak to moderate positive immune reactions in hepatocytes.
Moreover, 2HDU intoxicated rats exhibited moderate to strong brown expression. Oral
administration of R] showed weak TNF-a expression in HDU and weak to moderate positive
immunostaining in 2HDU intoxicated rats. TNF-o Immunostaing area% was demonstrated in
about 8.7+0.79% and 14.4+0.38% of hepatic tissues of HDU and 2HDU-treated rats. Again,
TNF-o Immunostaining was significantly reduced (p < 0.001) upon RJ administration with
the therapeutic and double dose of HDU by about 55.8% and 56.6%, respectively.

3.7 Hepatic histopathology

As shown in Fig 8. Rats treated with a therapeutic dose of HDU exhibited mild to moderate
hepatic lesions compared to the control group. The recorded lesions were congestion, moder-
ate to severe hydropic degeneration of hepatocytes, multifocal hepatic necrosis, and inflamma-
tory cell infiltration in a portal with biliary cell degeneration. Meanwhile, rats treated with a
double dose of HDU showed moderate to severe hepatic lesions compared to the control
group. The hepatic lesions were diffuse mild to severe cellular vacuolation in hydropic degen-
eration and fatty change. Also, multifocal coagulative hepatocellular necrosis with inflamma-
tory cell infiltration and multifocal hepatocellular apoptotic changes were recorded in all rats
treated with 2HDU. Oral royal jelly co-administration shortly after HDU and 2HDU primarily
lessen HDU- induced hepatic lesions.

4. Discussion

The efficacy of HDU in patients with sickle cell anemia, thalassemia, and various forms of can-
cer is well documented. However, several side effects have been described as well. Elevation of
hepatic enzymes, AST, ALT in patients treated with HDU is one side effect [20, 21]. In the cur-
rent study, HDU administration, especially at the high dose, exerted hepatotoxic influence in
rats via the impairment of hepatic oxidant/antioxidant status, pro-inflammatory cytokine
upregulation, apoptosis, and hepatic lesions. In addition, the current study focused on the pro-
tective potential of RJ against HDU-induced hepatic injury.

The current data further support previous studies [21, 49] that showed a remarkable eleva-
tion of liver function tests (AST, ALT, and ALP) following HDU administration, especially at
the high dose of HDU. The HDU- induced hepatic lesions can interpret this obtained result.
In our results, the serum liver function tests were improved in RJ co-administrated groups.
This obtained result can be interpreted by the ability of R] to lessen the HDU- induced histo-
pathological changes. The HDU- induced hepatic lesion supported our body weight and
hepatosomatic index finding in which we found a significant decrease in body weight and
hepatosomatic index in rats treated with HDU in HDU and 2HDU groups compared to the
control group, this finding was consistent with [50], they attributed the decreased weight of
testes return to the parenchyma atrophy induced by HDU challenge. The body weight and the
hepatosomatic index were maintained near the normal level by R] co-treatment due to the
antioxidant activities of RJ [51].

Herein, HDU enhanced ROS production [52] with the incapability of antioxidant defense
to completely scavenge them, thus leading to lipid peroxidation, which Corroborates to ele-
vated hepatic MDA level (the end product of lipid peroxidation) [12]. Lipid peroxidation
(LPO) causes cellular membrane damage associated with cellular dysfunction and consider as
an indicator of oxidative damage [39, 53]. The current data displayed a significant increase of
hepatic MDA in HDU treated rats. Additionally, HDU administration significantly increases
nitrite levels, Iron-nitrosyl-hemoglobin, and nitrate, proving hydroxyurea’s in vivo metabo-
lism to nitric oxide, a pro-oxidative molecule in the liver [54]. In general, high NO
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Control

