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Abstract Exposure to either lead (Pb) or y-irradiation (IR)
results in oxidative stress in biological systems. Herein, we
explored the potential anti-apoptotic effect of spermine (Spm)
against lead and/or y-irradiation-induced hepatotoxicity in
male albino rats. Rats were divided into eight experimental
groups of ten rats each: groups including negative control,
whole body y-irradiated (6 Gray (Gy)), lead acetate (PbAct)
trihydrate orally administered (75 mg/kg bw = 40 mg/kg bw
Pb for 14 consecutive days), and Spm intraperitoneally dosed
(10 mg/kg bw for 14 consecutive days) rats and groups sub-
jected to combinations of Pb + IR, Spm + IR, Spm + Pb, and
Spm + Pb followed by IR on day 14 (Spm + Pb + IR). A
significant decrease in arginase activity as well as mRNA
and protein levels of Bcl-2 and p21 was observed in rats in-
toxicated with Pb and/or y-irradiation compared to controls,
whereas Bax mRNA and protein levels were significantly in-
creased. Also, an increased level of nitric oxide (NO) with a
reduced arginase activity was observed in liver tissues of in-
toxicated rats. Spm co-treatment with lead and/or y-irradiation
attenuated the increase in Bax mRNA and protein expression,
while it restored those of Bcl-2 and p21 together with NO
levels and arginase activity to control values. Altogether, we
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suggest that Spm may be useful in combating free radical-
induced apoptosis in Pb-intoxicated and/or y-irradiated rats.

Keywords Rats - Lead - Gamma irradiation - Spermine -
Liver - Apoptosis

Introduction

Lead (Pb) is a widely distributed environmental and industrial
pollutant having no known physiological benefits (Carocci
et al. 2016). Increased lead exposure consequent to industrial
and environmental pollution leads to well-recognized hazard-
ous health problems. It has been found to cause a wide range
of biochemical and physiological dysfunctions that range
from subclinical and subtle features to severe complications
(Carocci et al. 2016). Acute toxicity of Pb is closely related to
excessive occupational exposure over a short period of time
and is quite uncommon. On the other hand, chronic toxicity is
manifested as conditions that develop over extended periods
from chronic exposure to relatively low concentrations. It is
much more common and occurs in occupationally exposed
populations at blood lead levels (BLLs) of about 40-60 g/
dL. If left untreated, it can be much more severe and is char-
acterized by persistent vomiting, encephalopathy, lethargy,
delirium, convulsions, and coma (Flora et al. 2007; Pearce
2007). It has been proposed that acute or chronic Pb toxicity
occurs possibly due to the disturbance of prooxidant and an-
tioxidant balance by generation of reactive oxygen species
(Aykin-Burns et al. 2003; Flora 2002; Gurer and Ercal
2000). Also, it has been reported that lead exposure inhibits
the activities of notable antioxidant enzymes including super-
oxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC
1.11.1.6) (Flora et al. 2007). In addition, lead inactivates other
enzymes, such as d-amino levulinic acid dehydratase (ALAD,
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EC 4.2.1.24), glutathione reductase (GR, EC 1.8.1.7), gluta-
thione peroxidase (GPx EC 1.11.1.9), and glutathione S-
transferase (EC 2.5.1.18), that subsequently leads to reduction
in glutathione (GSH) levels (Ahamed and Siddiqui 2007).
Among the organs affected by Pb toxicity, the liver is consid-
ered the most common depository of Pb, followed by the
kidney cortex and medulla (Mudipalli 2007). Acute high-
dose exposure to lead has been reported to be associated with
hepatotoxicity (Omotoso et al. 2015; Shalan et al. 2005), kid-
ney dysfunction (Vargas et al. 2003; Witzmann et al. 1999),
and might be an environmental risk factor for cardiovascular
diseases (CVDs) (Fioresi et al. 2013; Simdes et al. 2011).

Ionizing radiation (IR) is considered to be a powerful
physical genotoxic agent as it affects three related systems
including redox homeostasis, cell cycle regulation, and
DNA repair (Islam 2017; Maier et al. 2016; Wang 2014).
Exposure of mammals to IR results in the development of a
complex dose-dependent series of changes, including inju-
ry to different organs, which causes changes in the struc-
ture and function of cellular components and of DNA
(DNA double-strand breaks; DSBs), resulting in tissue
damage and cell death via apoptosis (Abdelhalim and
Moussa 2013; Ashry et al. 2017). Ionizing radiations in-
duce the generation of free oxygen radicals, known to have
adverse effects on cells and tissues that may or may not be
a constituent of the target area (Luckey 2008). Free oxygen
radicals interact with body tissues and cause lipid peroxi-
dation, DNA lesions, and enzyme inactivation, all of which
are mediators of radiation damage. In addition, IR induces
nitrogen-containing species, indicated as reactive nitrogen
species (RNS), which include nitric oxide (NO)
(Mikkelsen and Wardman 2003). Nitric oxide contributes
significantly to the sensitivity of mammalian cells to ion-
izing radiation both in vivo and in vitro (Konopliannikov
et al. 2007).

