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Administration of daily doses of 0.1 mg of 3,5,3"-triiodothyronine (T;)/kg body weight for 3 consecutive
days to fed rats elicited a calorigenic response in the animals, in concomitance with a 36% increase in the
rate of 0, consumption by the liver. In these conditions, liver submitochondrial particles (SMP) from
Ts-treated rats exhibited marked increases in the rate of superoxide radical generation, both in the
presence of NADH (142%) or succinate (152%). Furthermore, liver SMP from hyperthyroid animals
released hydrogen peroxide at higher rates than those of euthyroid rats, either under basal conditions or
in the succinate-supported process, both in the absence and presence of antimycin-A. It is concluded that
the hyperthyroid state in the rat leads to a drastic enhancement in the capacity of liver mitochondria to
produce active oxygen species, which correlates with the elevated respiratory rate observed in the intact
organ.

KEY WORDS: Hyperthyroidism, superoxide radical, hydrogen peroxide, rat liver submitochondrial
particles, thyroid calorigenesis, oxidative stress.

INTRODUCTION

Thyroid calorigenesis in the rat has been shown to produce major molecular changes
in the liver, concomitantly with the enhancement in the rate of O, consumption,
leading to the development of an oxidative stress condition.' This condition is related
to the increment in the generation of active O, species’ and to decrements in the
activity of several antioxidant defense systems of the hepatocyte,’® with the conse-
quent lipid peroxidative response.” Stimulatory effects of 3,5,3’-triiodothyronine
(T;) and 3,5,3",5-tetraiodothyronine (T,) on liver microsomal NADPH-dependent
pathways have been reported,' processes known to involve one-electron transfer
reactions.® These include drastic increments in the activities of NADPH-cytochrome
P-450 reductase’® and NADPH oxidase,>”'* as well as superoxide radical (O;”)
generation.? These observations led to the proposal that O, utilization in active O,
species production and lipid peroxidation'' might contribute to the enhanced respi-
ratory rate observed in the liver of hyperthyroid rats,' as well as in other target
tissues for thyroid hormone action,'? thus determining part of the calorigenic
response.’

Apart from the microsomal fraction, mitochondria have also been reported to
generate active O, species, depending on their metabolic state. These include the
NADH-supported production of O;~ by submitochondrial particles (SMP) from
bovine heart,” as well as hydrogen peroxide (H,0,) generation by intact pigeon
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heart and rat liver mitochondria, assayed in state 4.'* Furthermore, liver mitochon-
dria isolated from rats treated with 2,4-dinitrophenol exhibited a drastic increase in
H,0, generation over control values, associated with a reduction in their ADO/O
ratios and the induction of a calorigenic state in the animals.'® These observations,
and the development of an antioxidant-sensitive respiratory component by high con-
centrations of 2,4-dinitrophenol added to perfused rat livers,'® suggest the involve-
ment of mitochondrial univalent reduction of O, in the uncoupled state. Since the
oxidative capacity of liver mitochondria is significantly increased by thyroid hor-
mones,'’ in the present work we focused our attention upon the possibility that
hyperthyroidism may affect mitochondrial one-electron transfer reactions, by
measuring the rates of O;~ and H,O, generation by rat liver SMP,

MATERIALS AND METHODS

Male Wistar rats weighing 270-300 g and fed ad libitum, received daily ip injections
of 0.1 mg of T,/kg body weight or equivalent volumes of 0.1 N NaOH (T, diluent)
(controls) for 3 consecutive days. Following 24 h of the last injection, the weight
of the animals was comparable in both groups [controls, 303 = 10 (n = 19)g;
T,-treated rats, 286 + 12 (n = 17); means + S.E.]. At this experimental time,
serum T, levels were measured by the GammaCoat™ ['*[]T, Radioimmunoassay
Kit (Baxter Healthcare Corp., Cambridge, MA), together with the rectal temperature
of the animals measured with a thermocouple, as well as the rate of O, consumption
measured polarographically in perfused livers, as described elsewhere.”

