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Oxygen radicals of mitochondrial origin are involved 
in oxidative damage. In order to analyze the possible 
relationship between metabolic rate, oxidative stress 
and oxidative damage, OF1 female mice were ren- 
dered hyper- and hypothyroid by chronic admin- 
istration of 0.0012% L-thyroxine (T4) and 0.05% 
6-n-propyl-2-thiouracil (PTU), respectively, in their 
drinking water for 5 weeks. 

Hyperthyroidism significantly increased the sens- 
itivity to lipid peroxidation in the heart, although 
the endogenous levels of lipid peroxidation were not 
altered. Thyroid hormone-induced oxidative stress 
also resulted in higher levels of GSSG and GSSG/ 
GSH ratio. Oxidative damage to mitochondrial DNA 
was greater than that to genomic DNA. Hyperthyr- 
oidism decreased oxidative damage to genornic DNA. 
Hypothyroidism did not modify oxidative damage in 
the lipid fraction but significantly decreased GSSG 
and GSSG/GSH ratio and oxidative damage to mito- 
chondrial DNA. 

These results indicate that thyroid hormones modu- 
late oxidative damage to lipids and DNA, and cellular 
redox potential in the mouse heart. A higher oxidative 
stress in the hyperthyroid group is presumably neut- 
ralized in the case of nuclear DNA by an increase in 
repair activity, thus protecting this key molecule. 
Treatment with PTU, a thyroid hormone inhibitor, 

reduced oxidative damage in the different cell com- 
partrnents. 

Keywords: Thyroid status, heart, mouse, DNA damage, 
oxidative stress, oxygen free radicals, oxygen consumption, 
8-oxodG, glutathione, lipid peroxidation 

Abbreviations: dG, deoxyguanosine; 8-oxodG, 8-oxo-7,8- 
dihidro-2'deoxyguanosine; GSH, reduced glutathione; GSSG, 
oxidized glutathione; PTU, 6-n-propyl-2-thiouracil; T4, 
L-thyroxine; TBARS, thiobarbituric acid reactive substances 

INTRODUCTION 

Mitochondria are considered the main  source 
of reactive oxygen species in healthy tissues. 
These species oxidatively damage biological 
macromolecules including proteins, lipids and 
DNA and contribute to the development  of 
pathologies and possibly aging. ~lj Among those 
molecular targets, oxidative damage to DNA 
seems specially important,  since repair of all 
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other biologically relevant macromolecules is 
finally dependent on DNA-encoded informa- 
tion. The heart continuously generates oxygen 
radicals in vivo, due to its high density of active 
mitochondria which supply ATP for cardiac 
contraction. Moreover, the heart, like muscle tis- 
sues in general, has particularly low levels of 
antioxidants, and its postmitotic character makes 
more difficult the repair of tissue damage. If the 
mitochondrial rate of oxygen radical production 
were directly related to the rate of mitochondrial 
oxygen consumption, thyroid hormones could 
be used as physiological modulators of in vivo 

cellular oxidative stress. An alteration in the 
thyroid state considerably affects the respiratory 
activities of rodent heart mitochondria, hyper- 
thyroidism increasing [2'31 and hypothyroidism 
decreasing such activities. [2"41 

Besides, the literature on free radical metabol- 
ism is extensive but there is little information 
about the endocrine control of tissue oxidative 
stress. Concerning thyroid hormones, studies 
about oxidative damage almost exclusively deal 
with lipid peroxidation, antioxidant enzymes or 
glutathione. Is-T] DNA damage resulting from 
continuous exposure to oxygen radicals includes 
strand breaks, DNA-protein crosslinks, and 
modified bases. A modification of the rate of free 
radical attack can change the levels of 8-oxo-7,8- 
dihydro-2'-deoxyguanosine (8-oxodG), a muta- 
genic and well known marker of oxidative 
DNA damage. [sI In the present study we have 
measured 8-oxodG levels in heart genomic and 
mitochondrial DNA of hyperthyroid and hypo- 
thyroid mice. No previous information about the 
effect of thyroid hormones on oxidative damage 
to DNA has been published. In order to study 
the possible relationship between metabolic rate 
and oxidative stress, we have also estimated 
oxidative damage in the soluble and lipid frac- 
tion by quantifying GSSG and GSSG/GSH ratio 
and in vivo and in vitro lipid peroxidation after 
chronic manipulation of tissue oxygen consump- 
tion by treatment with thyroid hormones and 
their inhibitors. The oxygen consumption of the 

whole animal and heart cytochrome c oxidase 
activity were also analyzed as indicators of basal 
and maximum aerobic capacity in order to ascer- 
tain the effectiveness of the hormonal treatments. 
Rectal temperatures and serum hormone levels 
were also quantified with the same purpose. 

