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ABSTRACT: The objective of the present study was to evaluate the effect of suckling
propylthiouracil (PTU) on the interactions between the thyroid-axis and pro-/anti-oxidant
systems. PTU was administered to female rats in drinking water (0.1% w/v) from birth to
lactation day (LD) 30. The administration showed a highly significant decrease in serum
thyroxine (T4) and triiodothyronine (T3) levels and marked increase (P<0.01) in serum
thyrotropin (TSH) level in both dams and their offspring at LDs 20 and 30 relative to control
group. In PTU group, a marked depression was observed in serum of neonatal growth hormone
(GH). In hypothyroid neonates, obvious elevation in the levels of cerebellar oxidative markers
(protein carbonyls, advanced oxidation protein product, lipid peroxidation, NO and H,0,) was
observed at postnatal days (PNDs) 20 and 30, along with decreased activities of antioxidants
markers (total thiol, glutathione, glutathione peroxidase, superoxide dismutase and catalase) in
relation to control group. Also, this administration exhibited some histopathological changes in
cerebellar cortex, such as oedema, vacuoles, reduction of the Purkinje cells, and cellular
fragmentations at both PNDs. Thus, PTU has a developmental neuroendocrine disrupting action
where any situation resulting in a decreased availability of thyroid hormones (THs) may
potentially adverse for neurodevelopment.
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INTRODUCTION

In the last fifteen years, an increasing number of studies have indicated that THs have important
physiological functions, not only during brain maturation (Ahmed and Incerpi, 2013) but also in
the adult vertebrate brain (Broedel et al., 2003; Horn and Heuer, 2010). THs are known to set the
cellular basal metabolic rate and are considered as major regulators of energy metabolism;
mitochondrial activity and biogenesis; oxygen consumption and active oxygen metabolism
(Martinez et al., 2001; Bhanja and Chainy, 2010). Thus, one of the most important functions
performed by THs is the tight regulation of cellular oxygen consumption and consequent
generation of reactive oxygen species (ROS) in several tissues (Mircescu, 2008; Petrulea et al.,
2009) including brain (Rahaman et al., 2001) that can be attacked by the ROS for the initiation of
lipid peroxidation (LPO) (Garcia et al., 2005; Valko et al., 2007). In addition, the brain processes
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a great amount of oxygen per unit tissue mass as it consumes 20% of the entire oxygen
consumed by the body though its weight is only 2% of the total body weight (Halliwell, 2006);
more so in the postnatal period due to higher brain to body ratio. Generally, ROS generation is
controlled by antioxidant enzyme activities [superoxide dismutase (SOD), glutathione peroxidase
(GPx) and catalase (CAT)] and non-enzymatic antioxidants such as total thiol (t-SH) and
glutathione (GSH) (Ahmed et al., 2013; Al-azzawie et al., 2013; Imosemi, 2013). These
mechanisms involve preventative mechanisms, repair mechanisms, physical defenses and
antioxidant defenses. Interestingly, ROS are known to play important roles in regulating
proliferation and differentiation (Hancock et al., 2001; Valko et al., 2007).

6-propyl-2-thiouracil (PTU) is an anti-thyroid drug which inhibits both the synthesis of THs in
the thyroid gland, and the conversion of T4 to its active form, T3, in peripheral tissues (Gilbert,
2011; Santos-Ahmed et al., 2011; Chang et al., 2012; Fujimoto et al., 2012; Bhanja and Jena,
2013; Hassan et al., 2013). The deficiency in THs during the developmental period may result in
an irreversible impairment, morphological and cytoarchitecture abnormalities, disorganization,
maldevelopment and physical retardation that are permanent (Zoeller and Rovet, 2004; Zoeller
and Crofton, 2005; Argumedo et al., 2012; Hassan et al., 2013). More so, there are disturbance in
the balance between the ROS generation and antioxidant defense system in most developing
brain regions due to the hypothyroidism by anti-thyroid drugs (Ahmed et al., 2012; Bhanja
and Jena, 2013). These effects can produce an increase of oxidant species that causes LPO,
nitration, carbonylation, or glutathionylation of proteins, and fragmentation of DNA (Halliwell
and Gutteridge, 2007; Valko et al., 2007).

Because of PTU disrupts the growth of the young offspring (Argumedo et al., 2012), the aim of
this study is to examine the effects of suckling PTU on the developmental aspects of the thyroid
axis markers in rat dams and their newborns. Additionally, the current study extends not only to
view the changes in the histogenesis of the cerebellar cortex, but also to follow the changes in the
activities of pro-oxidant/anti-oxidant systems at postnatal days (PNDs) 20 and 30. In this regard,
cerebellum was used as a model system, because this region is highly sensitive to any stress (TH
disturbance) (Koibuchi et al., 2001; Koibuchi, 2009; Ahmed, 2011) where its development
occurs postnatally in the rat (Altman and Bayer, 1997). Also, this developmental stage in the rat
reflects the time period between the third trimester of gestation to the second postnatal year in
the human (Ahmed et al., 2008).

MATERIALS AND METHODS

I- Animals and treatments:

Pregnant white albino rats (Rattus norvegicus) at gestation day 15 were purchased from the
National Institute of Ophthalmology, Giza, Egypt. They were housed singly in cages until giving
birth, after which litters were culled to 8 pups per cage so that treated mothers could provide
sufficient milk for the pups. The male litters only were randomly divided into control and PTU
groups. The animals were fed on standard rodent pellet diet manufactured by the Egyptian
Company for oil and soap as well as some vegetables as a source of vitamins (Ahmed et al.,
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2010; El-bakry et al., 2010). Tap water was used for drinking ad libitum and these animals were
exposed to constant daily light/dark periods of 12 h each (lights on at 06:00 h) and 50 + 5%
relative humidity (Ahmed and Incerpi, 2013). Generally, all the animal procedures were in
accordance with the general guidelines of animal care and the recommendations of the Canadian
Council on Animal Care (CCAC; Olfert et al. 1993). All efforts were made to minimize the
number of animals used and their suffering.

0.1% w/v PTU (Koohestani et al., 2012) (Sigma- Aldrich, St. Louis, MO, USA) in drinking
water was administrated to lactating mothers up to weaning (30 days), which was replaced daily
with fresh PTU solution. PTU enters the bloodstream, passing through the mother's breast milk,
to the rat pups. For each time point, age-matched control rats received normal drinking water. At
LDs 20 and 30, dams and their newborns were subsequently sacrificed under mild diethyl ether
anaesthesia, and the blood samples from dams and their pups were taken and centrifuged at
1006.2 xg for 30 min. The neonatal cerebellums were placed immediately in ice-cold normal
saline. The clear, non-hemolysed supernatant sera were quickly removed, divided into three
portions for each individual animal, and kept at -30 °C until use for hormonal examinations. The
cerebellums were homogenized by using a Teflon homogenizer (Glas-Col, Terre Haute, USA) in
ice-cold PBS (0.15M, pH 7.4) containing 0.25 M sucrose and 2mM EDTA for antioxidants and
oxidataive markers determinations. The supernatants were kept in a deep freezer at -30 °C until
use.

The cerebellums of the offspring were removed immediately after a rapid anaesthesia, dropped
into the 10% neutral buffer formalin as a fixative for general histological structure (haematoxylin
and eosin stain; Bancroft and Stevens, 1982) or dropped into potassium dichromate-formalin
mixture as a fixative before further processing and staining with Golgi-Copsch stain. All sections
were evaluated for the degree of maldevelopment.

I1- The radioimmunoassay (RIA) examination:

T4, T3 and TSH in serum of mothers and their offspring, as well as GH in serum of the
newborns were estimated quantitatively in the Diabetic Endocrine Metabolic Pediatric Unit,
Center for Social and Preventive Medicine, New Children Hospital, Faculty of Medicine, Cairo
University, Egypt according to the method of Thakur et al. (1997), Maes et al. (1997), Mandel et
al. (1993) and Reutens (1995), respectively. The kits were obtained from Calbiotech INC (CBI),
USA.

