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Abstract. We determined characteristics of rat liver mi-
tochondrial fractions, resolved at 1000 (M1), 3000 (M3),
and 10,000 g (M10) after 2 and 10 days cold exposure. In
all groups, the M1 fraction exhibited the highest oxidative
capacity, oxidative damage, H2O2 production rate, and
susceptibility to stress conditions, and the lowest antioxi-
dant levels. Cold exposure increased cytochrome oxidase
activity in all fractions and succinate-supported O2 con-
sumption in the M1 and M10 fractions during state 3 and
state 4 respiration, respectively. With succinate, the H2O2

release rate increased in all fractions during state 4 and
state 3 respiration, whereas with pyruvate/malate, it in-
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creased only during state 4 respiration. Increases in tissue
mitochondrial proteins caused a faster H2O2 flow from the
mitochondrial to cytosolic compartment, which was lim-
ited by the reduction in the M1 fraction. Despite increased
liposoluble antioxidant levels, cold also caused enhanced
oxidative damage and susceptibility to oxidative challenge
and Ca2+-induced swelling in all fractions. These changes
leading to elimination of H2O2-overproducing mitochon-
dria avoided excessive tissue damage. We propose that tri-
iodothyronine, whose levels increase in the cold environ-
ment, brings about the biochemical changes producing
oxidative damage and those limiting its extent.

Key words. Cold exposure; thyroid hormone; oxidative damage; mitochondrial fractions; antioxidans; hydrogen 
peroxide release.

The mitochondrial population can be resolved by differ-
ential centrifugation into fractions with definable proper-
ties [1, 2], which can be altered according to the thyroid
state [3, 4]. Early studies suggested that light mitochon-
drial fractions represent transitional forms in the process
of development into heavy mitochondrial structures [4].
Subsequent investigation suggested that this process is
controlled by thyroid hormone in both triiodothyronine
(T3)-treated and cold-exposed rats [5]. More recently, rat
liver mitochondria have been resolved at 1000 (M1), 3000
(M3), and 10,000 (M10) g, with the heaviest fraction con-
taining mitochondria that are the largest and character-
ized by the greatest respiratory activity [6]. This fraction
has also been found to exhibit the lowest antioxidant ca-
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pacity, and the greatest capacity to produce reactive oxy-
gen species (ROS) and the greatest susceptibility to stress
conditions [7, 8]. Previous studies have also suggested
that the lightest fraction, beside comprising light mito-
chondria with low respiratory activity and capacity to
produce ROS, also contains a moderate amount of de-
generating mitochondria, which increases following T3

treatment [9]. 
T3 administration induces rat liver oxidative stress [10],
apparently as the result of decreased tissue antioxidant
capacity [11] and enhanced mitochondrial capacity to
produce ROS [12, 13]. Mitochondria also exhibit oxida-
tive damage and oxidant susceptibility increases, which
are due to corresponding increases in all mitochondrial
fractions which compensate for the decrease in the rela-
tive amount of the heaviest fraction [9]. 
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Even a cold-induced increase in serum T3 levels is asso-
ciated with liver oxidative damage due to the reduced an-
tioxidant capacity of the tissue [14] and increased flux of
ROS from mitochondria to the cytosolic compartment
[15]. Moreover, mitochondria from cold-exposed rats
also share the high oxidative damage and susceptibility to
oxidants of mitochondria from T3-treated rats [15].
The effects of cold exposure on mitochondrial fractions
have not been investigated. Knowledge about them would
provide further information on mechanisms underlying
the response of liver mitochondria to cold stress and the
possible role played by thyroid hormone. Because serum
T3 levels, which peak after about 2 days [16], produce ef-
fects on mitochondrial protein mass and function within
10 days [16,17], here we examined the effects of 2 and 
10 days cold exposure on the relative amount and func-
tional and biochemical characteristics of rat liver mito-
chondrial fractions. 

Materials and methods

Animals
The experiments were carried out on 60-day-old male
Wistar rats, supplied by Nossan (Correzzana, Italy) at day
45 of age. Animals were randomly assigned to one of
three groups: control (C), kept at a room temperature of
24 ± 1°C, cold-exposed (CE2 and CE10), kept at 4 ± 1°C
for 2 or 10 days, respectively. All rats were subjected to
the same conditions (one per cage, constant artificial cir-
cadian cycle of 12 h light and 12 h of darkness), and fed
the same diet, a commercial rat chow purchased from
Nossan, and water on an ad libitum basis.

Experimental procedure
Soon after a 12-h overnight fast, the animals were sub-
jected to the measurement of resting metabolic rate
(RMR) by an open-circuit indirect calorimetric system
(Columbus Instruments International, Columbus, Ohio).
The animals were killed by decapitation under ether
anesthesia. Blood samples were collected and plasma
levels of total (TT3) and free (FT3) triiodothyronine 
were determined using commercial RIA kits (DiaSorin,
Salluggia, Italy). The livers were rapidly removed and
placed in small beakers on ice. They were subsequent-
ly finely minced, weighed, and washed with ice-cold iso-
lation medium (220 mM mannitol, 70 mM sucrose, 
1 mM EDTA, 20 mM Tris, pH 7.4) containing 0.1% fatty
acid-free albumin. Tissue fragments were gently homo-
genized in the same solution (1:10 w/v) using a Pot-
ter-Elvejem homogenizer set at a standard velocity 
(500 rpm) for 2 min. Aliquots of the homogenates were
used for determination of cytochrome oxidase (COX)
activity.