Combined action of IR and other toxic agents, including
heavy metals, is of potentially great importance, because there
are many incidents when interactions might occur in our en-
vironment. The observed increase of radioactive background
which greatly exceeds the natural dose and also technogenic
contamination of main sources of fresh water with chemical
pollutants including heavy metals leads to increased radiation-
chemical loading upon residents of natural and/or occupation-
al environments. Possibly, the combined exposure to IR and
lead can be extremely toxic to tissues due to elevated oxidative
stress. Hence, the biological effects in organisms inhabiting
such environments that are contaminated by multiple toxi-
cants should be studied considering the multiple stressor ex-
posures. Indeed, various in vitro and in vivo studies have
addressed the combination effect of heavy metals, including
lead (Pb) and cadmium (Cd), and IR (Bao et al. 2012; lagunov
et al. 2006; Mothersill et al. 2014; Olsvik et al. 2010; Osman
2013; Qiu et al. 2012; Zaichkina et al. 2001).

Apoptosis, or programmed cell death, is a process that is
regulated via a number of pro- and anti-apoptotic genes
encoding proteins of the B cell lymphoma-2 (Bcl-2) family,
including Bcl-2-associated X (Bax) and Bcl-2, known to play
a main role in determining whether or not a cell undergoes
apoptosis (Danial and Korsmeyer 2004). The mitochondrial
apoptotic pathway which results in mitochondrial membrane
permeabilization (MMP) has been a subject of intense study.
Concomitant to the increase in matrix calcium levels, a non-
specific pore, known as mitochondrial permeability transition
pore (MPTP), is opened which consequently leads to MMP
(Hurst et al. 2017). Oxidative stress (OS), ATP depletion, and
mitochondrial depolarization are among the most powerful
and related factors that considerably boost the sensitivity of
MPTP to calcium (Halestrap and Pasdois 2009). Consequent
to MMP, a number of soluble proteins confined to the matrix
and the intermembrane space are translocated to the cytosol,
where they enhance cell death by numerous mechanisms
(Cosentino and Garcia-Saez 2014).

The polyamine spermine (Spm) is widely distributed in
many living organisms including animals, plants, some
fungi and bacteria, and protozoa (Pegg and Michael
2010). It plays essential roles in myriad processes includ-
ing proliferation, differentiation, gene transcription and
translation regulation (Pegg 2014, 2016), allosteric regu-
lation of ion channel functions such as N-methyl-D-aspar-
tate (NMDA) receptor (Johnson 1996; Sirrieh et al. 2015),
Ca”" signaling and signal transduction (Rao et al. 2012),
inhibition of glucocorticoid-induced apoptosis (Hegardt
et al. 2003), protection from permeability transition and
membrane potential loss in isolated liver mitochondria
(Belosludtsev et al. 2014), and macromolecular synthesis
such as DNA, actin, and microtubules (Igarashi and
Kashiwagi 2010, 2015). In addition, it has been shown
that Spm can inhibit mitochondrial permeability transition
(MPT) by retaining normal reduced levels of glutathione
and sulfhydryl groups, as well as preventing the produc-
tion of hydrogen peroxide (H,O,) via hydroxyl radical
(OH) scavenging (Sava et al. 2006). Furthermore, Spm
acts as an anti-inflammatory agent (Lagishetty and Naik
2008; LOvaas and Carlin 1991) and as a biologically im-
portant antioxidant in vitro (Rider et al. 2007; Toro-Funes
et al. 2013). Therefore, Spm has been receiving consider-
able attention as a nutritional substance to act against
oxidative stress and apoptosis. To our knowledge, no in-
formation is available to date concerning the anti-
apoptotic effect of Spm against hepatotoxicity induced
by lead and/or y-irradiation in any mammalian in vivo
system.

The aim of the present study was to assess the plausible
hepatoprotective effect of Spm against acute lead and/or gam-
ma irradiation-induced liver toxicity in a male albino rat ex-
perimental model.
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Materials and methods
Animals

Male albino rats (n = 80), weighing between 120 and 150 g,
were obtained from the Nile Company for Pharmaceuticals
and Chemical Industries, Cairo, Egypt. Animals were kept
for 10 days for laboratory acclimatization and were supplied
with standard laboratory diet and tap water ad libitum. All
animal procedures were performed according to the Ethics
Committee of the National Research Center conformed to
the “guide for the care and use of laboratory animals” (NIH
publication, No.85-23, 1996).

Irradiation process

Whole-body gamma irradiation was implemented using the
facilities provided by the National Center for Radiation
Research and Technology (NCRRT). Cesium-137 irradiation
unit (Gammacell 40; GC40), produced by the Atomic Energy
of Canada Limited (AECL), was used (0.708 rad/s). It is char-
acterized by a unified distribution of rays for small biological
materials with no external hazards for the operating persons.