MATERIALS AND METHODS 

Chemicals 

All reagents used were purchased from Sigma 
Chemicals (Sigma, St. Louis, MO). 

Animals and Treatments 

Twelve-week-old female OF1 mice were obtained 
from Iffa-Creddo (Lyon, France). They were 
maintained at 22 4-2 °C, 12:12 (light:dark) cycle, 
50 + 10% relative humidity and fed ad libitum. 

Hypothyroid mice were treated with 0.05% 6-n- 
propyl-2-thiouracil (PTU) in their drinking water 
for 5 weeks. Hyperthyroid mice were treated 
with 0.0012% T4 in their drinking water for 5 
weeks also. Rectal temperature was monitored 
throughout the experimental period. 

After treatment the animals were sacrificed by 
decapitation and a blood sample was obtained. 
Hearts and sera were stored at -80°C until 
determination. The thyroid status of all animals 
was confirmed by measurement of serum T4 
concentration by RIA. 

Oxygen Consumption and Cytochrome c 
Oxidase Activity 

The oxygen consumption (VO2) of individual 
animals at rest was measured by closed-circuit 
respirometry at 22 ~ 1 °C before the beginning 
and at the end of the treatments. Iot 

Cytochrome c oxidase activity was measured 
as an indicator of maximum aerobic capacity in 
the heart tissue, following the oxidation of cyto- 
chrome c at 550nm and 30 °c.[l°l 
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THYROID STATUS AND HEART OXIDATIVE DAMAGE 419 

Lipid Peroxidation 

Endogenous in vivo heart lipid peroxidation was 
measured by a thiobarbituric acid (TBA) test 
specially adapted to tissue extracts. [~11 The 
sensitivity to in vitro peroxidation was estimated 
by incubating heart homogenates with 0.4 mM 
ascorbate and 0.05raM FeSO4 for 6h at 37°C 
before performing the TBA assay. This incuba- 
tion time ensures that the lipid peroxidation 
process has reached saturation in this particular 
sample. The TBA assay was performed in the pre- 
sence of 0.07raM butylhydroxytoluene (BHT) 
to prevent artefactual peroxidation during the 
heating step. I121 The concentration of lipid 
peroxidation products was estimated spec- 
trophotometrically at 535 nm. The results were 
expressed as nanomoles of malondialdehyde 
(MDA) per g of tissue. 

Glutathione System 

Heart samples were homogenized in cold 5% 
TCA with 0.01 N HC1, and total glutathione 
was measured by a spectrophotometric recyc- 
ling assay [131 in the presence of 5-5~-dithiobis 
(2-nitrobenzoic acid), NADPH and glutathione 
reductase at 412 nm. GSSG was assayed by the 
same method after derivatization of GSH with 
12.5 mM N-ethylmaleimide (NEM) followed by 
alkaline hydrolysis of NEM [141 with direct con- 
trol of pH with a micropHmeter. NEM was pre- 
sent in the homogenization buffer to avoid GSH 
artifactual oxidation. GSH values were obtained 
by subtracting GSSG from total glutathione. 

Isolation of Mitochondrial and Genomic DNA 

Genomic DNA was isolated, after SDS treatment 
of heart samples, by chloroform extraction and 
ethanol precipitation. I8! Mitochondrial DNA was 
isolated by the method of Latorre et al. [lsl with 
some modifications. [16'171 The mitochondrial 
DNA preparations were free of nuclear DNA as 
tested by agarose gel electrophoresis and stain- 

ing with ethidium bromide. Before digestion, the 
amount of mtDNA was determined in a small 
aliquot by measuring the fluorescence after 
binding of the Hoechst 33256 dye. 

nDNA and mtDNA Digestion 

Isolated genomic and mitochondrial DNA were 
digested to deoxynucleoside level by incubation 
at 37°C with 5 units of nuclease P1 (in 20 ~tl of 
20 mM sodium acetate, 10mM ZnCl2, 15% gly- 
cerol, pH 4.8) during 30 min, and 1 unit of alka- 
line phosphatase (in 20 ~1 of 1 M Tris-HC1, pH 
8.0) for 1 h. Isl 