Preparation of mitochondrial fractions 
Homogenates were freed of debris and nuclei by cen-
trifugation at 500 g for 10 min at 4°C. The resulting su-
pernatants were centrifuged at 10,000 g for 10 min. The
pellets designated as Mw (whole mitochondrial fractions)
were washed twice with 220 mM mannitol, 70 mM su-
crose, 1 mM EGTA, 20 mM Tris, pH 7.4. Aliquots were
resuspended in the same solution and used either for de-
termination of COX or subjected to a series of sequential
centrifugation steps lasting 10 min at 1000, 3000, and
10,000 g. The pellets were designed M1, M3, and M10, re-
spectively. Aliquots of all mitochondrial fractions were
resuspended in 220 mM mannitol, 70 mM sucrose, 1 mM
EGTA, 20 mM Tris, pH 7.4, and used for biochemical de-
terminations. Other aliquots were washed with 220 mM
mannitol, 70 mM sucrose, 20 mM Tris, pH 7.4, resus-
pended in the same solution, and used for mitochondrial
swelling. 
In agreement with previous reports [7, 9], preliminary de-
terminations of activities of marker enzymes showed that
fractions M1 and M3 were virtually uncontaminated by
other cellular organelles, whereas the M10 fraction was
contaminated by microsomes. 
The protein content in the mitochondrial preparations
was determined, upon solubilization in 0.5% deoxy-
cholate, by the biuret method [18] with bovine serum al-
bumin as standard.

COX activity
COX activity was determined polarographically at 30∞C,
using a Gilson glass respirometer equipped with a Clark
oxygen electrode (Yellow Springs Instruments, Yellow
Springs, Ohio), by the procedure of Barré et al. [19]. In
brief, liver homogenates and mitochondrial suspensions,
diluted with modified Chappel-Perry medium (1 mM
ATP, 100 mM KCl, 5 mM MgCl2, 1 mM EDTA, 5 mM
EGTA, 50 mM Hepes buffer, pH 7.4), were incubated at
0°C for 30 min with Lubrol PX (0.5 mg/g tissue or 0.225
mg/mg of mitochondrial proteins) (Sigma, Milan, Italy)
to unmask enzyme activity. Then, preparations were
added to 1.5 ml of 30 mM cytochrome c, 4 mM rotenone, 
0.5 mM dinitrophenol, 10 mM Na-malonate, 75 mM
Hepes buffer, pH 7.4, so that the reaction medium con-
tained 100 mg/ml tissue or 0.2 mg/ml mitochondrial pro-
teins. COX activity was measured as the difference be-
tween the O2 consumption, observed after the addition of
substrate (4 mM Na-ascorbate with 0.3 mM N,N,N¢,N¢-
tetramethyl-p-phenylene-diamine), and the rate of O2

consumption, observed after the addition of substrate
alone, in order to take the auto-oxidation of ascorbate into
account.
In vitro COX activity is positively correlated with the
maximal oxygen consumption, so that such an activity
can be used as a measure of the aerobic metabolic capac-
ity of biological preparations.
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Oxygen consumption
Mitochondrial respiration was monitored at 30°C by 
a Gilson respirometer in 1.6 ml of incubation medium
(145 mM KCl, 30 mM Hepes, 5 mM KH2PO4, 3 mM
MgCl2, 0.1 mM EGTA, pH 7.4) with 0.25 mg mitochon-
drial protein per milliliter and succinate (10 mM) (plus
rotenone 5 mM) or pyruvate/malate (10/2.5 mM) as sub-
strates, in the absence (state 4) and presence (state 3) of
500 mM ADP. 

H2O2 release 
The rate of mitochondrial H2O2 release was measured at
30°C following the linear increase in fluorescence (exci-
tation at 320 nm, emission at 400 nm) due to oxidation of
p-hydroxyphenylacetate (PHPA) by H2O2 in the presence
of horseradish peroxidase (HRP) [20] in a computer-con-
trolled Jasko fluorometer equipped with a thermostati-
cally controlled cell holder. The reaction mixture con-
sisted of 0.1 mg/ml mitochondrial proteins, 6 U/ml HRP,
200 mg/ml PHPA, and 10 mM succinate (plus rotenone 
5 mM) or 10 mM pyruvate/2.5 mM malate added at the
end to start the reaction in the same incubation buffer as
used for measurements of O2 consumption. Measure-
ments with the different substrates in the presence of 
500 mM ADP or 10 mM antimycin A were also per-
formed. Known concentrations of H2O2 were used to es-
tablish the standard concentration curve. In preliminary
experiments, the effect of catalase addition on the mea-
sured rates of H2O2 production was studied. Such experi-
ments showed a dose-dependent drop in fluorescence in
the presence of the enzyme. 
The effects of two respiratory inhibitors were also inves-
tigated: rotenone (Rot), which blocks the transfer of elec-
trons from complex I to ubiquinone [21], and antimycin
A (AA), which interrupts electron transfer within the
ubiquinone-cytochrome b site of complex III [22]. In-
hibitor concentrations (5 mM Rot, 10 mM AA), which do
not interfere with the detection PHPA-HRP system [13],
were used.

Capacity to remove H2O2

Capacity to remove H2O2 (CR) was determined by com-
paring the ability of mitochondrial samples to reduce
H2O2-linked fluorescent emission with that of desferriox-
amine solutions [23]. H2O2 was generated by glucose ox-
idation catalyzed by glucose oxidase (GOX). The nonflu-
orescent substrate PHPA was oxidized to the stable fluo-
rescent product 2,2¢-dihydroxy-biphenyl-5,5¢-diacetate
(PHPA)2 [20] by the enzymatic reduction of H2O2 cat-
alyzed by HRP. Fluorescence was monitored on the Jasko
fluorometer (excitation wavelength 320 nm, emission
wavelength 400 nm). Assays were performed in quartz
fluorometer cuvettes containing a magnetic stirrer and
maintained at 30°C. The reaction was started by ad-
ding 10 ml of 80 mg/ml GOX to a mixture containing 

0.2 mg/ml PHPA, 6 U/ml HRP, 5 mM glucose in 145 mM
KCl, 30 mM Hepes, 5 mM KH2PO4, 3 mM MgCl2, 
0.1 mM EGTA, pH 7.4. After 100 s, 10 ml of desferriox-
amine solutions (containing from 1 to 12 nmol), or mito-
chondrial samples (containing from 0.1 to 1 mg of mito-
chondrial proteins) were added to 2.0 ml final volume.
The additions were made to the cuvettes via externally
mounted syringes. The values of fluorescence change for
unit of time obtained after addition of desferrioxamine or
mitochondria were converted to a relative percentage of
the values obtained before the addition. The values for
desferrioxamine were used to fit standard curves by the
Fig. P program (Biosoft, Cambridge, Mass.). The values
for samples served to obtain, from equations describing
the standard curves, evaluations of their capacity to re-
move H2O2, expressed as equivalent desferrioxamine
concentration.

