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Thyroid hormones modulate haemoglobin and reactive oxygen species (ROS) production, leading to antioxidant changes. This study
evaluated the antioxidant response to ROS in erythrocytes in hypothyroid and hyperthyroid rats. Wistar rats were divided into four groups:
control; hyperthyroid (T4‐12mg l−1 in drinking water); sham operated (simulation of thyroidectomy); and hypothyroid (thyroidectomized).
Four weeks after, blood was collected and haemoglobin and T4 levels, lipid peroxidation (LPO), protein oxidation, superoxide dismutase
(SOD), catalase (CAT) , glutathione S‐transferase (GST) and glutathione peroxidase (GPx) activities, and total radical antioxidant potential
(TRAP) were measured. SOD, CAT and GST immunocontent was evaluated. Haemoglobin levels were increased in hyperthyroid
erythrocytes. LPO and carbonyls were augmented (65% and 55%, respectively) in hyperthyroid and reduced (31% and 56%, respectively) in
hypothyroid group. SOD and CAT activities have not changed, as well as CAT immunocontent. TRAP was diminished in both hyperthyroid
and hypothyroid groups (36% and 37%, respectively). GST activity and immunocontent, as well as GPx activity, were increased in hyper
and hypothyroid rats. The data suggest that thyroid hormone changes determine ROS concentration changes and decrease of some
antioxidant defences that would lead to a compensatory answer of the GST and GPx enzymes, which could be consider as credible
biomarkers. Copyright # 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Thyroid hormones are involved in the regulation of basal
metabolic state and in oxidative metabolism.1 The variation
in its levels plays an important role in the physiological
modulation of the mitochondrial respiration process in vivo.2

An elevation in thyroid hormone levels, such as in
hyperthyroidism, could lead to increased oxygen consump-
tion and subsequent reactive oxygen species (ROS)
generation. ROS concentration increase may be implicated
in several pathological conditions.3

On the other hand, hypothyroidism is a disease because
of a diminished thyroid hormone synthesis, resulting from
thyroid gland dysfunction. Physiologic alterations generally
occur because of the hypometabolic state induced by
hypothyroidism.4 The depression of basal metabolism is
associated with decreased mitochondrial oxygen consump-
tion and less ROS generation,5 resulting in decreased lipid
peroxidation and protein oxidation, as well as diminished
antioxidant defences in heart tissue.6
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Reactive oxygen species demonstrate important chem-
ical reactivity, because they may react with cellular
macromolecules and lead to oxidative damage to proteins,
lipids and DNA.7 It has been reported the important role
of antioxidant defence system in the control of ROS
levels. Two basic antioxidant systems can be highlighted,
the enzymatic (superoxide dismutase‐SOD, glutathione‐
S‐transferase‐GST, glutathione peroxidase‐GPx and catalase‐
CAT), as well as non‐enzymatic defence molecules (reduced
glutathione‐GSH, ascorbate, vitamin E and flavonoids).8

However, when ROS generation exceeds the antioxidant
capacity, the oxidative stress can develop, leading to cellular
potential damage.9

Some tissues are very susceptible to ROS, such as blood10

because of its high levels of polyunsaturated fatty acid, iron
and oxygen.11 Furthermore, thyroid hormones may induce
changes in the iron metabolism and haemoglobin synthesis
control, as well as systemic alterations in oxygen consump-
tion and oxidative metabolism, whichmay have impact on the
redox environment of hematopoietic tissues.5,12 Therefore,
there is a pronounced clinical interest of measuring blood
oxidative stress through some oxidative biomarkers, which it
can be considered as minimally invasive measurements.13

There are several evidences in literature suggesting blood
components as biomarkers of thyroid hormones‐induced
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oxidative stress.14 However, there is a paucity of informa-
tion attaining the mechanisms involved in the modulation
of redox balance and antioxidants in erythrocytes under
different thyroid hormones levels, especially concerning
protein expression of antioxidants. Thus, the purpose of
the present study is to determinate potential blood bio-
markers that could represent thyroid hormone‐dependent
alterations in antioxidant defences and oxidative damage,
in rats subjected to the experimental hyperthyroidism and
hypothyroidism.
MATERIAL AND METHODS

Animals

Male Wistar rats (250 ± 50 g) were obtained from the Central
Animal House of the Universidade Federal do Rio Grande
do Sul (UFRGS), Brazil. Animals were housed in plastic
cages (four animals in each) and received water and pelleted
food ad libitum. The animals were maintained under
standard laboratory conditions (controlled temperature of
21 °C, 12 h light/dark cycle). Animals were weighed weekly
to follow body weight gain during the time course of the
experimental protocol (28 days). All animals were carefully
monitored and maintained in accordance with ethical
recommendations of the Brazilian Veterinary Medicine
Council and Brazilian College of Animal Experimentation,
and the experimental protocol was approved by UFRGS
Animal Care Committee (nº 17333).