8-oxodG and dG Assays in nDNA and mtDNA 

The concentrations of 8-oxodG and deoxyguano- 
sine (dG) were measured by HPLC with on line 
electrochemical and ultraviolet detection respect- 
ively. The nucleoside mixture was injected into a 
reverse-phase Beckman Ultrasphere ODS col- 
umn (5 ~m, 4.6mm x 25 cm), eluted with 2.5% 
acetonitrile in 50mM phosphate buffer pH 5. 
The amount of deoxynucleosides injected in the 
HPLC was higher than the minimum needed to 
avoid potential artifacts due to injection of small 
quantities of deoxynucleosides in the HPLC sys- 
tem. [17'18] A waters 590 pump at I ml /min  was 
used. 8-oxodG was detected with an ESA Coulo- 
chem II electrochemical coulometric detector 
(ESA, Inc. Bedford, MA) with a 5011 analytical 
cell run in the oxidative mode (225 mV/10nA), 
and dG was detected with a Biorad 1806 
UV detector at 254 nm. Peak areas of dG and 
8-oxodG (Sigma, three level calibration) stand- 
ards were measured during each HPLC run. 

Statistical Analyses 

Data were statistically analyzed with Student's 
t-tests. The 0.05 level was selected as the point 
of minimal statistical significance in every com- 
parison. 
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RESULTS 

Treatments 

Rectal temperature was monitored throughout 
the experimental period; it showed a clear incre- 
ase in the hyperthyroid group and a decrease 
in hypothyroid animals (Figure 1). These results 
agree with the T4 serum concentrations ana- 
lyzed by RIA (hypothyroid: 19.47 + 1.09 ng/ml; 
euthyroid: 58.94 ± 3.47ng/ml; hyperthyroid: 
402.84 + 6.00 ng/ml). 

Oxygen Consumption and Cytochrome c 
Oxidase Activity 

In order to estimate basal and maximum aerobic 
capacity, the oxygen consumption of the whole 
animal at rest and the heart cytochrome c oxi- 
dase activity were measured. Oxygen consump- 
tion greatly increased in the hyperthyroid group 

after 5 weeks of treatment (Table I). Heart cyto- 
chrome c oxidase activity also increased in 
the hyperthyroid animals (33.18±6.1; p < .05) 
and did not show significant changes in the 
hypothyroid group (24.13±2.7). The trend to 
decreased levels of oxygen consumption found 
in the hypothyroid animals did not reach statist- 
ical significance (Table I). 

Lipid Peroxidation 

Endogenous levels of lipid peroxidation were 
not changed by the hormonal and PTU treat- 
ments (hypothyroid: 127.9 + 9.2nmol of MDA/g 
tissue; euthyroid: 124.3 + 9.6 nmol of MDA/g  tis- 
sue; hyperthyroid: 125.8 +6.6nmol of MDA/g  
tissue). The sensitivity to lipid peroxidation 
significantly increased in the hyperthyroid 
group and was not modified by the PTU treat- 
ment (Figure 2). 
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FIGURE 1 Rectal temperature throughout the experimental period. Data are means dE SEM from 15 to 17 animals. Significant 
difference with control group (a); between hyper- and hypothyroid groups (b); compared with the initial value within the same 
group (c). *** p < .001. 
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TABLE I Basal metabolic rate and heart cytochrome c oxidase in mice differing in thyroid status 

421 

Hypothyroid Control Hyperthyroid 

Oxygen consumption (ml O2/g.h) 
Initial 2.95 + 0.11 3.03 + 0.06 3.34 4- 0.21 
Final 2.77 dz 0.14 3.00 ± 0.06 5.35 :t: 0.11 a'b'*** 

Cytochrome c oxidase activity (nmol /min /mg  tissue) 24.13 + 2.65 20.14 + 1.53 33.18 ± 6.10 a'* 

Values are Means ~S.E.M. from 5 to 6 a n i m a l s ,  a significant difference with control group, b significant difference 
between hypo and hyperthyroid groups. * p  < .05; ***p < .001. 
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FIGURE 2 In vitro lipid peroxidation levels in the mice 
heart. Data are means ~: SEM from 5 to 7 animals. Significant 
difference with control group (a); between hyper- and 
hypothyroid groups (b). ** p < .01. 