Oxidative damage to lipid and proteins
The extent of the peroxidative processes in mitochondrial
fractions was determined by measuring the level of lipid
hydroperoxides (HPs) according to Heath and Tappel
[24].
Protein-bound carbonyls were determined by the proce-
dure of Schild et al. [25]. For each determination, three
trichloroacetic acid (TCA)-precipitated samples contain-
ing 1 mg mitochondrial protein were dissolved in 300 ml
of 0.1 M NaOH for 5 min. Two samples were treated with
3 ml of 10 mM dinitro- phenylhydrazine in 2.5 M HCl for
1 h at room temperature. The third sample (the blank) was
incubated with 2.5 M HCl. The reaction was stopped by
adding 3.3 ml of 20% TCA. The pellets were washed
twice with 3 ml of 10% TCA. The protein pellets were
washed twice with absolute ethanol/ethylacetate (1:1)
and once with 3 ml of 10% TCA. The protein pellets were
finally dissolved in 6 M guanidine hydrochloride and the
absorption at 370 nm (dinitrophenylhydrazine minus
sample blank) was determined. Protein recovery was es-
timated for each sample. The carbonyl content was calcu-
lated using the molar absorption coefficient of aliphatic
hydrazones of 22,000 M–1 cm–1 and expressed as nmol
carbonyl/mg of protein. 

Antioxidant levels
Ubiquinols (CoQH2) were oxidized to ubiquinones
(CoQs) with ferric chloride as the oxidation reagent.
CoQH2 were oxidized from 0.5 ml mitochondrial suspen-
sion with 0.5 ml of 2% FeCl3 and 2.0 ml ethanol. CoQs
were extracted by 5.0 ml n-hexane, which was then re-
moved by evaporation under N2 at 40°C. The residue was
dissolved in ethanol and subjected to the mobile phase in
HPLC (machine: SpectraSeries P100 isocratic pump;
Thermo Separation Products, San Jose, Calif.; column:
Ultremex 5250 ¥ 4.6 mm, 5-mm particle size; Phenome-
nex, Torrance, Calif.). The eluant was a mixture of metha-
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nol/ethanol 3/7 (v/v) containing 20 mM lithium perbo-
rate, and the flow rate was 1 ml/min [26]. The total con-
tent of CoQs (CoQH2 + CoQ) was then determined. The
eluted CoQs were determined separately using a Spec-
traSeries UV100 detector (Thermo Separation Products,
San Jose, Calif.) (275 nm). Quantitation was obtained by
using external standards.
For vitamin E determination, mitochondrial fractions
were deproteinized with methanol and extracted with n-
hexane. The extracts were evaporated under N2 at 40°C
and the residues were dissolved in ethanol. Vitamin E
content was determined using the HPLC procedure of
Lang et al. [26]. Quantification was obtained using an ex-
ternal standard.
For reduced glutathione (GSH) determination, mitochon-
drial suspensions were diluted (1:1) with 0.5 N HClO4,
centrifuged at 2000 g for 10 min at 4°C, and the super-
natants neutralized with NaOH and diluted 1:7 with 
0.1 M sodium phoshate buffer, pH 7.4. GSH concentra-
tion was measured as described by Griffith [27]. 

Susceptibility to oxidative stress
Response to oxidative stress was determined as previ-
ously described [28]. Briefly, several dilutions of the mi-
tochondrial suspensions in the protein concentrations
range 20–0.005 mg/ml were prepared with 15 mM Tris
(pH 8.5). The assays were performed in microtiter plates.
Enhanced chemiluminescence reactions were initiated by
addition of 250 µl of the reaction mixture to 25 µl of the
samples. The reaction mixture was obtained by dissolv-
ing a tablet containing substrate in excess (sodium perbo-
rate) and signal-generating reagents (sodium benzoate,
indophenol, and luminol) (Amerlite Signal Reagent
Tablets) in buffer at pH 8.6 (Amerlite Signal Reagent
Buffer). The plates were incubated at 37°C for 30 s under
continuous shaking and then transferred to a lumines-
cence analyzer (Amerlite Analyzer). The emission values
were fitted to dose-response curves using the statistical
facilities of the Fig.P graphic program (Biosoft). 

Mitochondrial swelling and transmembrane electrical
potential
Mitochondrial swelling was spectrophotometrically mea-
sured by determining the apparent absorbance at 540 nm
in a medium containing 125 mM sucrose, 65 mM KCl, 
10 mM Hepes, pH 7.2, 2 mM succinate, 4 mM Rot, 
0.3 mg mitochondrial protein/ml, 100 mM Ca2+, and 1 mM
EGTA or 1 mM cyclosporin A (CSA) where indicated.
The mitochondrial membrane potential (DY) was esti-
mated through fluorescence changes of safranine (8 mM),
recorded on the Jasko fluorometer (excitation wavelength
495 nm, emission wavelength 586 nm) in a medium con-
taining 125 mM sucrose, 65 mM KCl, 10 mM Hepes, pH
7.2, 2 mM succinate, 6 mM rotenone, 0.3 mg mitochon-
drial protein/ml reaction mixture, 100 mM Ca2+. DY was

calculated according to Åkerman and Wikström [29] us-
ing a calibration curve obtained by incubating mitochon-
dria in a medium containing 200 mM sucrose, 10 mM
Hepes, pH 7.2, 6 mM rotenone, 0.38 mM EDTA, 8 mM
safranine, 38.5 ng/ml valinomycin, and KCl at concentra-
tions from 0 to 0.96 mM. 