I11- Histological examination in neonate’s thyroid gland:

Some cerebellum samples, intended for histological examination by light microscopy, were
immediately fixed in 10% of neutral buffer formalin and processed in a series of graded ethanol
solutions. They were then embedded in paraffin, serially sectioned at 6 um and stained with
hematoxylin-eosin in National Cancer Institute, Cairo University, Egypt.

IV- The developmental and biochemical examinations in neonatal cerebellum:
A- Determination of antioxidant markers:
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1- Total thiol (t-SH) concentration:

t-SH was determined according to the method of Koster et al. (1986). The reagents were
prepared in the laboratory. The method was based upon the reduction of Ellman’s reagent (5,5'-
dithiobis-2-nitrobenzoic acid) by thiols containing compounds to form 5-thio-2-nitrobenzoic
acid, which can be measured colorimetrically at 412 nm. The aliquot of the supernant (0.25 mL)
was mixed with 0.75 mL phosphate buffer and 0.2 mL Ellman’s reagent. Mixing was followed
by incubation for 5 min at 37 °C. Distilled water instead of the sample was used for blank
preparation. Absorbance was measured at 412 nm against blank. The following equation was
used for calculation of total thiols concentration in nmol/100mg tissue: Thiols concentration=
(Absorbancex20x10°x5x1000) / (0.5x13600x10); where 13600 was the molar extinction
coefficient standardized and calculated by Beutler et al. (1963).

2- Glutathione (GSH) concentration:

The method is based on the development of a yellow color when DTNB is added to compounds
containing sulfhydryl groups (Jollow et al., 1974). Supernatants in phosphate buffer (500 pL)
were added to 3 mL of 4% sulfosalicylic acid. The mixture were centrifuged at 1600 xg for 15
min. Supernatants (500 pL) were taken and added to Ellman’s reagent. The absorbance was
measured at 412 nm after 10 min. The GSH concentration was expressed as nmol/100mg tissue.

3- Glutathione peroxidase (GPx) activity:

GPx was determined according to the method of Pinto and Bartley (1989). The reagents prepared
in the laboratory. The GPx activity was estimated by the so-called “chemical” method in the
presence of hydroperoxide (R-O-OH) and GSH. In this case, we estimated the residual GSH
remaining after the action of enzyme in the presence of DTNB or Ellman’s at 412 nm (Sedlak
and Lindsay, 1968). One unit of GPx converts 1 umole of GSH into GSSG/min at 30 °C at pH
7.4,

4- Superoxide dismutase (SOD) activity:

SOD was measured using pyrogallol as substrate (Shukla et al., 1987). This method follows the
superoxide-driven auto-oxidation of pyrogallol at pH 8.2 in the presence of EDTA. The assay
mixture contained 1 mM EDTA in 50 mM Tris-HCI buffer (pH 8.2) with or without the sample.
The reaction was started by the addition of pyrogallol (final concentration 0.124 mM), and the
oxidation of pyrogallol was followed for 1 min at 420 nm. The percent inhibition of the auto-
oxidation of pyrogallol by SOD present in the tissue sample was determined. One unit (U) of
SOD activity was defined as the amount that reduced the absorbance change by 50% (U/mg
protein). Copper/zinc SOD (SOD1) was differentiated from manganese SOD (SOD2) by addition
of 2 mM sodium cyanide to inhibit the activity of SOD1 from total SOD activity. SOD1 activity
was calculated as the difference between total SOD and SOD?2 activity as in a previous report
(Mclintosh et al., 1998).

5- Catalase (CAT) activity:

CAT was determined using reagents prepared in the laboratory (Cohen et al., 1970). The CAT

was determined by using a relative low hydrogen peroxide concentration to avoid inactivation of
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the enzyme during assay (usually 30 second) or formation of bubbles in the cuvette due to
liberation of O,. The H,O, concentration is critical in as much as there is direct proportionally
between the substrate concentration and the rate of decomposition. The remained H,O, reduced
the titrated KMnQ, color which was measured at 480 nm. The activity of enzyme was expressed
in terms of the 1* order rate constant (k) which was calculated as follows: k = Log (S¢/Ss) X
2.3/t, where, K is the 1* order reaction rate constant, t is the time interval over which the reaction
was measured (viz., 3), Sy is the subtract of the absorbance of the reaction system blanks (B)
from the spectrophotometric standard and S; is the subtract of the absorbance of the reaction
samples (A) from the spectrophotometric standard.

B- Determination of prooxidant (oxidative) markers:

1- Protein carbonyl (PCa) content:

PCa content was measured with the method of Reznick and Packer (1994). Briefly, 100 pL of the
supernatant was placed in glass tubes. Then 500 puL of 10 mmol/L 2,4-dinitrophenylhydrazine
(DNPH) in 2 mol/L HCI was added. Tubes were incubated for 1 h at room temperature. Samples
were vortexed every 15 min. Then 500 pL of TCA (20%) were added and the tubes were left on
ice for 5 min followed by centrifugation for 10 min. The pellet was then washed twice with
ethanol-ethyl acetate (v/v). The final precipitate was dissolved in 600 uL of 6 mol/L guanidine
hydrochloride solution and incubated for 15 min at 37 °C. The absorbance of the sample was
measured at 370 nm. The PCa content was calculated based on the molar extinction coefficient
of DNPH (=2.2x10* cm-".mol/L") and expressed as pmoles/mg protein.

2- Advanced oxidation protein products (AOPP) level:

AOPP levels were determined according to Kayali et al. (2006). Briefly, 0.4 mL of the
supernatant was treated with 0.8 mL phosphate buffer (0.1 mol/L, pH 7.4). After 2 min, 0.1 mL
of 1.16 mol/L potassium iodide was added to the tube followed by 0.2 mL of acetic acid. The
absorbance of the reaction mixture was immediately recorded at 340 nm. The concentration of
AOPP for each sample was calculated by using the extinction coefficient of 261cm-~.mmol/L",
and the results were expressed as umoles/mg protein.

3- Malondialdehyde (MDA) level:

The MDA concentrations, index of LPO, were determined spectrophotometrically according to
Draper and Hadley (1990). Briefly, supernatant was mixed with 1 mL of 5% TCA and
centrifuged at 2500 xg for 10 min. An amount of 1 mL of thiobarbituric acid (TBA) reagent
(0.67%) was added to 500 pL of the supernatant and heated at 90 °C for 15 min. The mixture
was then cooled and measured for absorbance at 532 nm. The MDA values were calculated by
using 1,1',3,3'-tetraethoxypropane as standard and expressed as nmoles MDA/100mg/hr.

4- Nitric oxide (NO) level:

The amount of NO generated was measured using Griess reaction (Dutta et al. 2008). Briefly,

equal volumes of supernatant, sulfanilamide and N-1 napthylethylenediamine dihydrochloride
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were incubated at 25 °C for 5 min, and the formation of an azocompound was measured
colorimetrically at 550 nm. The concentration of NO was extrapolated from a standard curve of
sodium nitrite.

5- Hydrogen peroxide (H,O,) content:

The H,0, content was determined according to Sergiev et al. (1997). 0.5 mL of the supernatant
was added with 1.5 mL of 50 mM potassium phosphate buffer (pH 7.0) and 1 mL of 1 M
potassium iodide, andthe absorbance was measured at 390 nm. H,O, was used as a standard and
expressed as nmol H,O,/g tissue.