Histopathological scoring

Fig 8. Photomicrograph of rat liver section stained with HE (scale bar = 50 pm): (a) control rats showing normal
hepatic histology and architecture. (b, ¢, d) severe hydropic degeneration of hepatocytes (long black arrow), hepatic
necrosis (A), and intense inflammatory cell infiltration in the portal area (black star) with biliary cell degeneration
(short black arrow) of rats that received 225 mg /kg bwt HDU daily. h, i, j) severe hydropic degeneration of hepatocytes
(long black arrow), apoptotic bodies (short black arrows), congestion of central vein (CV), sharp outline vacuoles (long
black arrows), coagulative hepatocellular necrosis (asterisks), intense inflammatory cell infiltration in hepatic necrosis
(long black arrows) and in the portal area (black star) in rats that received 450 mg /kg bwt HDU daily In addition, (e)
normal hepatic histology and architecture in rats that received a daily dose of 225 mg /kg bwt HDU + 100 mg R]. (k)
multifocal hepatocytes with mild cytoplasmic vacuolation and mild sinusoidal dilatation in rats received a daily dose of
450 mg /kg bwt HDU + 100 mg R]. (f) Quantitative histopathological scoring.

https://doi.org/10.1371/journal.pone.0265261.g008
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concentration plays a role in apoptosis and oxidative stress, increasing the chance of cell cycle
arrest, while low NO concentration stimulates homeostasis and cellular viability [55]. Our
results proved that oral administration of R with HDU significantly reduced the hepatic con-
centration of MDA and NO, representing RJ’s antioxidative effect against HDU-induced
hepatic injury. This protective effect may be attributed to its antioxidant properties due to the
phenolic compounds (flavonoids and cinnamic acid derivatives) [56], the short-chain peptides
[57], fatty acids (trans-10-hydroxy-2-decenoic acid), minerals (Fe, Zn, and Cu), some vitamins
(A, E, and C) [58] which expressed as a rebalancing of the MDA / GSH, SOD and GPx content
in hepatic tissues. This antioxidative ability of RJ can be elucidated by its ability to preventing
superoxide anion radical-induced LPO and scavenging free radical-induced oxidative stress.

In the current study, HDU-treated rats showed a significant reduction of hepatic GSH con-
tent. This most abundant intracellular non-protein thiol may have been attributed to the abil-
ity of HDU to interrupt the redox homeostasis of the liver. Additionally, a static reduction of
hepatic SOD activity of HDU treated rats may suggest the interaction of the SOD-active amino
acid with free radicals [59]. The susceptibility of the cell membrane to LPO is augmented by
the depletion of antioxidants [60]. Oral supplementation of R] significantly improved hepatic
antioxidant status in HDU treated rats by counteracting the toxic effect of HDU on hepatic
GSH, SOD, and GPx content. The antioxidative effect of R] is well-documented in several
studies, especially against various toxins-induced testicular injuries [61-63].

HDU toxicity-induced apoptosis, the programmed cell death, is well-documented in the
brain [64, 65], testes [66], and lungs [13]. Caspase-3 plays an essential role in the induction of
apoptosis [67]. TNF-a is the pro-inflammatory cytokine that increases apoptosis through inde-
pendent caspase-3 activation [58]. The current data revealed that HDU triggered significant
hepatic inflammation and apoptosis via upregulation of TNF-o and caspase-3 apoptotic path-
ways expressed by the strong immunostaining of both TNF-o and Caspase-3 proteins liver tis-
sues in HDU treated rats. These latter results are in harmony with previous studies [9] and
may be explained by the DNA damage due to increased hepatic NO level [68]. In the current
study, the downregulation of TNF-a and Caspase-3 expressions in the liver tissues following
oral RJ co-administration reflected the RJ’s anti-inflammatory and anti-apoptotic effects
against HDU-induced hepatic injury. The RJ’s anti-inflammatory and anti-apoptotic effects
were previously reported against impaired fertility due to HDU toxicity in rats [3, 62].

Herein, HDU treated rats exhibited various histopathological changes ranging from mild
hepatocellular degeneration to necrosis, attributed to the HDU induced oxidative damage,
especially in 2HDU treated rats. Oral R] administration in HDU and 2HDU treated groups
was significantly improved the histopathological changes, which might be mediated via the
role of R] in protecting against inflammatory reactions and scavenging accumulated ROS.

5. Conclusion

The current data provided additional information about the hepatotoxicity of hydroxyurea,
the widely used antineoplastic medication, especially at the high dose of hydroxyurea. Also,
the royal jelly might exert its protective potential against HDU-induced hepatic injury via anti-
oxidative, anti-inflammatory, and anti-apoptosis properties. Therefore, the royal jelly can be
used as an adjuvant therapy to protect against hydroxyurea-induced hepatic damage.
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