Experimental design

A total of 80 rats were divided into eight groups (10 rats in
each) as follows: group I-—negative control group; group II—
rats were subjected to whole-body gamma irradiation as a
single dose (6 Gy); group Ill—rats received lead acetate
(PbAct) trihydrate (obtained from Fluka Chemical Co.) orally
(75 mg/kg bw = 40 mg/kg bw Pb) for 14 consecutive days
(Farrag et al. 2007); group IV—rats received spermine (Spm;
purchased from Sigma-Aldrich, St. Louis., MO, USA) intra-
peritoneally (10 mg/kg bw) for 14 consecutive days
(Sadasivan et al. 2014); group V—rats received PbAct as in
group III then exposed to gamma irradiation (6 Gy) on the
14th day of Pb injection; group VI—rats received Spm as in
group IV, then exposed to gamma irradiation (6 Gy) on the
14th day of treatment; group VII—rats received PbAct orally
(75 mg/kg bw) and Spm intraperitoneally (10 mg/kg bw) for
consecutive 14 days; group VIII—rats received PbAct and
Spm as in group VII were then irradiated on the 14th day of
combined treatment. Sacrifice of all rats was carried out 24 h
post irradiation.

Tissue sampling

Liver tissues were divided into two parts; one for the determina-
tion of nitric oxide level and arginase activity and the second was
used for the estimation of Bax, Bcl-2, and p21 gene expression
and Western blot analyses. Moreover, kidney and brain tissues
were used for nitric oxide estimation. After dissection, liver,
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kidney, and brain tissues were washed with ice-cold isotonic
saline (0.9% w/v NaCl, blotted to dryness and weighed. For each
tissue, a 10% (w/v) homogenate in ice-cold 0.9% NaCl was
prepared using a Tri-R STIR-R model K41 homogenizer. The
homogenates were centrifuged at 4000 rpm for 15 min at 4 °C
using cooling centrifuge (Universal 16 R, Germany), and the
supernatants were used for the estimation of tissue nitric oxide
levels in all and activity of arginase in those of the liver only.

Biochemical parameters
Determination of NO

Nitric oxide (umol/g tissue) in liver, kidney, and brain homog-
enates was colorimetrically estimated according to the method
described by Montgomery and Dymock (1961).

Measurement of arginase activity in liver homogenates

Arginase activity (U/g tissue) was quantified using an arginase
activity assay kit (Cat No. MAK112) purchased from Sigma-
Aldrich (St. Louis, MO, USA) according to the manufac-
turer’s instructions and guidelines.

Determination of Bax, Bcl-2, and p21 gene expression

Quantitative real-time PCR (qQRT-PCR) was used to measure
the expression of the pro-apoptotic (Bax) and anti-apoptotic
(Bcl-2 and p21) genes. Total RNA was isolated from liver
tissues using the RNeasy Mini Kit (Cat No. 74104) obtained
from Qiagen Inc. (Valencia, CA, USA) according to the man-
ufacturer’s instructions. Total RNA concentration was deter-
mined spectrophotometrically by measuring the absorbance at
260 and 280 nm. The purity of the extracted RNA was esti-
mated by calculating A260/A280 ratio and the extent of its
degradation was assessed by electrophoresis on a denaturing
agarose gel.

Single-stranded cDNA was synthesized from the reverse
transcription of 0.5-2 pg total RNA using random hexamer
primers in a total volume of 50 pl with High Capacity cDNA
Reverse Transcription Kit (Cat No. K1621) purchased from
Applied Biosystems (Foster City, CA, USA). Synthesis of
cDNA was performed at 37 °C for 6 min and 1 h for elonga-
tion, followed by reverse transcriptase enzyme inactivation for
10 min at 95 °C. The synthesized cDNA was stored at — 20 °C
pending quantitative real-time polymerase chain reaction
(qQRT-PCR) analyses of gene expression. PCR primers were
designed with Gene Runner Software (Hasting Software Inc.,
Hasting, NY, USA) from RNA sequences from GenBank
(Table 1).

qRT-PCR amplifications were performed using Applied
Biosystems with software version 3.1 (StepOne™, USA).
The qRT-PCR mixture consisted of 5 ul cDNA and 1 ul each
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Table 1 Oligonucleotide primers

used for gRT-PCR Gene Forward primer Reverse primer
Bax 5'-AGGGTGGCTGGGAAGGC-3' 5'-TGAGCGAGGCGGTGAGG-3'
Bcl-2 5"-ATCGCTCTGTGGATGACTGAGTAC-3'  5-AGAGACAGCCAGGAGAAATCAAAC-3'
p21 5'-CTGCCACACAGAGAAGACCA-3' 5'-AGATGCTTGGGGTCATTGAG-3'
GAPDH  5-AAGTTCAACGGCACAGTCAAGG-3' 5'-CATACTCAGCACCAGCATCACC-3'

of forward and reverse primers in a total volume of 25 pl. The
amplification conditions were as follows: 2 min at 90 °C for
initial denaturation, followed by 40 cycles of denaturation at
95 °C for 15 s, annealing at 60 °C for 60 s, and elongation at
72 °C for 60 s. All qRT-PCR reactions were run in triplicate
and average C, for each gene was calculated. The relative C;
(AAC)) method was used to determine the relative fold dif-
ference in expression of target genes relative to the negative
control group. Quantification of the target gene was normal-
ized to amplification of an endogenous reference gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
subsequently expressed as relative to negative control.