V- Histological examination of the of developing cerebellum:

Some cerebellum tissue samples, intended for histological examination by light microscopy,
were immediately fixed in 10% neutral buffered formalin and processed in a series of graded
ethanol solutions (Bancroft and Stevens, 1982). They were then embedded in paraffin, serially
sectioned at 6 mm, and stained with hematoxylin—eosin at the National Cancer Institute, Cairo
University, Egypt. The sections were evaluated for the degree of any injury.

VI- Statistical analysis:

The concentration of the parameters studied in blood serum and in the neonatal cerebellum was
expressed as mean + S.E. Statistical significance was calculated using one-way analysis of
variance (ANOVA) followed by the LSD test to discern the main effects and compare various
groups with each other. All calculations were performed using PC-STAT statistical software
(University of Georgia, 1985). F-probability for each variable expresses the general effect
between groups. Values of P<0.01 and P<0.001 are considered statistically highly significant and
very highly significant, respectively.

RESULTS

1- Maternal-neonatal thyroid markers:

T3, T4, TSH and GH levels in serum samples of control and PTU-treated rats are illustrated in
figures 1 and 2. In control rats, the levels of T3, T4 and TSH in both dams and their newborns,
and neonatal GH showed an age related increase from LD 20 to LD 30. T3 and T4 levels were a
highly significant (P<0.01) decrease in PTU-treated dams at LDs 20 and 30 with respect to
control group (Figure 1). A highly significant increase in serum TSH level was seen in PTU-
treated dams as compared to control group (Figure 1). On the other hand, the maternal
administration caused a highly significant (P<0.01) decrease in the levels of serum T4, T3 and
GH of neonatal rats at PNDs 20 and 30 if compared to their control group. However, the level of
serum TSH of neonatal rats showed a highly significant age related increase in PTU-treated dams
(P<0.01). Concerning one way ANOVA for all tested hormones, it was revealed that the general
effect between both groups was very highly significant (P<0.001) in both dams and their pups
throughout the experimental period.
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2- Histoarchitecture and histopathological changes in the cerebellar cortex:

In control group, the molecular layer (ML) was shown located internally before the Purkinje cell
layer (Figures 3A and 3C). The Purkinje layer (PL) comprised pear-shaped neurons and was
arranged in a single row at a junction of the ML and internal granular layer (IGL) at PNDs 20
and 30 (Figures 3A and 3C). A large, rounded nucleus was evident in each cell body of the
Purkinje cells (PCs) with thick remarked cytoplasmic coat from PND 20 to 30. Also, the IGL
was shown situated just below the PC layer and it was extremely cellular and formed of closely
packed oval or rounded shaped neurons with the age progress. These neurons were infiltrated
with intercellular spaces called island or glomeruli. The neurons of this layer had a large, darkly
stained nuclei enclosed with a thin peripheral cytoplasmic coat during all ages employed
(Figures 3Aand 3C).

On the other hand, the maternal PTU-induced hypothyroidism, from LD 20 to 30, led to marked
histopathological lesions in the cortex of their newborns. These lesions appear in the form of
oedematus areas that were observed in the ML and IGL and were associated with degenerative
changes in both layers (Figures 3B and 3D). Also, there were vacuoles in ML with delaying in
the neuronal migration at PND 30 (Figure 3D). The reduction in the size and numbers of the PCs
was observed from PND 20 to 30 (Figures 3B and 3D). In general, neuronal cells, in all
cerebellar cortex layers, suffered from severe distortions (degenerative changes), particularly in
PL and IGL at PND 30 (Figure 3D).

3- Developmental and biochemical markers in neonatal cerebellum:

Tables 1 and 2 show the changes in non-enzymatic antioxidants (t-SH and GSH), enzymatic
antioxidants (GPx, SOD1, SOD2 and CAT) and oxidative stress markers (PCa, AOPP, LPO, NO
and H,0;) of neonatal cerebellum, whose mothers were hypothyroid state by PTU from birth to
LD 30. In control newborns, these biochemical variables were gradually increased with ageing
from PND 20 to 30, and the administration of maternal PTU disrupted this behavioral pattern.
This administration induced a highly significant (P<0.01) depletion in the values of the t-SH,
GSH, GPx, Mn-SOD, Cu/Zn-SOD and CAT at PND 20 in comparison with the control ones
(44.74+0.687, 23.18+0.934, 9.65+0.163, 2.78+0.060, 3.66+0.146 and 9.99+0.122 vs
95.08+0.213, 36.61+0.716, 13.65+0.200, 4.25+0.116, 5.12+0.388 and 13.50+0.174, respectively)
(Table 1). Moreover, the most potent decreased effect of PTU on t-SH (-49.98%), GSH (-
32.38%), GPx (-74.80%), Mn-SOD (-72.95%), Cu/Zn-SOD (-72.38%) and CAT (-60.06%) was
attained at PND 30. Conversely, the administration exhibited the reverse pattern of changes; the
increase in PCa (+112.42%), AOPP (+245.45%), LPO (+197.15%), NO (+197.87%) and H,0,
(+214.28%) levels was highly significant (LSD; P<0.01) at PND 20 with respect to control
group. This elevation was more perturbed at PND 30; the percentage change was +148.72%,
+471.42%, +298.13%, +258.57% and +618.18% for PCa, AOPP, LPO, NO and H,0O,,
respectively (Table 2). ANOVA indicated that the general effect between both groups was found
to be very highly significant (P<0.001) during the experimental period (Tables 1 and 2).
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DISCUSSION

In view of thyroid function of control dams and their newborns, the current study revealed
gradual increases of serum T4, T3 and TSH levels at LDs 20 and 30. Also, neonatal GH was
markedly elevated in an age-dependent manner from PND 20 to PND 30. These results agreed
with several previous experiments (El-bakry et al., 2010; Ahmed et al., 2010 & 2012; Ahmed,
2011). Also, the level of neonatal GH (Zimmermann, 2011; Ahmed, 2012) was increased
steadily during the first 4™ postnatal week (Ahmed et al., 2008).

The present study revealed that administration of PTU in drinking water (0.1%, w/v) to adult
female rats during the lactation period induced hypothyroidism in mothers and their newborns as
indicated by decrease in serum T4 and T3 levels, and increase in serum TSH level at PNDs 20
and 30. The maternal administration decreased the level of neonatal GH at both tested PNDs as
compared to control group. Similarly, PTU produced a step-wise decrease in serum total T4, and
a step-wise increase in serum TSH (Sharlin et al., 2009). This hypothyroid state caused by
inhibiting thyroperoxidase activity, blocking the organification of thyroglobulin, and thus
blocking synthesis of THs (Jena et al., 2012; Tousson et al., 2012; Gilbert and Lasley, 2013;
Hassan et al., 2013; Khalawi et al., 2013). This thyroid dysfunction appears to be closely related
to ROS formation as reported by Ahmed et al. (2012) and as will be explained below. These
potential effects resulting in disrupted the growth of the young offspring (Axelstad et al., 2008;
Argumedo et al., 2012). These results imply that maternal PTU may act as disruptor for the
developmental thyroid axis.

On the other hand, the stepwise progress in the levels of THs during this period may be
necessary for normal cerebellum development as observed in this study. Consistent with this
data, TH in rat mainly affects cerebellar development during the first 2-3 weeks of postnatal life
(Wang et al., 2012; El-Bakry et al., 2010; Ahmed, 2012) and is required for normal maturation of
this region (Koibuchi, 2006; Bernal, 2007; Ahmed, 2011; Ahmed and Incerpi, 2013). Also,
Koibuchi (2013) emphasized that the genomic and non-genomic actions of the T3 and T4 play a
critical role in cerebellar development.