The animals were anesthetized with Nembutal (50 mg/kg ip) and the livers were
perfused in situ with 200 ml of a cold solution containing 150 mM KC1 and 5 mM
Tris pH 7.4, prior to the preparation of SMP by ultrasonic oscillation of intact
mitochondria, followed by centrifugation at 105,000xg for 60 min at 4°C, as des-
cribed by Pedersen er al." The pellet was resuspended either in MSH buffer
(220 mM mannitol, 70 mM sucrose and 0.5 g/l serum bovine albumin, pH 7.3)
for O, determinations, or in MST buffer (225 mM mannitol, 75 mM sucrose,
0.2mM EDTA, 2mM Hepes and 0.5 g/1 serum bovine albumin, pH 7.4) for H,O,
measurements. O, production was determined by monitoring the superoxide
dismutase-sensitive generation of adrenochrome at 480 nm, using | mM epinephrine,
2uM antimycin-A, 150U/ml catalase and 0.6 mg/ml of mitochondrial protein,
with either 0.1 mM NADH or 5mM succinate as substrates.” H,O, production
was measured by monitoring the formation of the compound Il between H,O,
and added horseradish peroxidase (HRP) (136 U/ml) at 417-402nm, in an
Aminco-Chance dual wavelength spectrophotometer.”® The reaction was initiated
by adding HRP to 0.15 mg/ml of mitochondrial protein in MST buffer (H,O,
generation supported by endogenous substrate), with further additions of 4 mM
succinate and/or 0.18 uM antimycin-A. In order to evaluate the possible peroxi-
somal contamination of SMP, H,0, production was measured in the presence of
30 uM urate. All determinations were carried out at 28°C. Proteins were measured
according to Lowry et al.”’ O;~ and H,0, generation were expressed as nmol/mg
protein/min, and calculations were done using the extinction coefficients of 4 x 10°
M-'em~'and 5 x 10°M~'cm ™!, respectively. Mitochondrial superoxide dismutase
(MnSOD) activity was determined in 0.05M sodium phosphate buffer pH 7.5
containing 0.1 mM EDTA and 0.15 mM hematoxylin, by measuring the MnSOD-
sensitive autoxidation of hematoxylin at 560 nm.?? The values shown represent the
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FIGURE 1 Rates of superoxide radical (O;”) formation by liver submitochondrial particles (SMP)
from control rats and T;-treated animals. Liver SMP equivalent to 0.6 mg of protein/ml were used. O;~
generation was determined as the superoxide dismutase-sensitive formation of adrenochrome, in the
presence of either 0.1 mM NADH or 5 mM succinate. Values shown represent the means + S.E. of 4-8
animals per experimental group.? P < 0.05, compared to controls.

means + S.E. for the number of experiments indicated. Significance of differences
between mean values was assessed by Student’t test for unpaired data. All reagents
used were obtained from Sigma Chemical Co. (St Louis, MO).

RESULTS AND DISCUSSION

Administration of daily doses of 0.1 mg of T,/kg to fed rats for 3 consecutive days
resulted in significant increments in the serum levels of the hormone [controls, 48 + 4
(n = 5)ng/dl; T,-treated rats, 327 + 42 (n = 5); P < 0.05], together with an
enhanced metabolic rate, as evidenced by the significant increase in the rectal
temperature of the animals [controls, 37.5 £ 0.1 (# = 15) °C; T,-treated rats,
38.4 + 0.1 (n = 17); P < 0.05). This T;-induced thermogenic condition was further
reflected in a 36% increase in the rate of O, consumption of the liver, assessed in
perfusion experiments [controls, 1.95 + 0.05 (n = 5) umol/g liver/min; T,-treated
rats, 2.65 + 0.07 (n = 5]; P < 0.05]. In these conditions, T, treatment elicited a
significant enhancement in O,” generation by liver SMP, using either NADH (142%
increase) or succinate (152% increase) as mitochondrial substrates (Figure 1). Since
in this situation the activity of MnSOD was not modified [controls, 2.55 + 0.37
(n = 6) U/mg protein; T,-treated rats, 3.20 + 0.65 (n = 8); not significant], a
mitochondrial oxidative stress condition is induced by T, treatment. This is
evidenced by the significant 49% decrease in the MnSOD activity/NADH-dependent
O;" generation ratio [controls, 5.9 + 0.6 (n = 6); T,-treated rats, 3.0 + 0.5 (n = 8);
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FIGURE 2 Generation of hydrogen peroxide (H,0,) by liver submitochondrial particles (SMP) from
control rats (C) and T;-treated animals (T,). Liver SMP equivalent 10 0.15 mg of protein/ml were used.
H;0, was determined by the formation of the compound 1l with added horseradish peroxidase (HRP)
(136 U/ml), after [A] succesive additions of 4 mM succinate (S) and 0.18 uM antimycin-A (AA) or [B] in
the presence of 0.18 uM AA alone. Values adjacent to the traces correspond to the rates of H,O, forma-
tion in nmol/mg protein/min.

P < 0.05], as well as in that of the MnSOD activity/succinate-supported
O; production [data not shown].

The rate of O; generation by SMP depended on the substrate added to the
preparations, as the ratio of the NADH-dependent production rate to that supported
by succinate was 1.60 in control rats and 1.53 in T,-treated animals (from Figure 1).
These results are in agreement with the proposal that the mitochondrial respiratory
chain generates O;  at two different sites, located near NADH dehydrogenase and
in the ubiquinone-cytochrome b area."' As O, is considered to represent the
stochiometric precursor for mitochondrial H,0, formation," increments in H,0,
production would be expected in liver SMP from T,-treated rats.