Statistical analysis
The data obtained in eight different experiments were ex-
pressed as mean ± SE. Statistical analysis was performed
using one-way or two-way analysis of variance as appro-
priate. When a significant F ratio was found, the Student-
Newman-Keuls multiple-range test was used to deter-
mine the statistical significance of differences between
individual means. Probability values (p) < 0.05 were con-
sidered significant. 

Results

Thyroid state assessment
The thyroid state was documented by modifications in (i)
the heart weight/body weight (HW/BW) ratio, (ii) the
resting metabolic rate, and (iii) the plasma levels of FT3

and TT3 (table 1). While body weight was not signifi-
cantly affected by cold exposure, the heart weight in-
creased so that CE10 rats exhibited a HW/BW ratio in-
creased in comparison to the controls. The RMR and
plasma levels of FT3 and TT3, were significantly in-
creased after 2 days of cold exposure and did not undergo
further increases after a further 8 days of such exposure.

COX activity
COX activities in homogenates and the whole mitochon-
drial population were significantly increased by 2 days of
cold exposure. Further increases were induced by 10 days
of cold exposure (table 2).
In all groups, the enzyme activity was higher in the M1

and lower in the M10 fraction. Furthermore, COX activity
increased in the M1 and M3 mitochondria after 2 days and
in M10 mitochondria after 10 days of cold exposure. 

Mitochondrial protein content
The ratio between the COX activities in liver homoge-
nates and the whole mitochondrial fraction supplied a
rough estimate of the hepatic content of mitochondrial
proteins. The 2-day cold exposure was associated with an
increase in such a content, whereas the 10-day exposure
did not induce any further significant increase (fig. 1, up-
per panel).
The percentage content of the M10 fraction proteins in the
mitochondrial population, which was the least abundant,
was not significantly different in the various groups. Con-
versely, the content of the M1 proteins, which was the
highest in controls animals, decreased significantly dur-
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ing cold exposure and became lower than the content of
the M3 fraction (fig. 1, lower panel). 

Lipid peroxidation and protein-bound carbonyls 
In all mitochondrial fractions from 10-day cold-exposed
rats, hydroperoxide levels were higher than control val-
ues. Similar results were obtained for protein carbonyls.
However, in M1 and M10 fractions, protein carbonyl levels
were already significantly higher after 2 days cold expo-
sure (fig. 2). 
The extent of the oxidative reaction of lipids and proteins
was generally greater in the M1 than in the M3 and M10

fractions. However, not all differences were significant
(fig. 2). 

Oxygen consumption
With succinate as the substrate, in the control group, the
M10 fraction exhibited the lowest rate of state 4 O2 con-
sumption, whereas in the other groups, this rate was not
significantly different in the three fractions. Moreover,
the respiratory rate of the M10 fraction was the only one
which underwent a gradual increase during cold expo-
sure. In all groups, the state 3 respiration rate was the
highest and lowest in the M1 and M10 fractions, respec-
tively, and increased after 10 days cold exposure only in
the M1 fraction (table 3).
With pyruvate/malate as substrates, there were no differ-
ences in state 4 respiratory rates among groups, whereas

there was a difference between the M1 and M10 fraction in
the control group. The state 3 respiratory rates, which, in
all groups, exhibited the highest values in the M1 fraction
and the lowest values in the M10 fraction, were not affect-
ed by cold exposure (table 3). 

H2O2 release
In the presence of succinate, in both C and CE10 groups,
the rates of H2O2 release during state 4 and state 3 respi-
ration were significantly higher in M1 than in other frac-
tions, whereas in the CE2 group, differences were not
found between M1 and M3 fractions in state 3. Cold ex-
posure increased the above rates during basal and stimu-
lated respiration, after 10 days, in M1, and, after 2 days, in
M3 fractions. Moreover, in the M10 fraction, cold expo-
sure increased release rates, after 2 days, during basal res-
piration, and, after 10 days, during stimulated respiration
(table 4).
An almost similar pattern was found when pyruvate and
malate were used as the substrates, but cold exposure did
not affect H2O2 release rates by any fraction during stim-
ulated respiration (table 4). 

Effect of inhibitors on H2O2 release
As shown in table 5, in all groups and fractions the succi-
nate-supported H2O2 release rates were lowered by Rot
and increased sometimes by further addition of AA.
Moreover, inhibitor presence sometimes affected both

Table 1. Indicators of thyroid state in control and cold-exposed rats.

Parameters Groups

C CE2 CE10

HW/BW (mg/g) 2.45±0.04 2.85±0.06a 3.14±0.08a,b

RMR (l O2/min per kilogram BW) 1.49±0.05 2.24±0.10a 2.36±0.06a

TT3 (ng/dl) 57 ±6 140 ±12a 128 ±7a

FT3 (pg/dl) 308 ±30 550 ±39a 525 ±26a

Values are the mean ± SE of eight different experiments. HW/BW, heart weight/body weight; RMR, resting metabolic rate; TT3 and FT3,
serum level of total and free triiodothyronine, respectively. a Significant vs C rats; b significant vs CE2 rats. The level of significance 
was chosen as p < 0.05.

Table 2. Effect of cold exposure on COX activity of mitochondrial fractions from rat liver.