There were deformations and developmental defects in the cerebellar cortex of the present
hypothyroid rat newborns with the age progress from PND 20 to 30, such as oedematus areas in
the ML and IGL, vacuoles in ML, reduction in the size and number of the PCs, and
fragmentation of the cellular element of the PL and IGL. These degenerative signs became more
prominent and extensively spread with ageing to PND 30. Concurrently, PTU-treated rats show
growth retardation, a reduction in cerebellar mass, and alterations in cerebellar structure, which
are characterized by delayed migration of granular cells, short PC dendritic arborization, and a
significant reduction in the number of synaptic connections (Lavado-Autric et al., 2003, Li et al.,
2004). Particularly, PTU-induced hypothyroidism has been shown to increase apoptosis in the
cerebella on PNDs 7 and 30 (Bhanja and Chainy, 2010). Generally, the developing cerebellum is
vulnerable to TH deficiency (Anderson, 2008; Koibuchi, 2009: Ahmed, 2011).
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To further establish the effect of maternal PTU on the developing cerebellum, we studied its
effect on the prooxidant/antioxidant markers. In the control group, the levels of antioxidant
markers (t-SH, GSH, GPx, SOD1, SOD2 and CAT), protein oxidation markers (PCa and AOPP),
LPO marker [malondialdenyde (MDA)], NO and H,O, markers of neonatal cerebellum followed
a synchronized course of development from PND 20 to 30. More recently, the enzymatic and
non-enzymatic antioxidant defense variables (SOD, CAT, t-SH, GSH and GPx) and LPO in the
control rat offspring were substantially and gradually increased from the first to the third week
old in most brain regions (Ahmed, 2012; Ahmed et al., 2006 & 2012). As well, the
prooxidant/antioxidant balance and detoxification of potentially damaging ROS was crucial for
cellular homeostasis (Livingstone, 2001; Ahmed, 2012; Ahmed et al., 2012), and may play an
important role in a healthy life for the newborns (Ahmed et al., 2013). Thus, based on this
evidence, higher levels of cerebellar enzymatic and non-enzymatic antioxidant markers in the
control rats detected at PND 20 and 30 may be important in protecting the neonatal brain from
H,0, or NO toxicity. This balance or protection may be mediated by the thyroid states of both
dams and their newborns. These investigations were in accordance with those of Das and Chainy
(2001), Dasgupta et al. (2007) and Ahmed et al. (2008 & 2012). The most surprising result of the
present study concerned the modulation behavior between THs and GSH in developing
cerebellum of the control group. These investigations are in accordance with those of other
observations; TH is important in maintaining the GSH homeostasis in the developing rat brain
(Ahmed et al., 2008 & 2010). Also, data recorded herein support a positive association between
the production of SOD, CAT and H,0, with the THs and TSH levels in the control group. Under
normal conditions, SOD provides H,O, for THs synthesis (Ahmed, 2012; Petrulea et al., 2012),
THs modulate the action of SOD and CAT on the H,O, formation and breakdown (Das and
Chainy, 2001), and TSH stimulates the organification of iodine (1°) by the increase in the
production of H,O, (Petrulea et al., 2012). From this, it can be inferred that the production of
these markers is synergistic and closely interrelated with the behavior of the pituitary-thyroid
axis (PTA) during the postnatal period. Accordingly, hypothalamic-pituitary-thyroid axis
(HPTA) regulates metabolism and growth, and brain development (Lema et al., 2009).

The maternal administration of PTU through drinking water resulted in a significant increase in
LPO and protein oxidation of neonatal cerebellum as indicated by the significant increase in
MDA, PCa, AOPP, NO and H,O; levels at PNDs 20 and 30, suggesting that PTU activated the
formation of free radicals [oxidative stress (OS) state] during this period. In addition, the
inhibition of enzymatic and non-enzymatic antioxidant defense systems (t-SH, GSH, GPx,
SOD1, SOD2 and CAT) was observed at both examined PNDs. These alterations were more
pronounced at PND 30. This disturbance may lead, in turn, to the maldevelopment in the
developing cerebellum.

Similarly, a progressive hypothyroidism during the postnatal rat brain development led to a
decline in GSH level (Rahaman et al., 2001; Mogulkoc et al., 2005; Ahmed, 2012), t-SH level
and GPx activity (Ahmed, 2012) associated with an increase in H,O, (Bhanja and Chainy, 2010),
PCa (Rahaman et al., 2001), LPO (Rahaman et al., 2001; Bhanja and Chainy, 2010) and
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hydroxyl radical (OH) levels (Rahaman et al., 2001; Ahmed et al., 2008). These disorders are
associated with augmented oxidative stress (Dasgupta et al., 2005; Ahmed et al., 2012) and are
consistent with those in the present study. More interestingly, Kirstein et al. (1991) suggested
that PTU inhibits the 5'-deiodinase conversion of T4 to T3, and thus depleting the GSH levels.
Worth noting in the current study is that low neonatal GSH content also be correlated with low
GPx activity and this association may produce increased oxidative stress propensity and
depletion of the antioxidant capacities as a result of maternal administration. Oxidative stress as
a result of PTU treatment may initiate a cascade of events that result in cellular ionic imbalance,
signal transduction, and enzyme activity modifications in mammalian CNS (Janaky et al., 1999).
Also, peroxidation of membrane lipids can disrupt membrane fluidity and cell compartmentation,
which may contribute to impaired cellular function and necrosis (Reiter et al., 2001).

More recently, Mancini et al. (2013) showed low total antioxidant capacity levels in hypothyroid
patients. The reduction in SOD1 and SOD2 herein is compatible with the reports of Bhanja and
Chainy (2010) and Bhanja and Jena (2013) with different PNDs, where a decreased SOD1 and
SOD2 expression in cerebellum was found in neonatal hypothyroid rats at 7, 15 and 30 days.
The results of the present study suggest that SOD2 is more sensitive to persistent hypothyroidism
than SOD1. It is unknown whether these influences occur proportionally. Kono and Fridovich
(1982) demonstrated that a decrease in SOD activity might lead to accumulation of superoxide
radicals (O, ), which in turn inhibit CAT activity. In addition, GPx may play a protective role in
order to avoid inactivation of CAT by high H,0, levels in addition to cooperatively regulating
levels of cellular H,O, (Baud et al., 2004). An alternative attribution for the present findings is
that the high levels of H,O; are also known to inactivate the CAT (Lardinois et al., 1996) and
increase tissue sensitivity to oxidant injury (Ho et al., 2004). In this connection, the elevation of
AOPP herein that caused oxidative stress is supported by the findings of several investigators
(Coskun et al., 2007; Aydm, 2010; Sun et al.,, 2011) who reported that AOPP has been
considered as a marker of oxidant-mediated protein damage. Generally, protein oxidation can
lead to a loss of critical thiol groups in addition to modifications of amino acids leading to the
formation of carbonyl and other oxidized moieties (Kehrer, 1993; Petrulea et al., 2012). This
disturbance has deleterious effect on the health of the newborns and adulthood (Ahmed et al.,
2013). Results of the current investigation suggest that the compensatory increase in neonatal
antioxidant markers may be a trial from the antioxidant defense system to acclimatize the new
condition in which excess of oxidative markers are produced due to the administration of
lactating PTU. These dysregulations may confirm the presence of free radical damage and
oxidative stress in neonatal cerebellum of PTU-hypothyroid group. These findings raise the
possibility that the imbalance between prooxidant and antioxidant systems in the PTU-
hypothyroid group may induce the dysfunction in neonatal thyroid-brain axis.