Glutathione System 

Reduced glutathione did not change as a 
function of the thyroid status (hypothyroid: 
1.19 + 0.12 ~mol/g tissue; euthyroid: 1.09 -b 0.11 
~mol/g tissue; hyperthyroid: 1.12 + 0.14 pmol/g 
tissue). GSSG and GSSG/GSH ratio significantly 
decreased in the hypothyroid animals and GSSG 
significantly increased in the hyperthyroid 
group (Figure 3). 

Mitochondrial and Genomic Oxidative DNA 
Damage 

Hypothyroid animals showed significantly 
lower levels of 8-oxodG in mitochondrial DNA 
than hyperthyroid and control animals (Table 11). 
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FIGURE 3 Oxidized glutathione and G S S G / G S H  ratio in 
the mice heart. Data are means + SEM from 5 to 7 animals. 
Significant difference with control group (a); between hyper- 
and hypothyroid groups (b). * p < .05, ** p < .01. 

The 8-oxodG levels of genomic DNA were signi- 
ficantly lower in the hyperthyroid than in 
the other two groups (Table ]1). 8-oxodG values 
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TABLE II Oxidative damage in mitochondrial and genomic DNA in the heart of mice differing in thyroid status 

Hypothyroid Control Hyperthyroid 

mtDNA (8-oxodG / 105 dG) 5.22 ± 0.71 a'* 6.88 ± 0.51 7.20 ± 0.52 b'* 
nDNA (8-oxodG / 10 s dG) 2.69 ± 0.32 2.52 :~ 0.35 1.28 ± 0.16 a'b'** 

Values are Means ± S.E.M. from 5 to 8 animals, a significant difference with control group, b significant difference 
between hypo and hyperthyroid groups. *p < .05; **p < .01. 

were significantly higher in mitochondrial than 
in genomic DNA in the three groups (Table II). 

DISCUSSION 

In this study, hyper- and hypothyroidism were 
achieved by T4 and PTU administration, respect- 
ively, in the drinking water. This kind of adminis- 
tration minimizes the large diurnal variations in 
plasma hormone levels that take place when daily 
injections are used to maintain hyperthyroid- 
ism, [19] although it is less potent I2°I and requires 
a longer period of treatment. The measure- 
ments of rectal temperature and hormone levels 
indicate that a hyper- and hypothyroid state 
have been obtained. As expected, hyperthyroid- 
ism resulted in a greater (almost two fold) 
oxygen consumption than in control animals. 
Hyperthyroid mice also showed increased heart 
cytochrome c oxidase activity than control and 
hypothyroid animals. The increase in oxygen 
consumption observed in the hyperthyroid 
group was even greater than that previously 
described [211 in one of the few studies available 
in mice. This larger increase is probably due to 
the longer period of treatment used in our case. 
Similar changes in cytochrome c oxidase activity 
have been previously observed in hyperthyroid- 
ism. I22J Both parameters, oxygen consumption 
and cytochrome c oxidase activity, confirm the 
effectiveness of the hormonal treatment to 
increase basal and maximum aerobic capacity 
in the hyperthyroid state. The PTU treatment 
did not modify oxidative metabolism in the 
mice heart, in agreement with previous reports 
in mice and rat liver. I2"23! These results con- 

trast with those obtained in the rat heart, I2'241 
although in this last study hypothyroidism was 
achieved by combining thyroidectomy with the 
administration of an anti-thyroid drug. Therefore, 
cytochrome c oxidase activity seems to be depend- 
ent on thyroid hormones in a tissue or species- 
specific fashion. 

In the present work treatment with PTU did 
not modify either endogenous levels of lipid 
peroxidation or tissue sensitivity to lipid 
peroxidation processes. Very few studies have 
analyzed the relationship between hypothyroid- 
ism and lipid peroxidation in mice. Similar 
results have been described by others in various 
rat tissues [2'61 and by our laboratory in mice 
liver. [23] Treatment with T4, in contrast, in- 
creased heart sensitivity to lipid peroxidation 
although the endogenous levels of lipid perox- 
ides were not altered by the hyperthyroid state. 
The results of available studies about the rela- 
tionship between hyperthyroidism and lipid 
peroxidation processes are not very homoge- 
nous. Results similar to those found here have 
been described in rat [21 and mice liver, I231 but 
increases of lipid peroxidation have been found 
in rat heart and muscle. [2"25'26] Thus, hyperthyr- 
oidism seems to have a different effect depend- 
ing upon the type of hormonal treatment, the 
tissue, or the animal species studied. 