Western blot analysis of Bcl-2 and Bax proteins

Total proteins were extracted from liver tissues of the eight
tested groups stored at — 80 °C for Western blotting analysis.
Protein concentration was determined by the Bradford assay
(Bradford 1976). Equal amounts of the protein extracts were
subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, and the resolved proteins were electrophoretically
transferred to polyvinylidene difluoride membranes (Bio-
Rad). The membranes were blocked at room temperature for
2 h with 5% (w/v) dried skim milk in TBST (10 mM Tris-Hcl,
pH 7.5, 100 mM NacCl, and (v/v) 0.1% Tween 20) to prevent
non-specific binding, and then incubated at room temperature
overnight in 5% (w/v) dried skim milk in TBST with anti-Bcl-
2 or anti-Bax primary antibodies (Abcam, Cambridge, MA,
USA, 1:1000 dilution of each). After washing with TBST
buffer, the membranes were incubated with appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibody
(1:2000 dilution) for 2 h at room temperature and then washed
again with four changes of TBST at room temperature.
Chemiluminescence detection was performed with the Bio-
Rad detection kit according to the manufacturer’s protocol.
The intensity of protein bands was quantified by densitometric
analysis using Bio-Rad software (Bio-Rad, USA) and the in-
tensity of each protein was normalized to (3-actin. Protein
levels were expressed as a fold increase relative to negative
control (Ctrl). To verify equal protein loading and transfer, the
blots were probed for 3-actin using an anti-3-actin primary
antibody (Thermo scientific, 1:1000 dilution) using the same
protocol as above.

Statistical analysis of data

Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by post hoc Tukey’s HSD
(Honestly Significant Difference) test by GraphPad Prism 5
software package. Data were presented as mean + SEM (n =6
rats/group) with an acceptable level of significance of
p < 0.05. The method used for the analysis of the results is
that given by Milton et al. (1986).

Results

In comparison with the control group, nitric oxide (NO) levels
significantly increased in lead (Pb)-intoxicated (76.18, 62.38,
and 30.5%) and y-irradiated (96.4, 69.9, and 47.8%) groups in
liver, kidney, and brain homogenates, respectively.
Furthermore, a remarkable increase in NO levels in liver
(132%) and kidney (98.2%) homogenates was observed in
animals which received Pb and y-irradiation (Table 2).

Administration of Spm along with Pb (Spm + Pb) resulted
in a non-significant change in NO levels as compared to the
control group, while a significant (30.86, 29.4, and 22.88%)
decrease was observed in liver, kidney, and brain homoge-
nates, respectively, in comparison with the Pb-treated (Pb)
group. Furthermore, administration of Spm and y-irradiation
(Spm + IR) resulted in a significant (33.5, 27.9, and 28.25%)
decrease in NO levels in liver, kidney, and brain homogenates,
respectively, compared to the y-irradiated (IR) group.
Injection of Spm along with Pb followed by whole-body y-
irradiation (Spm + Pb + IR) ameliorated NO levels in liver,
kidney, and brain homogenates with a significant decrease as
compared to Pb-intoxicated (31.9, 23.1, and 21.59%) and y-
irradiated (24.08, 19.55, and 12.99%) groups. On the other
hand, combination of the three agents resulted in a significant
increase (33.7, 30.6, and 15.9%) in NO levels in liver, kidney,
and brain homogenates, respectively, as compared to the con-
trol group (Table 2).

In male albino rats, Pb and/or whole-body y-irradiation
induced a significant decrease in liver arginase activity among
the intoxicated animals in comparison with the control group.
However, administration of Spm followed by <y-irradiation
(Spm + IR) or along with Pb (Spm + Pb) significantly in-
creased arginase activity in comparison with y-irradiated or

@ Springer



24276

Environ Sci Pollut Res (2017) 24:24272-24283

Table 2 Effect of spermine

(Spm) on NO levels (umol/g Groups NO (umol/g tissue) NO (umol/g tissue) NO (umol/g tissue)

tissue) in homogenates of male Liver Kidney Brain

albino rats intoxicated with lead

(Pb) and/or vy-irradiation (IR) Control 0.3556 + 0.025 0.4528 £0.018 0.2571 £ 0.007
IR 0.6985 + 0.037* 0.7695 + 0.03 0.3801 + 0.009*
Pb 0.6265 + 0.035" 0.7353 £0.021* 0.3356 + 0.004*
Spm 0.4406 =+ 0.037 0.4991 + 0.008 0.3101 + 0.006"
Pb + IR 0.825 +0.014" 0.8979 + 0.03%° 0.3658 + 0.008™
Spm + IR 0.464 £ 0.02° 0.5542 + 0.037° 0.2727 + 0.003°
Spm + Pb 0.4331+£0.018° 0.5191 + 0.025° 0.2588 + 0.006"
Spm + Pb + IR 0.4756 + 0.012%° 0.5915 + 0.027 0.298 £ 0.006™