It is of relevance to correlate altered levels of ROS in the current hypothyroid state with the
histopathological lesions in the neonatal cerebellar cortex and the reverse is true. This supports
the hypothesis that decreased TH may be a relevant predictor for long-lasting developmental
neurotoxicity. PTU-induced hypothyroidism was reported by Singh et al. (2003) and Bhanja and
Chainy (2010) to induce oxidative stress in rat cerebellum that resulted in tissue damage and
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apoptosis. Also, the LPO is involved in the damaging mechanism of several acute and chronic
brain disorders of rats (Garcia et al., 2005; Venditti and DiMeo, 2006; Messarah et al., 2007 &
2010), where its destruction can lead to cell death and to the production of toxic and MDA
(Lopez-Torres et al., 2000; Das and Chainy, 2001). As well, the variations in total antioxidant
defenses in developing rat brain may predispose structures to oxidative stress-related
neurodegenerative disorders (Siqueira et al.,, 2005; Kolosova et al., 2006) and cell death
depending on the region of the brain affected and the severity of the insult (Ferriero, 2004).

CONCLUSION

THs during the postnatal development have selective effects on the histoarchitectural
organization of the cerebellar cortex. The hypothyroidism by PTU seems to impair the balance
between the pro- and anti-oxidant systems in the developing cerebellum. This disturbance
appears to cause the histopathological changes in different cerebellar layers and the reverse is
true. Furthermore, the inadequate scavenging ability of the immature nervous system,
characterized by lower antioxidants activity, contributes to the accumulation of prooxidant
markers and subsequent neurotoxicity. Finally, PTU has a developmental neuroendocrine
disrupting action where a small change in the thyroid function during the development may
result in cerebellum damage (Figure 4). Thus, future attentions need to be done to emphasize this
concept, especially whenever free radical generation and cell death are involved.

REFERENCES

Ahmed, O.M., Abd El-Tawab, S.M., Ahmed, R.G., 2010. Effects of experimentally induced
maternal hypothyroidism and hyperthyroidism on the development of rat offspring: I- The
development of the thyroid hormones-neurotransmitters and adenosinergic system
interactions. Int. J. Dev. Neurosci. 28, 437-454.

Ahmed, O.M., Ahmed, R.G., 2012. Hypothyroidism. In the A new look at hypothyroidism.
Chapter 1, pp. 1-20. Ed D. Springer. Croatia: Intech Open Access Publisher.

Ahmed, O.M., Ahmed, R.G., El-Gareib, A.W., El-Bakry, A.M., Abd El-Tawaba, S.M., 2012.
Effects of experimentally induced maternal hypothyroidism and hyperthyroidism on the
development of rat offspring: 11-The developmental pattern of neurons in relation to
oxidative stress and antioxidant defense system. Int. J. Dev. Neurosci. 30, 517-537.

Ahmed, O.M., El-Gareib, A.W., El-bakry, A.M., Abd El-Tawab, S.M., Ahmed, R.G., 2008.
Thyroid hormones states and brain development interactions. Int. J. Dev. Neurosci. 26(2),
147-209. Review.

Ahmed, R.G., 2013. Early weaning PCB 95 exposure alters the neonatal endocrine system:
thyroid adipokine dysfunction. Journal of Endocrinology 219(3), 205-215.

Ahmed, R.G., 2011. Perinatal 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure alters developmental
neuroendocrine system. Food and Chemical Toxicology 49, 1276-1284.

Ahmed, R.G., 2012. Maternal-newborn thyroid dysfunction. In the Developmental
Neuroendocrinology, pp. 1-369. Ed R.G. Ahmed. Germany: LAP LAMBERT Academic
Publishing GmbH & Co KG.

11



European Journal of Biology and Medical science Research
Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Ahmed, R.G., Incerpi, S., 2013. Gestational doxorubicin alters fetal thyroid—brain axis. Int. J.
Devl. Neuroscience 31, 96-104.

Ahmed, R.G., Incerpi, S., Ahmed, F., Gaber, A., 2013. The developmental and physiological
interactions between free radicals and antioxidant: Effect of environmental pollutants. J. of
Natural Sci. Res. (accepted).

Ahmed, R.G., Ma, Y.Y., Lee, S.H., 2006. Peroxiredoxins and neurodegeneration. Int. J. Zool.
Res. 2(3), 226-241.

Al-azzawie, H.F., Umran, A., Hyader, N.H., 2013. Oxidative stress, antioxidant status and DNA
damage in a mercury exposure workers. British J. of Pharmacol. and Toxicol. 4(3), 80-88.

Altman, J., Bayer, S.A., 1997. Development of the cerebellar system in relation to its evolution,
structure, and functions. 1st ed. CRC Press, New York.

Anderson, G.W., 2008. Thyroid hormone and cerebellar development. Cerebellum 7, 60-74.

Argumedo, G.S., Sanz, C.R., Olguin, H.J., 2012. Experimental models of developmental
hypothyroidism. Hormone and Metabolic Research 44 (2), 79-85.

Axelstad, M., Hansen, P.R., Boberg , J., Bonnichsen, M., Nellemann, C., Lund, S.P., Hougaard,
K.S., Hass, U., 2008. Developmental neurotoxicity of propylthiouracil (PTU) in rats:
Relationship between transient hypothyroxinemia during development and long-lasting
behavioural and functional changes. Toxicol. and Applied Pharmacol. 232, 1-13.

Aydm, S., Atukeren, P., Cakatay, U., Uzun, H., Altug, T. 2010. Gender-dependent oxidative
variations in liver of aged rats. Biogerontology 11, 335-346.

Bancroft, J.D., Stevens, A., 1982. In Theory and practice of histological techniques, pp 121. 2"
Edn. Edinburgh, UK: Churchill-Livingstone.

Baud, O., Greene, A.E., Li, J., Wang, H., Volpe, J.J., Rosenberg, P.A., 2004. Glutathione
peroxidase-catalase cooperativity is required for resistance to hydrogen peroxide by mature
rat oligodendrocytes. J. Neurosci. 24, 1531-1540.

Bernal, J., 2007. Thyroid hormone receptors in brain development and function. Nat. Clin. Pract.
Endocrinol. Metab. 3(3), 249-259.

Bhanja, S., Chainy, G.B.N., 2010. PTU-induced hypothyroidism modulates antioxidant defence
status in the developing cerebellum. Int. J. Dev. Neurosci. 28, 251-262.

Bhanja, S.,Jena, S., 2013. Modulation of antioxidant enzyme expression by PTU-induced
hypothyroidism in cerebral cortex of postnatal rat brain. Neurochem. Res. 38(1), 42-49.

Broedel, O., Eravci, M., Fuxius, S., Smolarz, T., Jeitner, A., Grau, H., Stoltenburg-Didinger, G.,
Plueckhan, H., Meinhold, H., Baumgartner, A., 2003. Effects of hyper- and
hypothyroidism on thyroid hormone concentrations in regions of the rat brain. Am. J.
Physiol. Endocrinol. Metab. 285, E470-E480.

Cadenas, E., 1997. Basic mechanisms of antioxidant activity. Biofactors 6, 391-397.

Chang, I.Y., Ohn, T., Ko, G.S., Yoon, Y., Kim, JW., Yoon, S.P., 2012. Immunolocalization of
steroidogenic acute regulatory protein-related lipid transfer (START) domain-containing
proteins in the developing cerebellum of normal and hypothyroid rats. J. of Chemical
Neuroanatomy 43, 28-33.

Cohen, C., Dembiec, D., Marcus, J., 1970. Measurement of catalase activity in tissue extracts. J.
Analytical. Biochem. 34, 30-38.

12


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bernal%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Nat%20Clin%20Pract%20Endocrinol%20Metab.');
javascript:AL_get(this,%20'jour',%20'Nat%20Clin%20Pract%20Endocrinol%20Metab.');
http://www.ncbi.nlm.nih.gov/pubmed?term=Bhanja%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22987056
http://www.ncbi.nlm.nih.gov/pubmed?term=Jena%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22987056
http://www.ncbi.nlm.nih.gov/pubmed/22987056

European Journal of Biology and Medical science Research
Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Coskun, C., Kural, A., Ddventas, Y., Koldas, M., Ozturk, H., Inal, B.B., Gimis, A. 2007.
Hemodialysis and protein oxidation products. Ann. New York Acad. Sci. 1100, 404-408.