Preparation Groups

C CE2 CE10

Homogenate 73.7 ±1.6 114.5 ±6.2a 134.1 ±6.90a,b

Mw 1.02±0.05 1.22±0.04a 1.32±0.02a,b

M1 1.23±0.08 1.48±0.06a 1.57±0.07a

M3 1.01±0.06c 1.19±0.11a,c 1.28±0.01a,c

M10 0.41±0.04c,d 0.46±0.02c,d 0.69±0.07a,b,c,d

Data represent the mean ± SE of eight experiments. COX activity is expressed as mmol O/min per gram for liver and mmol O/min per 
milligram protein for mitochondria. a Significant vs C rats; b significant vs CE2 rats; c significant vs M1 fraction; d significant vs 
M3 fraction. The level of significance was chosen as p < 0.05.
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Figure 1. Effect of cold exposure on mitochondrial protein content
(upper panel) and protein distribution among mitochondrial frac-
tions (lower panel) in rat liver. Preparations from control (C), 2-day
cold-exposed (CE2), and 10-day cold-exposed (CE10) rats. Data rep-
resent the mean ± SE of eight experiments. a Significant vs C rats; 
b significant vs CE2 rats; c significan vs M1 fraction; d significant vs
M3 fraction. The level of significance was chosen as p < 0.05.

Figure 2. Effect of cold exposure on oxidative damage of mito-
chondrial fractions. Hydroperoxides (upper panel) are expressed as
pmol NADPH/min per milligram protein. Protein-bound carbonyls
(lower panel) are expressed as nmol/mg protein. Preparations from
control (C), 2-day cold-exposed (CE2), and 10-day cold-exposed
(CE10) rats. Data represent the mean ± SE of eight experiments. 
a Significant vs C rats; b significant vs CE2 rats; c significant vs M1

fraction. The level of significance was chosen as p < 0.05.

Table 3. Effect of cold exposure on oxygen consumption of mitochondrial fractions from rat liver.

Group Fraction Succinate Pyruvate/malate

state 4 state 3 RCR state 4 state 3 RCR

C M1 34.8±1.3 246.7±13.0 7.5±0.7 10.3±0.7 32.2±1.9 3.2±0.3
M3 31.7±2.0 196.4±4.5c 6.3±0.4 9.4±0.6 26.1±0.9 3.3±0.3
M10 20.4±1.5c,d 71.1±6.5c,d 2.7±0.1 7.0±0.5c 15.5±0.7c,d 1.9±0.1

CE2 M1 35.1±2.4 256.2±10.7 7.5±0.6 9.1±1.2 34.3±1.6 3.0±0.3
M3 29.1±2.1 196.0±10.6c 6.3±0.5 9.4±0.8 29.2±1.1 2.9±0.3
M10 28.2±1.9a 70.7±2.6c,d 2.1±0.2 8.4±1.1 16.3±1.3c,d 1.8±0.1

CE10 M1 37.7±1.5 276.1±11.1a 8.0±0.5 10.8±0.8 36.7±2.5 3.0±0.1
M3 31.9±1.8 196.9±4.5c 6.7±0.3 10.4±0.4 28.7±1.5c 3.0±0.2
M10 38.3±3.2a,b 68.2±6.3c,d 1.7±0.2 9.3±0.8 14.2±1.4c,d 1.8±0.2

Data represent the mean ± SE of eight experiments. Oxygen consumption rates are expressed in nmol O/min per milligram protein. 
a Significant vs C rats; b significant vs CE2 rats. c significant vs M1 fraction; d significant vs M3 fraction. The level of significance was 
chosen as p < 0.05.
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fraction and treatment-linked differences. Thus, in the
presence of Rot, in C and CE2 groups, the rates of H2O2

release became significantly different in M1 and M3 frac-
tions, whereas there was no difference in the M3 and M10

fractions from the CE2 group. Cold exposure increased
such rates in the M3 fraction already after 2 days. In the
presence of AA, for both the CE10 and the CE2 group,
there were no differences between the three mitochon-
drial fractions. 

Pyruvate/malate-supported H2O2 release rates were
strongly increased by addition of AA whereas they were
slightly increased by Rot addition. Even in this case, the
cold and fraction-linked effects on the release rates in the
presence of the inhibitors were sometimes different from
those found in the presence of the substrate alone. Thus,
in the presence of AA, the rates of H2O2 release were not
different in the M1 and M3 fractions from the C and CE10

groups and in the M3 and M10 fractions from the CE10

Table 4. Effect of cold exposure on H2O2 release by succinate and pyruvate/malate-supplemented mitochondrial fractions from rat liver.

Fraction Substrate and additions Group

C CE2 CE10

M1 succinate 119.6±4.3 121.1±1.6 134.7±5.3a,b

succinate + ADP 68.6±4.1 69.1±2.2 78.2±2.2a,b

pyruvate/malate 259.2±1.5 264.3±3.8 283.0±4.4a,b

pyruvate/malate + ADP 172.5±1.3 177.5±1.1 181.1±7.3

M3 succinate 81.1±1.1c 109.1±1.7a,c 120.1±1.1a,b,c

succinate + ADP 53.2±0.9c 63.3±4.1a 66.4±1.7a,c

pyruvate/malate 239.9±4.4c 257.3±1.9a 263.0±1.8a,c

pyruvate/malate + ADP 164.7±1.8 172.6±2.5 168.3±3.5c

M10 succinate 60.7±1.7c,d 102.0±1.0a,c 113.0±1.7a,b,c

succinate + ADP 37.0±1.1c,d 41.5±2.4c,d 52.0±2.1a,b,c,d

pyruvate/malate 193.3±4.7c,d 205.8±1.7a,c,d 210.4±7.4a,c,d

pyruvate/malate + ADP 154.3±2.5 157.1±1.2c,d 161.3±2.7c

Data represent the mean ± SE of eight experiments. H2O2 release rates are expressed in pmol/min per milligram protein. a Significant vs 
C rats; b significant vs CE2 rats; c significant vs M1 fraction; d significant vs M3 fraction. The level of significance was chosen as p < 0.05.