Data are represented as mean + SEM, n = 6 rats/group

2 Significant changes from control at p < 0.05

® Significant changes from lead at p < 0.05

¢ Significant changes from y-irradiation at p < 0.05

Pb-intoxicated animals, respectively. Furthermore, a signifi-
cant increase in arginase activity was observed in animals
treated with a combination of the three agents (Spm + Pb +
IR) when compared to Pb-intoxicated animals or animals sub-
jected to Pb-intoxication and y-irradiation, whereas a signifi-
cant decrease was observed as compared to the control group
(Fig. 1).

In order to assess the plausible anti-apoptotic role of Spm
against Pb- and/or y-irradiation-induced apoptosis, Bax (pro-
apoptotic), Bcl-2 (anti-apoptotic), and p21 (a multifunctional
protein capable of suppressing apoptosis) were chosen to in-
vestigate their role in the hepatoprotection of Spm against Pb-
and/or y-irradiation-induced apoptosis. Results indicated that
exposure of male albino rats to either Pb or y-irradiation re-
sulted in a significant decrease in Bcl-2 and p21 mRNA levels
and a significant increase in expression of Bax mRNA as
compared to the control group. Moreover, exposure to Pb
along with y-irradiation exhibited a significant decrease in
Bcl-2 and p21 mRNA expression levels and a more pro-
nounced increase in Bax mRNA expression (Fig. 2).

Administration of Spm alone showed no significant effect
on Bax, Bcl-2, or p21 mRNA expression in liver homogenates
compared to those from the control group. On the other hand,
its administration along with Pb (Spm + Pb) restored Bcl-2
mRNA levels to normal control value. Although combined
administration of Spm with Pb (Spm + Pb) alleviated the
latter’s effect on levels of Bax and p21 mRNA expression, it
still showed a significant increase in Bax and a significant
decrease in p21 mRNA levels as compared to the control
group (Fig. 2).

Administration of Spm along with Pb followed by -
irradiation (Spm + Pb + IR) caused a significant decrease
in hepatic Bax mRNA compared to Pb-intoxicated (Pb) or
y-irradiated (IR) groups, whereas no significant difference
was observed in comparison with the control group.
Furthermore, Bcl-2 mRNA expression level in liver
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homogenates of animals injected with Spm + Pb + IR
was restored to normal control level and was significantly
increased as compared to levels detected in Pb-intoxicated
or y-irradiated groups. In spite of the observed increase in
expression level of p21 in the group administered with
Spm + Pb + IR in comparison with Pb-intoxicated or y-
irradiated groups, the expression level was significantly
decreased as compared to the control group (Fig. 2).

To further assess the anti-apoptotic role of Spm against
acute Pb- and/or +y-irradiation-induced hepatotoxicity in
the tested groups of animals, protein levels of Bcl-2 and
Bax were evaluated by Western blot. Compared to the
control group, exposure of male albino rats to either Pb
or y-irradiation (IR) resulted in a significant decrease in
Bcl-2 protein levels. On the other hand, a significant in-
crease in the expression of Bax protein was observed in
the Pb-intoxicated or y-irradiated animals. Moreover, ex-
posure to Pb along with y-irradiation (Pb + IR) exhibited

-
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Arginase activity (U/g tissue)
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Fig.1 Effect of spermine (Spm) on arginase activity (U/g tissue) in liver
homogenates of male albino rats intoxicated with lead (Pb) and/or y-
irradiation (IR). Data are represented as mean + SEM, n = 6 rats/group.
a, b, and c indicate significant changes from control (Ctrl), lead, and y-
irradiation, respectively at p < 0.05
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Fig. 2 Effect of spermine (Spm) on a Bcl-2, b Bax, and ¢ p21 gene
expression in liver homogenates of male albino rats intoxicated with
lead (Pb) and/or y-irradiation (IR). GAPDH was used for
normalization. mRNA levels are expressed as a fold increase relative to

a significant decrease in protein level of Bcl-2 and a high-
ly significant increase in Bax protein expression (Fig. 3).
The decrease of Bcl-2 protein expression and the in-
crease in that of Bax in the Pb-intoxicated (Pb) and/or
y-irradiated (IR) male albino rats led to a highly signif-
icant decrease in the ratio of Bel-2 to Bax, a finding
that supports the involvement of the intrinsic apoptotic
pathway in such experimental animals (Fig. 3).