Das, K., Chainy, G.B.N., 2001. Modulation of rat liver mitochondrial antioxidant defence system
by thyroid hormone. Biochimica et Biophysica Acta 1537, 1-13.

Dasgupta, A., Das, S., Sarkar, P.K., 2005. Thyroid hormone stimulates gamma-glutamyl
transpeptidase in the developing rat cerebra and in astroglial cultures. Neurosci. Res. 82,
851-857.

Dasgupta, A., Das, S., Sarkar, P.K., 2007. Thyroid hormone promotes glutathione synthesis in
astrocytes by up regulation of glutamate cysteine ligase through differential stimulation of
its catalytic and modulator subunit mMRNAs. Free Radic. Biol. Med. 42(5), 617-626.

Draper, H.H., Hadley, M., 1990. Malondialdehyde determination as index of lipid peroxidation.
Methods Enzymol. 186, 421-31.

Dutta, A., Sarkar, D., Gurib-Fakim, A., Mandal, C., Chatterjee, M., 2008. In vitro and in vivo
activity of Aloe vera leaf exudate in experimental visceral leishmaniasis. Parasitol. Res.
102, 1235-1242.

El-bakry, A.M., EI-Ghareeb, A-W.A., Ahmed, R.G., 2010. Comparative study of the effects of
experimentally-induced hypothyroidism and hyperthyroidism in some brain regions in
albino rats. Int. J. of Dev. Neurosci. 28, 371-3809.

Ferriero, D.M., 2004. Neonatal brain injury. N. Engl. J. Med. 351, 1985-1995.

Fujimoto, H., Woo, G-H., Inoue, K., lgarashi, K., Kanno, J., Hirose, M., Nishikawa, A.,
Shibutani, M., 2012. Increased cellular distribution of vimentin and Ret in the cingulum
induced by developmental hypothyroidism in rat offspring maternally exposed to anti-
thyroid agents. Reprod. Toxicol. 34, 93— 100.

Garcia, Y.J., Rodriguez-Malaver, A.J., Pefialoza, N., 2005. Lipid peroxidation measurement by
thiobarbituric acid assay in rat cerebellar slices. Neurosci. Methods 144(1), 127-135.
Gilbert, M.E., 2011. Impact of low-level thyroid hormone disruption induced by propylthiouracil

on brain development and function. Toxicol. Sci. 124, 432—445.

Gilbert, M.E., Lasley, S.M., 2013. Developmental thyroid hormone insufficiency and brain
development: a role for brain-derived neurotrophic factor (BDNF)? Neurosci.,
http://dx.doi.org/10.1016/j.neuroscience.2012.11.022

Halliwell, B., 2006. Oxidative stress and neurodegeneration; where are we now? J. Neurochem.
97, 1634-1658.

Halliwell, B., Gutteridge, J.M.C., 2007. Free radicals in biology and medicine. UK: Oxford
University Press.

Hancock, J.T., Desikan, R., Neill, S.J., 2001. Role of reactive oxygen species in cell signaling
pathways. Biochem. Soc. Trans. 29, 345-350.

Hassan, W.A., Aly, M.S., Abdel Rahman, T., Shahat, A.S., 2013. Impact of experimental
hypothyroidism on monoamines level in discrete brain regions and other peripheral tissues
of young and adult male rats. Int. J. Devl Neuroscience 31, 225-233.

Ho, Y.-S., Xiong, Y., Ma,W., Spector, A., Ho, D.S., 2004. Mice lacking catalase develop
normally but show differential sensitivity to oxidant tissue damage. J. Biol. Chem. 279,
32804-32812.

13


http://dx.doi.org/10.1016/j.neuroscience.2012.11.022

European Journal of Biology and Medical science Research
Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Hood, A., Liu, Y.P., Gattone Il, V.H., Klaasen, C.D., 1999. Sensitivity of thyroid gland growth
to thyroid stimulating hormone (TSH) in rats treated with antithyroid drugs. Toxicol. Sci.
49, 263-271.

Horn, S., Heuer, H., 2010. Thyroid hormone action during brain development: more questions
than answers. Mol. Cell Endocrinol. 315(1-2), 19-26.

Imosemi, 1.0., 2013. The role of antioxidants in cerebellar development. A review of literature.
Int. J. Morphol. 31(1), 203-210.

Janaky, R., Ogita, K., Pasqualotto, B., Bains, J., Oja, S., Yoneda, Y., Shaw, C., 1999.
Glutathione and signal transduction in the mammalian CNS. Neurochem. 73, 889-902.

Jena, S., Chainy, G.B.N., Dandapat, J., 2012. Hypothyroidism modulates renal antioxidant gene
expression during postnatal development and maturation in rat. Gen. Comp. Endocrinol.
178, 8-18.

Jollow, D.J., Mitchell, J.R., Zampaglione, N., Gillette, J.R., 1974. Bromobenzene induced liver
necrosis: protective role of glutathione and evidence for 3,4-bromobenzeneoxide as the
hepatotoxic intermediate. Pharmacol. 11(3), 151-169.

Kayali, R., Cakatay, U., Akcay, T., Altug, T., 2006. Effect of alpha-lipoic acid supplementation
on markers of protein oxidation in post-mitotic tissues of ageing rat. Cell. Biochem. Funct.
24(1), 79-85.

Kehrer, J.P., 1993. Free radicals as mediators of tissue injury and disease. Crit. Rev. Toxicol. 23,
21-48.

Khalawi, A.A., Al-Robai, A.A., Khoja, S.M., Ali, S.S., 2013. Can Nigella Sativa oil (NSO)
reverse hypothyroid status induced by PTU in rat? biochemical and histological studies.
Life Sci. 10(2), 802-811.

Kobayash, K., Akune, H., Sumida, K., Saito, K., Yoshioka, T., Tsuji, R., 2009. Perinatal
exposure to PTU decreases expression of Arc, Homer 1, Egr 1 and Kcna 1 in the rat
cerebral cortex and hippocampus. Brain Res. 1264, 24-32.

Koibuchi, N., 2006. Thyroid hormone action in developing brain and its modulation by
polyhalogenated aromatic hydrocarbons. Int. Congress Series 1287, pp. 190-194.

Koibuchi, N., 2009. Animal models to study thyroid hormone action in cerebellum. Cerebellum
8, 89-97.

Koibuchi, N., 2013. The role of thyroid hormone on functional organization in the
cerebellum. Cerebellum 12(3), 304-306.

Koibuchi, N., Yamaoka, S., Chin, W.W., 2001. Effect of altered thyroid status on neurotrophin
gene expression during postnatal development of the mouse cerebellum. Thyroid 11(3),
205-210.

Kolosova, N.G., Shcheglova, T.V., Sergeeva, S.V., Loskutova, L.V., 2006. Long-term
antioxidant supplementation attenuates oxidative stress markers and cognitive deficits in
senescent-accelerated OXYS rats. Neurobiol. of Aging 27(9), 1289-1297.

Kono, Y., Fridovich, I., 1982. Superoxide radical inhibits catalase. J. Biol. Chem. 257, 5751
5754.

Koohestani, F., Brown, C.M., Meisami, E., 2012. Differential effects of developmental hypo-
and hyperthyroidism on acetylcholinesterase and butyrylcholinesterase activity in the
spinal cord of developing postnatal rat pups. Int. J. Dev. Neurosci. 30, 570-577.