Experimental groups and protocol

Animals were divided in four groups (n = 6/each) as
follows: (1) Control (receiving water ad libitum); (2)
Hyperthyroid [receiving L‐thyroxine (T4) (12mg l−1 in
drinking water)]15; (3) Sham operated (rats were subjected
to the simulation of thyroidectomy); and (4) Hypothyroid
(rats were thyroidectomized).6

Thyroxine concentration

Blood samples were collected, through the right carotid
artery cannulated with a PE 50 catheter, and immediately
centrifuged at 1000 × g for 10min. Serum thyroxine
concentration was estimated by chemiluminescence (CL)
using the Immulite 2000 kit (Biomedical Technologies,
Inc., Stoughton, MA, USA) at Weinmann Clinical Analysis
Laboratory.

Red blood cells preparation

Trunk blood samples were collected into tubes containing
heparin as anti‐clotting agent. After centrifugation at
1000 × g for 10min, between 0–4 °C (Sorval RC 5B‐rotor
SM24, Du Pont Instruments, EUA), plasma was removed.
Erythrocytes were washed three times with saline solution
(1 : 1 v/v), and the obtained packed cells were resuspended.
The prepared red blood cells samples were taken for assay
of oxidative stress parameters and antioxidant enzymes.10
Copyright # 2011 John Wiley & Sons, Ltd.
Determination of haemoglobin concentration

Haemoglobin concentration was detected by the Drabkin
reagent through the conversion of haemoglobin to cyano-
methemoglobin, measured against a standard curve at
545 nm16 and expressed in mgml−1.

Oxidative damage measurements

Lipid peroxidation (LPO) was measured by the tert‐butyl
hydroperoxide‐initiated CL assay.17 Tert‐butyl hydroper-
oxide may react with Fe+2, yielding alkoxyl free radical.
The production of both peroxyl and alkoxyl free radicals is
able to initiate chain reactions upon polyunsaturated
membrane phospholipids, eventually leading to photoemis-
sion.18 The assay was carried out with an LKB Rack Beta
Liquid Scintillation Spectrometer 1215 (LKB Producter
AB, Bromma, Sweden) in the out‐of‐coincidence mode at
room temperature. Erythrocytes were placed in low‐
potassium vials at a protein concentration of 0·5–1·0mg
of protein ml−1 in a reaction medium consisting of
120mmol l−1 KCl, 30mmol l−1 phosphate buffer (pH 7·4).
Measurements were started by the addition of 3mmol l−1

tert‐butyl hydroperoxide, and the data expressed as counts
per second per milligramme of protein.
Protein oxidation was performed by carbonyl assay.

Plasma samples were incubated with 2,4 dinitrophenylhy-
drazine (10mmol l−1) in 2·5mol l−1 HCl solution for 1 h at
room temperature, in the dark. Samples were vortexed every
15min. Then 20% trichloroacetic acid (TCA) (w/v) solution
was added in tube samples, left in ice for 10min and
centrifuged for 5min at 1000 × g, to collect protein
precipitates. Another wash was performed with 10%
TCA. The pellet was washed three times with ethanol:ethyl
acetate (1 : 1; v/v). The final precipitates were dissolved in
6mol l−1 guanidine hydrochloride solution, left for 10min at
37 °C, and read at 360 nm.19 The results were expressed as
picomole per milligramme protein.