Table 5. Effect of inhibitors on H2O2 release by liver mitochondrial fractions from control and cold exposed rats.

Fraction Substrate and additions Group

C CE2 CE10

M1 succinate (succ) 170.3±2.4 164.1±1.7 185.4±1.7a,b

succ + Rot 116.2±4.5 * 118.5±0.8 * 133.1±3.8a,b, *
succ + Rot +AA 875.9±4.7 * 919.0±12.5 * 934.7±29.3 *
pyruvate/malate (pyr/mal) 258.7±0.7 265.3±3.1 284.9±2.7a,b

pyr/mal + AA 949.3±6.0 * 973.1±2.8 * 973.9±9.2 *
pyruvate/malate 258.8±1.1 263.2±3.0 282.0±5.8a,b

pyr/mal + Rot 304.1±2.3 * 308.9±12.5 * 308.1±4.6 *

M3 succinate 154.8±2.8 154.7±1.7 154.0±3.2c

succ + Rot 82.9±2.2c, * 108.8±1.9a,c, * 119.2±1.8a,b,c *
succ +Rot + AA 854.2±14.6 * 884.2±24.3 * 894.3±15.4 *
pyruvate/malate 235.8±4.3c 259.0±1.5a 267.4±2.4a,c,

pyr/mal + AA 921.9±21.0 * 926.0±7.0 * 938.0±18.0 *
pyruvate/malate 238.2±6.2c 258.8±1.7a 265.7±2.4a,c

pyr/mal + Rot 269.9±2.9c, * 283.2±1.8c, * 280.2±5.0c, *

M10 succinate 115.4±0.9c,d 128.1±2.5a,c,d 159.5±11.6a,b,c

succ + Rot 60.6±1.7c,d, * 102.2±1.0a,c, * 112.5±1.2a,b,c *
succ + Rot + AA 777.5±19.8c,d, * 874.4±14.7a, * 886.1±11.7a, *
pyruvate/malate 192.8±3.8c,d 207.3±1.3a,c,d 209.4±4.6a,c,d

pyr/mal + AA 821.8±9.1c,d, * 865.7±10.9a,c,d, * 892.7±16.1a,c, *
pyruvate/malate 190.5±4.5c,d 202.1±0.8a,c,d 210.3±4.1a,c,d

pyr/mal + Rot 221.1±10.2c,d, * 236.8±0.8c,d, * 235.7±5.7c,d, *

Data represent the mean ± SE of eight experiments. H2O2 release rates are expressed in pmol/min per milligram protein. a Significant vs 
C rats; b significant vs CE2 rats; c significant vs M1 fraction; d significant vs M3 fraction. * Significant effect of the last inhibitor added vs
mitochondria under the same conditions without that inhibitor. The level of significance was chosen as P < 0.05.
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group. Cold exposure did not increase such rates in the
M1 and M3 fractions. In the presence of Rot, differences
were found between the release rates in M1 and M3 frac-
tions from the CE2 group, and cold exposure did not in-
crease the rates in any fraction. 

Capacity to remove H2O2

The capacity of the three fractions to remove H2O2 was
not affected by cold exposure, whereas, in all treatment
groups, it was not significantly different in the M1 and M3

fractions and was lower in the M10 fraction (fig. 3). 

Antioxidants
In all groups, the vitamin E content was lower in the M1

fraction. Moreover, the vitamin E content was increased in
all fractions after 2 days and underwent a further increase
in M1 and M3 fractions after 10 days of cold exposure.
Coenzyme Q9 levels reached a higher value already after 2
days cold exposure in M1, whereas they increased progres-
sively in the M3 fraction and were high only after 10 days
in the M10 fraction. Moreover, coenzyme Q9 levels, which
were not significantly different in the fractions from C rats,
were lower in the M10 fraction after 2 days and in M1 and
M10 fractions after 10 days of cold exposure. The coen-
zyme Q10 levels increased after 10 days cold exposure in
all fractions, reaching the highest value in the M10 fraction.
The levels of GSH, which were lower in the M10 fraction,
were decreased in all fractions by 2 days and restored to
control values by 10 days cold exposure (table 6).

Response to oxidative stress
The relationship between light emission (E) and protein
concentration (C) of mitochondria stressed by sodium
perborate (fig. 4) was described by the same equation 
[E = a C/exp(b C)] used in previous studies [8, 28]. In this
equation, the a value depends on the concentration of

substances, such as the cytochromes, able to react with
H2O2 to produce the HO∑ radicals inducing the lumines-
cent reaction. The b value depends on the concentration
of substances able to prevent the formation or interacting
with HO∑ radicals, thus reducing the levels of light emis-
sion. The emission maximum (Emax = a/e b) can indicate
the susceptibility of the preparations to oxidative chal-
lenge [28]. The curves in figure 4 show that the suscepti-
bilities of the mitochondrial fractions from C rats were
the lowest and cold-induced increases in such suscepti-
bilities depended on the period of cold exposure. These
qualitative evaluations are confirmed by the Emax values
reported in table 7. Examination of the parameters char-
acterizing light emission shows that differences in the

Figure 3. Effect of cold exposure on the capacity of mitochondrial
fractions to remove H2O2. The capacity to remove H2O2 is expressed
as equivalent concentration of desferrioxamine (nmol/mg protein).
Preparations from control (C), 2-day cold-exposed (CE2), and 
10-day cold-exposed (CE10) rats. Data represent the mean ± SE of
eight experiments. c Significant vs M1 fraction. The level of signif-
icance was chosen as p < 0.05.

Table 6. Effect of cold exposure on antioxidant levels of mitochondrial fractions from rat liver.