14


http://www.ncbi.nlm.nih.gov/pubmed?term=Gillette%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=4831804
http://www.ncbi.nlm.nih.gov/pubmed?term=Altu%C4%9F%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15532093
http://www.sciencedirect.com/science/journal/01974580
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%234857%232006%23999729990%23628558%23FLA%23&_cdi=4857&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9f3bcb6f7df8d67cc56eeee341ee73e3

European Journal of Biology and Medical science Research
Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Koster, J.F., Biermond, P., Swaak, A.J.G., 1986. Intracellular and extracellular sulph-hydryl
levels in rheumatoid arthritis. Ann. Rheum. Dis. 45, 44-46.

Lardinois, O.M., Mestdagh, M.M., Rouxhet, P.G., 1996. Reversible inhibition and irreversible
inactivation of catalase in the presence of hydrogen peroxide. Biochem. Biophys. Acta
1269, 222-238.

Lavado-Autric, R., Auso, E., Garcia-Velasco, J.V., Arufe Mdel, C., Escobar del Rey, F., Berbel,
P., Morreale de Escobar, G., 2003. Early maternal hypothyroxinemia alters histogenesis
and cerebral cortex cytoarchitecture of the progeny. J. Clin. Invest. 111(7), 1073-1082.

Lema, S.C., Dickey, J.T., Schultz, I.R., Swanson, P., 2009. Thyroid hormone regulation of
MRNAs encoding thyrotropin R-subunit, glycoprotein a-subunit, and thyroid hormone
receptors a and B in brain, pituitary gland, liver, and gonads of an adult teleost, Pimephales
promelas. Journal of Endocrinology 202, 43-54.

Li, G.H., Post, J., Koibuchi, N., Sajdel-Sulkowska, E.M., 2004. Impact of thyroid hormone
deficiency on the developing CNS: cerebellar glial and neuronal protein expression in rat
neonates exposed to antithyroid drug propylthiouracil. Cerebellum 3, 100-106.

Livingstone, D.R., 2001. Contaminated-stimulated reactive oxygen species production and
oxidative damage in aquatic organisms. Mar. Pollut. Bull. 42, 656-666.

Lopez-Torres, M., Maria, R., Barja, G., 2000. Effect of hormones on mitochondrial oxygen free
radical production and DNA oxidative damage in the rat heart. Mol. Cell. Endocrinol. 68,
127-134.

Maes, M., Mommen, K., Hendrickx, D., Peeters, D., D’Hondt, P., Ranjan, R., De Meyer, F.,
Scharpe, S., 1997. Components of biological variation, including seasonality, in blood
concentrations of TSH, TT3, FT4, PRL, cortisol and testosterone in healthy volunteers.
Clin. Endocrinol. (Oxford) 46 (5), 587-598.

Mancini, A., Raimondo, S., Di Segni, C., Persano, M., Pontecorvi, A., 2013. Non-thyroidal
illness. In the physiopathology and clinical implications, chapter 7, pp 183-202. Ed E.
Potlukova. Croatia: Intech Open Access Publisher.

Mandel, S.J., Brent, G.A., Larsen, P.R., 1993. Levothyroxine therapy in patients with thyroid
disease. Ann. Intern. Med. 119, 492-502. Also, available at
http://www.nach.org/Impg/thyroid LMPG Word.stm (accessed January 2005).

Martinez, B., del Hoyo, P., Martin,M.A., Arenas, J., Perez-Castillo, A., Santos, A., 2001.
Thyroid hormone regulates oxidative phosphorylation in the cerebral cortex and striatum
of neonatal rats. J. Neurochem. 78, 1054-1063.

Mclintosh, R., Waston, P., Weetman, A., 1998. Somatic hypermutation in autoimmune thyroid
disease. Immunol. Rev. 162, 219-231.

Messarah, M., Boulakoud, M.S., Boumendjel, A., Abdennour, C., El Feki, A., 2007. The impact
of thyroid activity variations on some oxidizing-stress parameters in rats. C. R. Biol. 330,
107-112.

Messarah, M., Boumendijel, A., Chouabia, A., Klibet, F., Abdennour, C., Boulakoud, M.S.,
ElFeki, A., 2010. Influence of thyroid dysfunction on liver lipid peroxidation and
antioxidant status in experimental rats. Exp. and Toxicol. Pathol. 62, 301-310.

Mircescu, G., 2008. Oxidative stress of chronic kidney disease. Acta Endocrinologica (Buc) 4,
433-446.

15


http://www.nacb.org/lmpg/thyroid_LMPG-Word.stm

European Journal of Biology and Medical science Research
Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Mogulkoc, R., Baltaci, A.K., Aydin, L., Oztekin, E., Sivrikaya, A., 2005. The effect of thyroxine
administration on lipid peroxidation in different tissues of rats with hypothyroidism. Acta
Physiologica Hungarica 92 (1), 39-46.

Moriyama, K., Tagami, T., Usui, T., Naruse, M., Nambu, T., Hataya, Y., Kanamoto, N., Li,
Y.S., Yasoda, A., Arai, H., Nakao, K., 2007. Antithyroid drugs inhibit thyroid
hormone receptor-mediated transcription. J. Clin. Endocrinol. Metab. 92(3), 1066-1072.

Olfert, E.D., Cross, B.M., McWilliam, A.A. (Eds), 1993. In Guide to the care and use of
experimental animals. vol 1. Ottawa, Ontario, Canada: CCAC.

PC- STAT, 1985. One way analysis of variance. Version 1A(c) copyright. Programs coded by
Roa, M., Blane, K., Zonneberg, M. Univ. of Georgia, USA.

Petrulea, M.S., Duncea I., Muresan, A., 2009. Thyroid hormones in excess induce oxidative
stress in rats. Acta Endocrinologica (Buc),V(2), 155-164.

Petrulea, M.S., Muresan, A., Duncea, I., 2012. Oxidative stress and antioxidant status in hypo-
and hyperthyroidism. In The Antioxidant Enzyme, Chapter 8, pp. 197-236. Ed M.A. El-
Missiry. Croatia: Intech Open Access Publisher.

Pinto, R.E., Bartley, W., 1989. The effect of age and sex on glutathione reductase and
glutathione peroxidase activities and on aerobic glutathione oxidation in rat liver
homogenates. Biochem. J. 112, 109-115.

Rahaman, S.O., Ghosh, S., Mohanakumar, K.P., Das, S., Sarkar, P.K., 2001. Hypothyroidism in
the developing rat brain is associated with marked oxidative stress and aberrant
intraneuronal accumulation of neurofilaments. Neurosci. Res. 4, 273-279.

Reiter, R.J., Tan, D.X., Manchester, L.C., Qi, W., 2001. Biochemical reactivity of melatonin
with reactive oxygen and nitrogen species. A review of the evidence. Cell Biochem. and
Biophys. 34, 237-256.

Reutens, A.T., 1995. Evaluation and application of a highly sensitive assay for serum growth
hormone (GH) in the study of adult GH deficiency. J. Clin. Endocrinol. Metab. 80(2), 480-
485.

Reznick, A.Z., Packer, L., 1994. Oxidative Damage to Proteins: Spectrophotometric Method for
Carbonyl. Method Enzymol. Academic Press, New York, pp. 357.

Santos-Ahmed, J., Brown, C., Smith, S.D., Weston, P., Rasoulpour, T., Gilbert, M.E., Hixona,
M.L., 2011. Aktl protects against germ cell apoptosis in the postnatal mouse testis
following lactational exposure to 6-N-propylthiouracil. Reprod. Toxicol. 3, 17-25.

Scott-Moncrieff, J.C.R., Nelson, R.W., Bruner, J.M., 1998. Comparison of serum con-centrations
of thyroid-stimulating hormone in healthy dogs, hypothyroid dogs, and euthyroid dogs
with concurrent disease. J. of the Amer. Vet. Med. Association 212, 387-391.

Sedlak, I., Lindsay, R.H., 1968. Estimation of total, protein-bound and non protein sulfhydryl
groups in tissue with Ellman’s reagent. Anal. Biochem. 25, 192-205.