Using different experimental conditions to evaluate H,O, generation, liver SMP
from hyperthyroid animals were found to produce H,0, at higher rates than
those from euthyroid rats (Figure 2). This was evidenced by the 56% increase in
the basal H,0O, formation observed after HRP addition [controls, 0.58 + 0.02
(n = 19) nmol/mg protein/min; T,-treated rats, 0.90 + 0.08 (n = 17); P < 0.05], or
in that supported by succinate alone [controls, 0.80 + 0.05(n = 8) nmol/mg protein/
min; T,-treated rats, 1.95 + 0.40 (n = 11); 143% increase; P < 0.05) and in the
presence of antimycin-A [controls, 1.10 £ 0.14 (n = 6) nmol/mg protein/min;
T,-treated rats, 1.90 + 0.60 (n = 5); 72% increase; P < 0.05] (Figure 2A). Addition
of antimycin-A stimulated basal H,0O, production by liver SMP in controls rats
[from 0.58 + 0.02(n = 19)t00.95 £ 0.09 (n = 5) nmol/mg protein/min (P < 0.05)]
and in T,-treated animals [from 0.900.08 (» = 17) to 1.52 + 0.23 (n = 8) nmol/mg
protein/min (P < 0.65)] (Figure 2B). However, H,0, production dependent on
added succinate was significantly enhanced by the addition of antimycin-A in liver
SMP from control rats [from 0.80 + 0.05 (n = 8) to 1.10 + 0.14 (n = 6) nmol/mg
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FIGURE 3 Influence of urate on the generation of hydrogen peroxide (H,0,) by liver submitochon-
drial particles (SMP) from control rats (C) and T;-treated animals (T;). Liver SMP equivalent 10 0.15 mg
of protein/ml were used. H,O, was evaluated by the formation of the compound Il with added
horseradish peroxidase (HRP) (136 U/ml), in the absence and presence of 30 uM urate (U). Values adja-
cent to the traces correspond to the rates of H,0, formation in nmol/mg protein/min.

protein/min (P < 0.05)], but not in those from T,-treated animals [1.95 + 0.40
(n = 11) versus 1.90 + 0.60 (n = 5) nmol/mg protein/min; not significant] (Figure
2A). This could be explained considering that increments in succinate-dependent
H,O, generation in SMP from hyperthyroid rats might be linked to the higher
activity of succinate dehydrogenase reported in this condition.'” In the absence of
ADP, addition of succinate would lead to a rapid reduction of the flavoprotein, with
a minimal electron flux towards O, for H,O formation and maximal for H,0,
production.” Thus, since the rate of H,0, generation is likely to be near Vmax
values in the hyperthyroid state, the addition of antimycin-A would have no further
effect on this parameter. In the experimental design used, H,O, production due to
peroxisomal contamination seems unlikely, as no significant effects were seen on the
H,0, release by liver SMP from controls [HRP, 0.58 + 0.02 (» = 19) nmol/mg
protein/min; urate, 0.64 = 0.07 (n = 6); P > 0.05] and T,-treated rats [HRP,
0.90 = 0.08 (n = 17) nmol/mg protein/min; urate, 0.83 £ 0.11 (n = 7); P > 0.05},
after the addition of urate (Figure 3).

The enhancement in rat liver mitochondrial univalent reduction of O, by hyper-
thyroidism, leading to a greater generation of O;~ and H,0,, could be the result of
increments in the content and activity of several respiratory chain components, which
determine an increased oxidative capacity in these organelles.'”?* In addition, the
destabilization of one or more components of the mitochondrial respiratory chain
could enhance their potential for autoxidation, increasing the production of O;~
and H,0,, as suggested for mitochondria sustaining a reduced respiratory control."*
The elevated oxidative capacity observed in liver SMP from hyperthyroid rats
might determine higher steady-state concentrations of O;~ and H,0, in the intact
organelle, with the subsequent lipid peroxidative response. This view is in agree-
ment with previous data by Marzoev ef al.,’ showing an increased iron-mediated
chemiluminescent response in isolated liver mitochondria from hyperthyroid
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rabbits, parameter known to be related to free radical-induced lipid peroxidative
processes.”

In conclusion, hyperthyroidism in the rat leads to a marked enhancement in the
mitochondrial generation of active O, species, assessed in liver SMP, in addition to
the greater O, utilization needed to account for the elevated rates of microsomal
O;" production and cellular lipid peroxidative processes previously reported.’ In
this respect, changes in peroxisomal H,O, generation cannot be discarded, as
thyroid hormones are known to induce a distinct peroxisome population in the
liver,® together with drastic increases in D-amino oxidase activity®® and in perox-
isomal fatty acid 8-oxidation,” processes related to H,0, formation.”* However,
this aspect has not been evaluated in the hyperthyroid state. The enhancement in O,
equivalents related to T,-induced oxidative stress observed in liver subcellular frac-
tions has recently been evaluated in the isolated perfused rat liver, by the addition
of either desferrioxamine or allopurinol, which partially inhibited the increase in
O, uptake induced by T,.” This antioxidant-sensitive respiratory component is
enhanced by about 60% by T, over control values, and represents either 16-25% of
the net increase in the O, consumption of the liver elicited by the hormone treat-
ment or 3-5% of the total respiratory rate observed in the liver of T;-treated
animals.”
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