Fraction Parameters Groups

C CE2 CE10

M1 Vit E 0.24±0.01 0.31±0.02a 0.39±0.02a,b

CoQ9 1.41±0.05 1.92±0.04a 2.18±0.12a

CoQ10 0.15±0.01 0.18±0.02 0.24±0.01a

GSH 15.2 ±0.4 12.5 ±0.7a 16.7 ±0.4b

M3 Vit E 0.34±0.02c 0.42±0.02a,c 0.48±0.02a,b,c

CoQ9 1.73±0.06 2.29±0.10a 2.61±0.15a,b,c

CoQ10 0.19±0.01 0.26±0.02 0.31±0.03a,c

GSH 16.6 ±0.6 13.9 ±0.6a 18.3 ±1.2b

M10 Vit E 0.34±0.02c 0.49±0.03a,c,d 0.51±0.02a,c

CoQ9 1.51±0.10 1.54±0.06c,d 1.83±0.13a,b,d

CoQ10 0.23±0.02c 0.25±0.02 0.37±0.03a,b,c,d

GSH 10.8 ±0.6c,d 8.8 ±0.6a,c,d 12.5 ±0.7b,c,d

Data represent the mean ± SE of eight experiments. Vitamin E (Vit E), coenzyme Q10 (CoQ10), coenzyme Q9 (CoQ9), and GSH levels
are expressed in nmol/mg protein. a Significant vs C rats; b significant vs CE2 rats;c significant vs M1 fraction; d significant vs M3 fraction.
The level of significance was chosen as p < 0.05.
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Figure 4. Response to oxidative stress in vitro of mitochondrial
fractions from rat liver. The susceptibility to stress was evaluated by
determining the variations with concentrations of light emission
from a luminescent reaction. Emission values are given as percent-
age of an arbitrary standard (44 ng/ml peroxidase). The curves are
computed from experimental data using the equation: E = a C/exp
(b C). Preparations from control (C) (solid lines), 2-day cold-ex-
posed (CE2) (dashed lines), and 10-day cold-exposed (CE10) (dotted
lines) rats. One representative experiment of eight similar experi-
ments is shown.

Figure 5. Effect of cold exposure on Ca2+-induced swelling (A) and
membrane potential dissipation (B) of mitochondrial fractions from
control (C), 2-day cold-exposed (CE2) and 10-day cold-exposed
(CE10) rats. Swelling of mitochondrial preparations (0.3 mg/ml)
was monitored as decrease of the absorbance at 540 nm in a stan-
dard medium containing 100 mM Ca2+ and was expressed as percent
of the initial value before Ca2+ addition. Membrane potential (DY)
of mitochondrial preparations (0.3 mg/ml) was estimated through
fluorescence changes of safranin (8 mM) (excitation wavelength
495 nm, emission wavelength 586 nm) in a standard medium con-
taining 100 mM Ca2+. DY was calculated using a suitable calibration
curve. The decrease of DY for each preparation was expressed as
percent of the initial value before Ca2+ addition. The initial values
of absorbance of preparations from control (C) rats were 0.92 ±
0.04, 0.84 ± 0.02, and 0.54 ± 0.04 for M1, M3, and M10 fractions, re-
spectively, those of preparations from 2-day cold-exposed (CE2)
rats were 0.87 ± 0.03, 0.85 ± 0.02 , and 0.46 ± 0.04 for M1, M3, and
M10 fractions, respectively, those of preparations from 10-day cold-
exposed (CE10) rats were 0.85 ± 0.04, 0.80 ± 0.02, and 0.35 ± 0.03
for M1, M3, and M10 fractions, respectively. Initial values of DY of
mitochondrial fractions from control (C) rats were 188.4 ± 10.5 mV,
171.5 ± 10.6 mV, and 76.8 ± 6.3 mV for M1, M3, and M10 fractions,
respectively, those of preparations from CE2 rats were 174.2 ± 9.4
mV, 164.0 ± 10.1 mV, and 65.4 ± 6.2 mV for M1, M3, and M10 frac-
tions, respectively, those of preparations from CE10 rats were 170.9
± 9.3 mV, 151.1 ± 9.9 mV, and 61.9 ± 5.8 mV, for M1, M3, and M10

fractions, respectively. Data represent the mean ± SE of eight ex-
periments. a Significant vs C preparations; b significant vs CE2

preparations; c significant vs M1 fraction; d significant vs M3 frac-
tion. The level of significance was chosen as p < 0.05.
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emission curves and in the emission peak are imputable
to increases in a values and decreases in b values. The in-
creases in a values were generally consistent with the in-
creases in COX activities, whereas there was no similar
concordance between the changes in b values and those in
antioxidant levels. This is due to both the lack of correla-
tion among the mitochondrial levels of the individual an-
tioxidants and the b value dependence on the concentra-
tion of substances lacking in conventional antioxidant ac-
tivity [30].

Mitochondrial swelling and membrane potential 
dissipation
As shown by the absorbance changes in figure 5, in all
groups, the extent of Ca2+-induced swelling was higher in
the M1 and lower in the M10 fractions. Moreover, the
swelling was significantly increased only in the M3 frac-
tion after 2 days and in all fractions after 10 days of cold
exposure. Mitochondrial swelling was drastically reduced
by CSA or EGTA (unreported results), pointing to the
role played by the permeability transition pore. Further-
more, Ca2+-induced swelling was preceded by a rapid de-
cline in the membrane potential (DY) whose dependence
on fraction and treatment was similar to that of the
swelling (fig. 5).