Determination of antioxidant defences

Superoxide dismutase activity, expressed as units per
milligramme of protein, was based on the inhibition of
superoxide radical reaction with pyrogallol.20 CAT activity
was determined by following the decrease in 240‐nm
absorption of hydrogen peroxide (H2O2). It was expressed
as picomoles of H2O2 reduced per minute per milligramme
of protein.21 GST activity, expressed as nanomols per
milligramme of protein, was measured by the rate of
formation of dinitrophenyl‐S‐glutathione at 340 nm.22 GPx
activity was measured by following nicotinamide adenine
dinucleotide phosphate (NADPH) oxidation at 340 nm, and
results were expressed as nanomols of peroxide/hydroper-
oxide reduced per minute per milligramme of protein.23

Total radical‐trapping antioxidant potential (TRAP),
which indicates total antioxidant capacity present in plasma,
was also screened. TRAP was measured via CL using 2,2’‐
azo‐bis(2‐amidinopropane), a source of alkyl peroxyl free
radicals, and luminol. Luminescence was measured in a
liquid scintillation counter in the out‐of‐coincidence mode,
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erythrocyte antioxidant and thyroxine changes
and results were expressed in millimoles per litre of
Trolox.24

Western Blot analysis

Erythrocytes were used for measuring antioxidant enzyme
concentrations. Electrophoresis and protein transference were
performed as described elsewhere.15,25 The membranes
were processed for immunodetection using sheep anti‐Cu/Zn
SOD polyclonal antibody, rabbit anti‐CAT polyclonal
antibody and rabbit anti‐GST polyclonal antibody as primary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). The
bound primary antibodies were detected using rabbit anti‐
sheep or goat anti‐rabbit horseradish peroxidase‐conjugate
secondary antibodies, and membranes were revealed by
CL. The autor‐radiographs generated were quantitatively
analysed with an image densitometer (Imagemaster VDS
CL, Amersham Biosciences Europe, IT). The molecular
weights of the bands were determined by reference to a
molecular weight marker standard (RPN 800 rainbow full
range Bio‐Rad, CA, USA). The results from eachmembrane
were normalized through Ponceau red method.26

Determination of protein concentration

Protein concentration was measured by the Lowry
method,27 using bovine serum albumin as a standard.

Statistical analysis

Data were expressed as mean ± SD and compared by one‐
wayANOVA followed by the Student‐Newmann–Keuls test.
Values of P < 0·05 were considered significant.
RESULTS

Hyperthyroidism and hypothyroidism development and
haemoglobin levels

At the end of the 4weeks post‐treatment period, serum
thyroxine levels (in nanogrammes per millilitre) were
significantly increased in hyperthyroid (19·7 ± 0·9) as
compared with control (3·9 ± 0·6) group (P < 0·05).
Hypothyroid group exhibited thyroxine levels diminished
(0·17 ± 0·04) as compared with their respective controls
(3·2 ± 0·7) (P < 0·05). Haemoglobin concentration (in milli-
grammes per millilitre) was increased in hyperthyroid
erythrocytes (58·5 ± 3·0) as compared with the control
(44·3 ± 2·7), hypothyroid (40·2 ± 1·0) and sham (45·0 ± 3·2)
groups (P< 0·05).
Table 1. Oxidative damage and non‐enzymatic antioxidant defences in plasma

Control

Carbonyl assay (pmolmg−1prot) 225 ± 22
Total antioxidant capacity (mmol l−1) 3000 ± 130

Data have been shown as mean ± standard deviation from six animals in each gr
*Significantly different from the control and sham groups (P< 0·05).
**Significantly different from the control, sham and hyperthyroid groups (P< 0·0

Copyright # 2011 John Wiley & Sons, Ltd.
Oxidative damage and antioxidant non‐enzymatic defences
in plasma

Hyperthyroid plasma demonstrated increased protein
oxidation by 55% as compared with the control group
(Table 1) (P< 0·05). Plasma oxidative damage, evaluated
by carbonyl assay, demonstrated to be reduced by 56% in
hypothyroid as compared with the sham group (Table 1)
(P < 0·05). Carbonyl levels were minor (by ~64%) in
hypothyroid as compared with hyperthyroid group
(Table 1) (P< 0·05).

Total antioxidant capacity (TRAP) in plasma (in
mmol l−1) was significantly decreased in hyperthyroid (by
~36%) as compared with the control group (P< 0·05).
Hypothyroid group also exhibited diminished TRAP
(by ~ 37%) as compared with its respective control
(P < 0·05) (Table 1).