In the present study, treatment with Spm exhibited no sig-
nificant difference in either the expression pattern of Bel-2 and
Bax proteins or the Bcl-2/Bax ratio when compared to nega-
tive control. However, a highly significant increase in the ex-
pression of Bcl-2 protein and Bel-2/Bax ratio together with a
highly significant decrease in the expression of Bax protein
was observed when compared to Pb-intoxicated (Pb) or y-
irradiated (IR) animals. In addition, it was observed that the
combined administration of Spm with Pb (Spm + Pb) or with
y-irradiation (Spm + IR) alleviated their effects on the expres-
sion level of Bcl-2 protein and Bcl-2/Bax ratio. However, a

& & & o &
o va\ <°,‘\ 6"8 Q’o"\
gQ G_,Q X
&
R

negative control (Ctrl). Data are represented as mean = SEM, n = 6
rats/group. a, b, and c indicate significant changes from control (Ctrl),
lead, and y-irradiation, respectively at p < 0.05

significant decrease as compared to the control group is still
observed (Fig. 3).

Administration of Spm along with Pb followed by y-
irradiation (Spm + Pb + IR) caused a significant in-
crease in hepatic Bcl-2 protein level compared to Pb-
intoxicated (Pb) or <y-irradiated (IR) groups, while a
significant decrease was observed in comparison with
the control group. A similar pattern of Bcl-2/Bax ratio
was observed, except for an observed non-significant
difference when compared to the y-irradiated (IR) group
(Fig. 3). On the other hand, administration of Spm
along with Pb followed by vy-irradiation (Spm + Pb +
IR) caused a significant decrease in hepatic Bax protein
level compared to the Pb-intoxicated (Pb) group.

Collectively, the data obtained from both gene expression
and Western blot analyses revealed that Spm reduced Pb- and/
or y-irradiation-induced apoptosis through downregulation of
Bax, upregulation of Bcl-2, and consequent increase of the
Bcl-2/Bax ratio.
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Fig. 3 Effect of spermine (Spm)
on a Bcl-2, b Bax protein
expression, and ¢ Bcl-2/Bax ratio
in liver homogenates of male
albino rats intoxicated with lead
(Pb) and/or y-irradiation (IR). B-
actin was used for normalization.
Protein levels are expressed as a
fold increase relative to negative
control (Ctrl). Data are
represented as mean + SEM, n =6
rats/group. a, b, and ¢ indicate
significant changes from control
(Ctrl), lead, and y-irradiation,
respectively at p <0.05. d
Representative Western blots
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Discussion between NO and ionizing radiation (IR) was shown to activate

The acquired results indicated that the levels of nitric oxide
(NO) in liver, kidney, and brain homogenates were signifi-
cantly increased in rats exposed to lead and/or y-irradiation.
In agreement with our findings, other studies suggested the
involvement of NO and reactive nitrogen species (RNS) in
Pb-induced oxidative stress (Abdel Moneim 2016; Abdel-
Moneim et al. 2011; El-Tantawy 2016; Samarghandian et al.
2013). The observed increase in levels of NO induced by
exposure to y-irradiation might be related to lethal injury.
Consistently, several studies, including animal ones, have
shown an increased formation of NO after exposure to IR
(Babicova et al. 2011; Chu et al. 2015; Mansour et al. 2014;
Ohta et al. 2007). It has been previously reported that NO,
through the induction of DNA damage, stimulates the expres-
sion and accumulation of the tumor suppressor p53 (Ambs
et al. 1997; Forrester et al. 1996). As well, the synergy
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p53 by posttranslational protein modification via phosphory-
lation (Cook et al. 2004). In addition, NO stabilizes the tumor-
suppressor protein p53 by disrupting its ubiquitylation and
proteasomal degradation (Hess et al. 2005). Actually, expres-
sion of the pro-apoptotic genes, such as Bax (Miyashita et al.
1994) and that of the cyclin-dependent kinase inhibitor p21
(el-Deiry et al.1993), is transactivated by p53, whereas that of
the anti-apoptotic protein Bcl-2 is downregulated (Miyashita
et al. 1994). Hence, accumulation of p53 mediated by NO
induces apoptosis by upregulation of Bax or cell cycle arrest
by p21 upregulation (Kolb 2000). Under conditions of NO
overproduction, NO reacts with superoxide anion (O, ) lead-
ing to the generation of the strong biological oxidant,
peroxynitrite (ONOQO™). Peroxynitrite is much more reactive
than its parent molecules NO and O,  (Beckman and
Koppenol 1996). It has been shown that peroxynitrite induces
the MPT, which contributes to both apoptotic and necrotic cell
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death in various human pathologies (Packer et al. 1997; Virag
et al. 2003). Moreover, NO is known to activate the intrinsic
apoptotic pathway to induce cell death. It has been shown that
the integral members of the intrinsic apoptotic pathway, Bax
and Bak, are activated by NO and that cytochrome c is re-
leased from the mitochondria. The combined loss of Bax and
Bak, or the individual loss of Caspase-9, completely prevents
NO-induced cell death indicating that these proteins are re-
quired for this pathway (Snyder et al. 2009).