On the other hand, our data about sensitivity 
to lipid peroxidation showed an increased sus- 
ceptibility in the hyperthyroid animals. It has 
been found that thyroid hormones change the 
lipid composition of mice liver [21'23] and various 
rat  t issues.  [27"28] In  fact, changes in lipid compo- 
sition appear to be a well established feature of 
altered thyroid states. [29] These changes could 
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explain the increased sensitivity to lipid perox- 
idation of hyperthyroid animals. Hyperthyroid- 
ism increases the ratio 20:4n-6/18:2n-6, probably 
due to an increase in 6-6 desaturase activ- 
ity. [27'29"30I Sensitivity to lipid peroxidation incre- 

ases as a function of the number of double bonds 
present in the fatty acids. Thus, an increase in 
fatty acid double bond number can be respons- 
ible for the increased susceptibility to lipid per- 
oxidation observed in the hyperthyroid animals. 

The decrease in GSSG and GSSG/GSH in 
hypothyroid animals and the increase in GSSG 
in the hyperthyroid ones found in this study, are 
consistent with a role of thyroid hormones in 
the determination of heart oxidative stress. Con- 
cerning GSH, different authors have observed 
decreases in rat liver I7'31] and heart [261 after thyr- 
oid hormonal treatment. Nevertheless, we have 
not found changes in the case of mice liver. [23] It 
seems that the effect of thyroid hormones on 
GSH levels, also depends upon the tissue under 
study. 

In agreement with previous studies in rodent 
liver [32-35] and human brain, [36] oxidative dam- 

age in mitochondrial DNA was greater than in 
genomic DNA in the present investigation. The 
scarcity of studies on the topic and some meth- 
odological artifacts have led to question this 
difference; I37"381 but  the present work and recent 
results from our laboratory show that it also 
takes place in other organs and species. I17"35] 

The main explanation for the greater oxidative 
damage to mitochondrial in relation to nuclear 
DNA relies on its localization near the principal 
free radical production site, the mitochondrial 
respiratory chain. Besides, genomic DNA is bet- 
ter protected by associated proteins, and the 
most reactive free radical species, like OH' ,  can 
not diffuse far away and will unspecifically react 
with biological molecules situated near their 
sites of generation. A lack of efficient repair of 
oxidative damage in mitochondrial DNA, pre- 
viously postulated as another explanation, has 
been discredited by recent investigations. I3s-4°1 
Analogously to what happens in genomic DNA, 

repair of oxidative damage is very active in mito- 
chondrial DNA. This indicates that the higher 
oxidative damage observed in mitochondrial 
DNA, in relation to genomic DNA, must be 
mainly due to the presence of a higher rate of 
oxygen free radical attack to DNA in the mito- 
chondria, rather than to differences in the repair 
of oxidative DNA damage between the two cell- 
compartments. The heart of hypothyroid 
animals showed a decrease in oxidative damage 
to mitochondrial DNA together with a decrease 
in GSSG/GSH ratio. These results correlate with 
the decrease in mitochondrial free radical pro- 
duction found by us in the hypothyroid state in 
the rat heart. [41} On the other hand, hyperthyr- 
oidism did not increase oxidative damage to 
mitochondrial DNA or GSSG/GSH ratio. The 
lack of increase in 8-0xodG in mitochondrial 
DNA in the hyperthyroid state is probably due 
to a very effective protection of this molecule. It 
is known that increases in oxidative stress 
induce increases in repair of DNA oxidative 
damage. [421 

Oxidative damage to genomic DNA also 
showed modifications as a function of thyroid 
state. In the hyperthyroid group, a lower oxidat- 
ive damage in relation to control animals was 
observed that could be attributed to the higher 
rate of repair rate of DNA damaged by oxidative 
stress. [43'441 Thus, the decrease in oxidative 
damage to genomic DNA observed in the hyper- 
thyroid group can be due to a supercompensa- 
tion of oxidative stress. Similarly, rat heart 
nuclear DNA does not show increased oxidative 
damage after exercise, I451 in spite of an increased 
mitochondrial oxygen consumption and free 
radical production. 

In summary, treatment with PTU, a thyroid 
hormone inhibitor, reduced oxidative damage 
in the different cell compartments in agreement 
with the lower free radical production pre- 
viously found in the hypothyroid rat heart. I411 
On the other hand, the higher oxidative stress 
observed in the hyperthyroid animals is pre- 
sumably neutralized, in the case of DNA, by an 
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increase in repair activity which protects this key 
molecule. 
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