Sergiev, I., Alexieva, V., Karanov, E., 1997. Effect of spermine, atrazine and combination
between them on some endogenous protective systems and stress markers in plants.
Proceedings of the Bulgarian Acad. of Sci. 51, 121-124.

Sharlin, D.S., Gilbert, M.E., Taylor, M., Ferguson, D., Zoeller, R.T., 2009. The nature of the
compensatory response to low thyroid hormone in the developing brain. J.
Neuroendocrinol.

16


http://www.ncbi.nlm.nih.gov/pubmed?term=Moriyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Tagami%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Usui%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Naruse%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Nambu%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Hataya%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Kanamoto%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20YS%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20YS%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Yasoda%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Arai%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakao%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17192293
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moriyama+K%2C+Tagami+T%2C+Usui+T%2C+et+al.+Antithyroid+drugs+inhibit+thyroid+hormone+receptor-mediated+transcription.+J+Clin+Endocrinol+Metab+2007%3B92%3A1066-1072.

European Journal of Biology and Medical science Research
Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Shibutani, M., Woo, G.H., Fujimoto, H., Saegusa, Y., Takahashi, M., Inoue, K., Hirose, M.,
Nishikawa, A., 2009. Assessment of developmental effects of hypothyroidism in rats from
in utero and lactation exposure to anti-thyroid agents. Reprod. Toxicol. 28, 297-307.

Shukla, G.S., Hussain, T., Chandra, S.V., 1987. Possible role of superoxide dismutase activity
and lipid peroxide levels in cadmium neurotoxicity: in vivo and in vitro studies in growing
rats. Life Sci. 14, 2215-2225.

Singh, R., Upadhyay, G., Kumar, S., Kapoor, A., Kumar, A., Tiwari, M., Godbole, M.M., 2003.
Hypothyroidism alters the expression of Bcl-2 family genes to induce enhanced apoptosis
in the developing cerebellum. J. Endocrinol. 176, 39-46.

Siqueira, I.R., Fochesatto, C., de Andrade, A., Santos, M., Hagen, M., Bello-Klein, A., Netto,
C.A., 2005. Total antioxidant capacity is impaired in different structures from aged rat
brain. Int. J. Dev. Neurosci. 23(8), 663-671.

Sun, J., Sugiyama, A., Masuda, A., Ochi, T., Takeuchi, T., 2011. Expressions of protein
oxidation markers, dityrosine and advanced oxidation protein products in acetaminophen-
induced liver injury in rats. J. Vet. Med. Sci. 73(9), 1185-1190.

Tamasy, V., Meisami, E., Vallerga, A., Timiras, P.S., 1986. Rehabilitation from neonatal
hypothyroidism: Spontaneous motor activity, exploratory behavior, avoidance learning and
responses of pituitary-thyroid axis to stress in male rats. Psychoneuroendocrinol. 11, 91-
103.

Thakur, C., Saikia, T.C., Yadav R.N., 1997. Total serum levels of triiodothyronine (T3),
thyroxine (T4) and thyrotropin (TSH) in school going children of Dibrugarh district: An
endemic goiter region of Assam. Indian J. Physiol. Pharmacol. 41(2), 167-170.

Témbol, T., 1967. Short neurons and their synaptic relations in the specific thalamic nuclei.
Brain Res. 3(4), 309-326.

Tousson, E., Ibrahim, W., Arafa, N., Akela, M.A., 2012. Monoamine concentrations changes in
the PTU-induced hypothyroid rat brain and the ameliorating role of folic acid. Human and
Exp. Toxicol. 31 (3), 282-289.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T.D., Mazur, M., Telser, J., 2007. Free radicals
and antioxidants in normal physiological functions and human disease. Int. J. Biochem.
Cell Biol. 39, 44-84.

Venditti, P., Di Meo, S., 2006. Thyroid hormone-induced oxidative stress. Cell. Mol. Life Sci.
63, 414-434.

Wang, Y., Zhong, J., Xu, H., Wei, W., Dong, J., Yu, F., Wang, Y., Gong, J., Shan, Z., Teng, Y.,
Chen, J., 2012. Perinatal iodine deficiency and hypothyroidism increase cell apoptosis and
alter doublecortin and reelin protein expressions in rat cerebellum. Arch. of Med. Res. 43,
255-264.

Zimmermann, M.B., 2011. The role of iodine in human growth and development. Seminars in
Cell & Dev Biol 22 645-652.

Zoeller, R.T., Crofton, K.M., 2005. Mode of action: Developmental thyroid hormone
insufficiency-neurological abnormalities resulting from exposure to propylthiouracil. Crit.
Rev. Toxicol. 35, 771-781.

Zoeller, R.T., Rovet, J., 2004. Timing of thyroid hormone action in the developing brain: clinical
observations and experimental findings. J. Neuroendocrinol. 16, 809-818.

17


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Siqueira%20IR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fochesatto%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22de%20Andrade%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Santos%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hagen%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bello-Klein%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Netto%20CA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Netto%20CA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Int%20J%20Dev%20Neurosci.');
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tamasy%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Meisami%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Vallerga%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Timiras%20PS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus

European Journal of Biology and Medical science Research

Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Conflict of interest: None

Funding: This work was supported by National Grant from the Research Center, Beni-Suef
University, Beni-Suef, Egypt.

Acknowledgments: The author is grateful to all staff in his department for technical assistance.

18



European Journal of Biology and Medical science Research

Vol.2, No.1, pp.1-24, March 2014

Published by European Centre for Research Training and Development UK (www.ea-journals.orq)

Table 1. Effect of maternal PTU in antioxidants markers [t-SH (hnmol/100mg), GSH (hmol/100mg), GPx (mU/100mg), Mn-SOD &
Cu/Zn-SOD (U/mg), and CAT (K.10-2)] of neonatal cerebellum during the suckling period. Data are expressed as mean + SE.
Number of animals in each group is six. Values which share the same superscript symbols are not significantly different. ANOVA (F-
probability) expresses the effect between groups and tested PNDs, where P<0.001 is very highly significant
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- Table 2. Effect of maternal PTU in oxidative stress markers [PCa (umoles/mg), AOPP (umoles/mg),

LPO (nmoles MDA/100mg/hr), NO (umol/ml) and H202 (nmol/g)] of neonatal cerebellum during the suckling period.
Data are expressed as mean £ SE. Number of animals in each group is six. Values which share the same superscript symbols are not

ANOVA (F-probability) expresses the effect between groups and tested PNDs, where P<0.001 is very highly significant.
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Legends
1. Figures:
Figure 1. Levels of T4, T3 and TSH (expressed in ng/100ml) in the serum of the control and PTU-treated dams during the lactation period.
Bars represent mean + SE of six animals/group, where the change between both groups/PND is highly significant (**P < 0.01) as
determined by LSD test.
ANOVA (F-probability) expresses the effect between groups and tested PNDs, where P < 0.001 is very highly significant.
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Figure 2. Effect of maternal PTU in serum thyroid markers (T4, T3, TSH and GH; expressed in ng/100ml) of their newborns during
the suckling period. Bars represent mean £ SE of six animals/group, where the change between both groups/PND is highly significant
(**P < 0.01) as determined by LSD test. ANOVA (F-probability) expresses the effect between groups and tested PNDs, where P <
0.001 is very highly significant.
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Figure 3. Representative HE-stained photomicrographs (X1000) of neonate’s cerebellar cortex at PND 20 (A: Control; B: PTU) and at
PND 30 (C: Control; D: PTU). Where, DC is degenerative changes, IGL is internal granular layer, ML is molecular layer, O is
oedema, PC is Purkinje cell and V is vacuoles.
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Figure 4. Schematic diagram for the toxicology of suckling PTU on the developmental neuroendocrine system.
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