As previously reported, the significant increase in NO
levels following exposure to lead or/y-irradiation might be
ascribed to the increased activity of the inducible form of nitric
oxide synthase (iNOS, EC 1.14.13.39) which is largely con-
sidered to be absent under physiological conditions (Chi et al.
2006; Ibuki and Goto 1997). Increased activity of iNOS has
been related to cell toxicity, as it enhanced inflammatory del-
eterious processes (Korhonen et al. 2005). In addition, y-
irradiation may increase NO by supporting the entrance of
Ca®* ions into the membrane in addition to the cytosol of
NO-producing cells through membrane lesions induced by
irradiation (Gorbunov et al. 2000).

In the current study, administration of Spm alone prompted
a significant increase in NO levels in brain tissues compared to
controls. It has been reported that polyamines, including Spm,
modulate the activity of NMDA receptors, a subtype of the
ionotropic glutamate receptors that primarily mediates
calcium-permeable excitatory neurotransmission in the central
nervous system (Johnson 1996; Sirrich et al. 2015). Crespi
and Rossetti (2004) have shown that the formation and release
of NO is correlated with the functional activation of NMDA
receptor-mediated glutamate transmission. The observed in-
crease in NO levels by Spm alone might be accountable for
glutamate-mediated excitotoxicity, i.e., glutamate killing of
neurons, where NO leads to inhibition of mitochondrial respi-
ration and causes glutamate release, which together with the
decrease in membrane potential leads to the activation of
NMDA receptor, causing excitotoxicity (Brown 2010;
Manucha 2017). Administration of Spm along with lead or
y-irradiation group significantly (p < 0.05) restored NO levels
to control values, suggesting that Spm may be useful in com-
bating the damage induced by free radicals resulting from lead
or ‘y-irradiation toxicity and maintaining the cellular redox
balance. It is believed that polyamines, including Spm, confer
DNA protection by minimizing the indirect effects of radia-
tion damage via their ability to induce DNA compaction and
aggregation as well as acting as scavengers of free radicals
(Douki et al. 2000; Iacomino et al. 2014).

In the present study, a significant (p < 0.05) decline in
arginase activity was observed after exposure to lead exposure
and/or y-irradiation, which may be due to the fact that lead
and/or ‘y-irradiation exposure increased NO by enhancing in-
ducible iNOS. Consequently, sufficient quantity of NO is pro-
duced which could limit the availability of L-arginine for

ornithine synthesis. The competition between arginase and
NOS for the common substrate, L-arginine, caused its deple-
tion and resulted in a significant decrease in liver arginase
activity and a subsequent decline in ornithine decarboxylase
(ODC, EC 4.1.1.17) activity and depletion of ornithine (Wu
and Morris 1998). A clear-cut recovering of liver arginase
enzymatic activity in the Spm-treated group may be due to
its antioxidant properties that resulted in the inhibition of
iNOS activity. Hence, reduction in levels of NO with the sub-
sequent increase in L-arginine availability resulted in a
marked recovery in altered arginase activity to normal control
values. The results obtained were not in agreement with those
of Avtandilyan (2013) who reported in a similar study on brain
and kidney tissues that arginase activity was inhibited by Spm
via its effect on the allosteric regulatory site of the enzyme.

In addition to oxidative stress, apoptosis is considered a
well-characterized phenomenon in lead-induced toxicity (Jia
et al. 2012; Wang et al. 2015). The current study revealed a
significant (p < 0.05) increase in mRNA and protein levels of
Bax and a decline in those of Bcl-2 in the lead-intoxicated
group, suggesting that oxidative stress consequent to lead ex-
posure resulted in mitochondria-mediated apoptosis.
Previously, several studies have indicated that lead poisoning
could induce apoptosis in a number of experimental systems,
including rat liver (Agarwal et al. 2009; Banijamali et al.
2016; Haouas et al. 2014; Iavicoli et al. 2001; Kaczynska
et al. 2011; Liu et al. 2012; Sharifi et al. 2002). Recently, it
has been shown that the expression level of Bax was signifi-
cantly upregulated in the liver of acute PbAc-intoxicated rats,
at both mRNA and protein levels, while the levels of Bel-2
mRNA and protein were significantly downregulated (Abdel
Moneim 2016). A similar significant imbalance of Bax/Bcl-2
was reported either consequent to activation of p53 by DNA
damage (Xu et al. 2006, 2008) or activation of histone
hyperacetylation which reduced Bcl-2 levels and increased
those of Bax (Xu et al. 2015).

Previously, it has been reported that the p53-mediated ap-
optotic pathway is the most praised mechanism of ionizing
radiation-induced DNA damage (Lowe et al. 1993).
Activation of p53 subsequent to irradiation exposure leads to
the activation of Bax, a well-known downstream mediator of
the transcription factor p53, which contributes to the initiation
of the caspase cascade and cellular death (Haupt et al. 2003;
Sang et al. 1995). In the current study, a significant increase in
mRNA and protein levels of the pro-apoptotic marker Bax and
a significant decrease in those of the anti-apoptotic marker
Bcl-2 were observed in the y-irradiated experimental animals.
Comparable findings have been reported in a number of either
in vitro or in vivo studies (Bing et al. 2013; Chen et al. 2015;
Han et al. 2011; Lee et al. 2007; Yang et al. 2017).