Oxidative damage and antioxidant enzyme activities in red
blood cells

Hyperthyroid red blood cells demonstrated increased lipid
peroxidation levels (evaluated by CL) by 65% as compared
with the control group (Table 2) (P< 0·05). Erythrocytes CL
demonstrated to be reduced by 31% in hypothyroid as
compared with the sham group (Table 2) (P < 0·05). CL
levels were minor in hypothyroid (by ~ 60%) as compared
with hyperthyroid group (Table 2) (P< 0·05).

Antioxidant enzyme activities were evaluated in both
hyperthyroid and hypothyroid groups in red blood cells. SOD
and CAT activities, enzymes that detoxify superoxide anion
and hydrogen peroxide, respectively, were not significantly
different among experimental groups (Table 2). In red blood
cells of hyperthyroid and hypothyroid group, GST and GPx
activities were significantly increased (by ~25% and ~30%,
respectively) as compared with its respective control groups
(Table 2) (P< 0·05).

Antioxidant enzymes immunocontent

Protein levels of antioxidant enzymes were analysed by
Western blot technique. In red blood cells, SOD protein
expression decreased by 40%, in hypothyroid as compared
with the sham group (P< 0·05) (Figure 1). However, SOD
immunocontent did not change in hyperthyroid group
(Figure 1). CAT immunocontent did not change (Figure 2).
Protein expression of GSTwas increased in hyperthyroid and
hypothyroid (by ~40% and ~30%, respectively) as compared
with the control group (P< 0·05) (Figure 3).
, after 4‐week treatment with thyroxine and/or thyroidectomy

Hyperthyroid Sham Hypothyroid

347 ± 48* 245± 15 173± 23**
1913 ± 108* 2985 ± 359 1890 ± 200*

oup.

5).
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Table 2. Oxidative damage and antioxidant enzyme activities in red blood cells, after 4‐week treatment with thyroxine and/or thyroidectomy

Control Hyperthyroid Sham Hypothyroid

Lipid peroxidation (cpsmg prot 105) 163 ± 25 267± 28* 161± 19 147 ± 21**
Superoxide dismutase (Umg−1 prot) 5·1 ± 1·1 4·8 ± 0·8 4·9 ± 1·5 4·1 ± 0·9
Catalase (pmolmg−1 prot) 42106± 2795 50602± 616 40302 ± 529 34209± 1956
Glutathione ‐S‐ transferase (nmolmg−1 prot) 33·0 ± 5·1 51·1 ± 2·7* 37·0 ± 3·9 53·5 ± 6·1*
Glutathione peroxidase (nmolmg−1 prot) 31·1 ± 7·3 54·0 ± 5·2* 41·2 ± 6·4 60·3 ± 7·6*

Data have been shown as mean ± standard deviation from six animals in each group.
*Significantly different from the control and sham groups (P< 0·05).
**Significantly different from the control, sham and hyperthyroid groups (P< 0·05).

Figure 1. Superoxide dismutase (SOD) antioxidant enzyme immunocon-
tent (one representative gel of five Western blot experiments, showing two
bands for each experimental group) in erythrocytes. Data have been shown
as mean ± standard deviation from six animals in each group.**Signifi-
cantly different from the control and sham groups (P< 0·05)

Figure 2. Catalase (CAT) antioxidant enzyme immunocontent (one
representative gel of five Western blot experiments, showing two bands
for each experimental group) in erythrocytes. Data have been shown as
mean ± standard deviation from six animals in each group.

a. s. r. araujo ET AL.
DISCUSSION

The major finding of this study was to demonstrate that
erythrocytary GST and GPx arise as efficient biomarkers of
the antioxidant defences reduction and/or oxidative injury
induced by thyroid hormones variation. Moreover, the
increased activity of these enzymes may contribute to the
diminished oxidative damage in hypothyroid group. In
parallel, in hyperthyroid, besides GPx and GST have been
also increased (in response to the higher haemoglobin and
oxidative metabolism levels), the antioxidant defences were
overwhelmed, and the oxidative damage was installed.
Thyroidectomy was performed as an effective experi-

mental model to induce hypothyroidism,6 because it
provides a decreased thyroid hormone levels and avoids
possible interference of the drugs alternatively used, such
as propylthiouracil,28 which could interfere in oxidative
stress measurements because of its sulphydril moiety. In
parallel, T4‐induced hyperthyroidism in drinking water
Copyright # 2011 John Wiley & Sons, Ltd.
was also incisive to sustain thyroid hormone levels elevated
in this study.15