Notably, a more pronounced change in mRNA and protein
expression profiles of the apoptotic markers Bax and Bcl-2
was seen in rats co-exposed to lead and whole-body gamma
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irradiation as compared to individual exposures. It has been
shown that both agents caused the generation of free radicals
which activate apoptotic stimuli leading to the release of cy-
tochrome ¢ and henceforth activation of downstream caspases
(Kiang et al. 2012; Liu et al. 2016; Wang et al. 2016). In
addition, MPT has been shown to be involved in Pb-induced
mitochondrial apoptosis (Liu et al. 2016).

Besides, our results showed that the expression of p21
mRNA was significantly (p < 0.05) decreased in groups ex-
posed to lead and/or y-irradiation compared with the control
group. Although p21WAFVCPL g induced in a p53-dependent
manner via which p53 promotes apoptosis and cell cycle arrest
(el-Deiry et al. 1994), it has been shown that p53-dependent
apoptosis occurs normally in absence of p21 VAT /P! and that
cells null for p21WAF!/CP! gene show very high apoptosis
after y-irradiation (Caelles et al. 1994; Deng et al. 1995). In
accordance, it has been shown that inactivation or depletion of
p21 sensitizes cells to apoptosis (Javelaud and Besancon
2002; Martinez et al. 2002). In addition, it has been indicated
that the cyclin-dependent kinase (CDK) inhibitor p21 inhibits
apoptosis via multiple mechanisms, which include CDK-
dependent and independent events. The CDK-dependent
mechanisms include inhibition of CDKs required downstream
of caspases for the generation of characteristic apoptotic alter-
ations (Sohn et al. 2006). On the other hand, the CDK-
independent events include transcriptional regulation and di-
rect binding to pro-apoptotic gene products in the cytoplasm
(Delavaine and La Thangue 1999; Perkins 2002; Vigneron
et al. 2006). Moreover, it has been demonstrated that the de-
ficiency of p21 resulted in an elevated expression of an alter-
native reading frame p14 (ARF), which promotes p53 stability
through binding to its negative regulator, mouse double min-
ute 2 homolog (MDM-2), thus enhancing the apoptotic path-
way (Javelaud and Besancon 2002). Thus, proliferation
seemed to be suppressed due to the loss of p21 via a mecha-
nism that works through a sensitized apoptotic response.
Administration of Spm along with lead and/or y-irradiation
ameliorated p21 gene expression, but with a significant
(p <0.05) decrease in comparison with the control group.

Spermine (Spm) in combination with lead or y-irradiation
had an ameliorating effect on Bax, Bcl-2, p21, arginase activ-
ity, and level of nitric oxide, which might be due to an anti-
oxidant effect against reactive oxygen and nitrogen species.
Furthermore, its protective effect on mitochondrial membrane
occurs by electrostatic interaction of positively charged Spm
with negative polar head of phospholipids, inhibition of DNA
from radiation-induced strand breaks and crosslinks to pro-
teins, which results in p53 mRNA expression decrease and
subsequently p21 gene expression normalization (Igarashi
et al. 1982; Rider et al. 2007). In isolated liver mitochondria,
it has been reported that the inhibition of permeability transi-
tion by Spm was dose-related and occurred as a result of
changes in binding properties (Dalla Via et al. 1996).
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The observed anti-apoptotic role of Spm was in agreement
with the findings of Sava et al. (2006) who reported that Spm
can act as an inhibitor of MPT by inhibiting H,O, production
and retaining normal reduced levels of glutathione and sulf-
hydryl groups. Consequently, the critical thiols responsible for
pore opening are prevented from being oxidized. Moreover,
electrostatic interaction of Spm with anionic charges located
on pore-forming structures can prevent swelling and loss of
membrane potential in the rat liver mitochondria. Recently, it
has been shown that exogenous Spm effectively prevented
myocyte cell death by blocking the mitochondrial apoptotic
pathway through regulation of MPTP and associated path-
ways (Wei et al. 2016).

In conclusion, the obtained results clearly indicated that the
anti-apoptotic efficacy of Spm towards hepatic injury caused
by lead and/or gamma irradiation is due to the fact that Spm
acts as an antioxidant, which can consistently tackle the gen-
erated free radical-induced oxidative stress. The mechanism
underlying these anti-apoptotic properties of Spm involves the
downregulation of Bax, a member of the pro-apoptotic Bcl-2
family, upregulation of Bcl-2, a suppressor of apoptosis, and
the subsequent shift of the Bcl-2/Bax ratio towards anti-apo-
ptosis. Taken together, our results point to the capability of
Spm to protect male albino rats against lead and/or irradiation-
induced apoptosis through the inhibition of mitochondria-
dependent apoptotic pathway. Spermine alone was found to
be more profound in increasing nitric oxide levels in brain
compared to normal control, which reflected the fact that
Spm alone might have the capacity to cause brain
excitotoxicity, a finding that needs to be further explored.
Collectively, we have shown that Spm has a remarkable ther-
apeutic property when used in combination with lead and/or
gamma irradiation.
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