Thyroid hormone level variations play a key role in the
modulation of oxidative stress in erythrocytes. In fact, our
results demonstrated an increased LPO and protein
oxidation when T4 levels were elevated. On the other hand,
in hypothyroid group, oxidative damage has been shown to
be reduced in red blood cells, represented by diminished
LPO and protein oxidation. These antagonic results could
reflect the difference in metabolic state between hyperthy-
roid and hypothyroid groups.2 Moreover, thyroid hormones
could control iron metabolism and haemoglobin synthesis
in erythrocytes.12 In fact, our study demonstrated increased
levels of haemoglobin associated to hyperthyroidism. It has
been known that ROS generation can involve transition
metals, such as in the Fenton reaction that produces
hydroxyl radical formation in the iron presence in vitro.9

However, the occurrence of this reaction in vivo is widely
debated in literature, in order that its occurrence was better
Cell Biochem Funct (2011)



Figure 3. Glutathione S‐transferase (GST) antioxidant enzyme immuno-
content (one representative gel of five Western blot experiments, showing
two bands for each experimental group) in erythrocytes. Data have been
shown as mean ± standard deviation from six animals in each group.
*Significantly different from the control, sham and hypothyroid
groups (P< 0·05).

erythrocyte antioxidant and thyroxine changes
demonstrated in iron overload situations.29 Nevertheless,
Fenton reaction was also reported to occur in vivo, through a
synergism between ascorbic acid and metalloporphyrin.30

On the other hand, although the hypothyroid erythrocytes
demonstrated decreased oxidative damage, it was not
evidenced that haemoglobin level changes. This may be
explained by a concomitant reduction of plasmatic vol-
ume.31 Because erythrocytes lack of mitochondria, the ROS
production relative to oxidative metabolism is not mean-
ingful. Nevertheless, thyroid hormones may influence
directly the oxidative metabolism of other tissues, which
would promote changes in ROS production, and thus
affecting the redox environment where erythrocytes circu-
late. In order to characterize if oxidative stress condition is
present, it is important the evaluation not only of the
oxidative damage but also the response of the antioxidant
systems. Thus, we evaluated some antioxidants.

Total radical antioxidant potential levels and SOD
immunocontent were reduced in hypothyroid group.
According to literature, it has been described an important
decrease in some non‐enzymatic antioxidants, such as co‐
enzyme Q9 and vitamin C, as well as other important
cofactors of the antioxidant system, such as Cu2+ and Zn+ in
thyroidectomized rats, explaining the TRAP and SOD
reduction observed in hypothyroid, respectively.32,33

Plasma TRAP levels were also noticed to be reduced in
hyperthyroid rats, as it was previously described in other
tissues.34 In our study, however, SOD and CAT activities
were not changed in the analysed groups. This non‐
responsive enzymatic profile could also contribute to T4‐
induced oxidative damage in hyperthyroid erythrocytes.
Copyright # 2011 John Wiley & Sons, Ltd.
Indeed, the hyperthyroid have higher oxygen consumption,
with increased ROS formation, without a proportional
increase in the enzymatic activity, except for GST and GPx,
and also exhibiting less non enzymatic antioxidants. This
environment is prone to produce oxidative damage, seen
through the increased lipid and protein oxidation. In this
scenario, GST and GPx enhancement in the hyperthyroid
animals seems to be not enough to counteract oxidative
challenge and damage is installed. On the other hand, in the
hypothyroid, GST and GPx take part of a counter‐regulatory
mechanism capable to avoid oxidative damage. These
enzymes are involved in organic peroxides, H2O2 and
xenobiotics detoxification.35

In summary, both enzymes have shown same profile of
activity, indicating that these enzymes involved with GSH
metabolism are relevant blood biomarkers in the situation
where there is not only decreased antioxidant defences (as
hypothyroidism—where SOD and TRAP are diminished)
but also increased oxidative injury (as hyperthyroidism—
where lipid peroxidation and oxidized protein where
elevated).

Thus, parameters analysed in erythrocytes in this study,
especially GST and GPx, could be useful in the clinical
screening of oxidative profile variations involved with
thyroid hormone dysfunctions, as very important biomarkers.
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