Discussion

Although the liver contributes to increased oxygen up-
take in cold-exposed rats [31, 32], the increase in tissue
oxygen consumption is not associated with similar
changes in mitochondrial respiration [15, 33, 34]. Such
results are consistent with our present finding that cold-
induced increases in state 4 and state 3 respiration rate oc-
cur only in the M10 and M1 fraction, respectively. 
However, other findings of the present work show that the
changes in both functional and biochemical characteris-

tics of the three mitochondrial fractions constitute an ad-
equate response to stress imposed on the liver by cold ex-
posure.
First, we found that the percentage content of the M1 frac-
tion, provided with the highest oxidative capacity, is de-
creased by cold exposure in apparent contrast with the
observation that the specific oxidative capacities of both
the overall mitochondrial population and the tissue in-
crease. In fact, the higher oxidative capacity of the mito-
chondrial population is due to the cold-induced enhance-
ment in oxidative capacity in all fractions, whereas that of
the tissue is also due to enhancement of the mitochondrial
protein content. This suggests that the enhanced meta-
bolic capacity of the liver is mainly due to a proliferation
of mitochondria which, despite their increased oxidative
capacity, do not exhibit a higher oxygen consumption.
The above proliferation also compensates the reduction
in the percentage content of the M1 fraction provided with
the highest respiratory activity. Increased metabolic ac-
tivity of the liver could also be obtained through an in-
crease in the amount of the M1 fraction, without resorting
to two changes energetically expensive for hepatic cells,
such as acceleration of the synthesis of mitochondrial
proteins and the turnover of the metabolically more active
fraction. It is, therefore, conceivable that the liver re-
sponse to cold exposure offers other advantages charac-
terized by greater adaptive value.
Within mitochondria, H2O2 rises by dismutation of the su-
peroxide anion radical, which is generated by one-elec-
tron autoxidation of electron carriers at a Fe-S centre of
complex I [35] or at the segment between NADH dehy-
drogenase and ubiquinone/cytochrome b of complex III
[36]. H2O2 can be released in the cytoplasm and con-
verted to ∑OH radicals, which play a major role in deter-
mining the extent of tissue oxidative damage.
Both previous [8] and the present results show that M1

mitochondria release H2O2 at the highest rate and, there-
fore, in control rats they supply a major contribution to

Table 7. Effects of cold exposure on parameters characterizing the response to oxidative stress of mitochondrial fractions from rat liver.

Fraction Parameter Group 

C CE2 CE10

M1 a 9.93±0.44 10.47±0.54 13.64±0.43a

b 0.66±0.02 0.57±0.03 0.51±0.03
Emax 5.5 ±0.4 6.8 ±0.6 9.8 ±0.6a,b

M3 a 7.41±0.44 8.21±1.11c 9.79±0.86c

b 0.96±0.07c 0.75±0.06a 0.71±0.04a

Emax 2.8 ±0.2c 4.0 ±0.3c 5.1 ±0.4a,c

M10 a 7.36±0.36 11.32±0.91a,c,d 11.83±1.00a

b 0.79±0.11d 0.68±0.07 0.51±0.01a

Emax 3.0 ±0.3c 6.1 ±0.7a,d 8.5 ±0.8a,b,d

Data are the mean ± SE of eight experiments. For explanation of symbols see text. The relation between light emission and protein con-
centration of mitochondria is described by the equation: E = a C/exp(b C). a Significant vs C rats; b significant vs CE2 rats; c significant 
vs M1 fraction; d significant vs M3 fraction. The level of significance was chosen as p < 0.05. 
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oxidative damage of hepatocytes. Because cold exposure
produces some increase in H2O2 release rate, which re-
mains higher in the M1 fraction, the reduction in the rela-
tive amount of such a fraction limits liver oxidative dam-
age in cold-exposed rats.
The mechanisms underlying the cold exposure-induced
changes in rates of H2O2 release by M1 and M3 mitochon-
dria seem to differ from those operative in M10 mitochon-
dria. Because cold exposure does not modify the capacity
of mitochondrial fractions to remove H2O2, cold-linked
increases in H2O2 release rates reflect increases in H2O2

production rates. In intact mitochondria, such rates are re-
lated to the concentration of autoxidizable electron carri-
ers in the reduced form [37]. Cold exposure increases
COX activity and coenzyme Q content in all mitochondr-
ial fractions, but it also produces different and temporally
oscillatory changes in cytochromes aa3, c+c1, and b from
rat liver mitochondria [38]. This indicates that the above
increases cannot be shared by other components of the
respiratory chain, including autoxidizable electron carri-
ers. On the other hand, possible cold-induced decreases in
the relative content of other electron carriers should re-
duce electron flow through the respiratory chain. If so,
the lack of changes in O2 consumption by M1 and M3 mi-
tochondrial fractions characterized by higher activity of
complex IV could be explained. Moreover, the reduced
electron flow should produce an increase in the reduction
degree of autoxidizable carriers even for want of in-
creases in their concentrations. Blocking the respiratory
chain with an inhibitor is known to increase both the re-
duction state of electron carriers on the substrate side of
the inhibitor and H2O2 production if the ROS generator is
located on that side. Thus, a partial block of the electron
flow through the respiratory chain, resulting from a de-
crease in electron carrier level, should have effects simi-
lar to those produced by in vitro of treatment mitochon-
drial with small amounts of an inhibitor able to produce
increased ROS production. Support for this idea is ob-
tained by analyzing the effects of respiratory inhibitors on
H2O2 release. Addition of antimycin increases both succi-
nate- plus Rot- and pyruvate/malate-supported H2O2 pro-
duction, because the electron carriers located between the
substrate side and cytochrome b-560 become completely
reduced. Accordingly, antimycin stimulation of H2O2 pro-
duction occurring at complexes I and III (with pyru-
vate/malate) is higher than that occurring only at complex
III (with succinate + Rot). On the other hand, with any
substrate, in the presence of antymicin, and with pyru-
vate/malate, in the presence of Rot, the cold-linked stim-
ulation of H2O2 release, which is found in the M10 frac-
tion, is lacking in the M1 and M3 fractions. This indicates
that cold exposure produces significant enhancement in
rates of H2O2 production by the lightest fraction increas-
ing its levels of autoxidizable electron carriers. Con-
versely, the increases in rates of H2O2 generation by the

heavier fractions are due to an increased reduction degree
of such carriers. If so, the cytochromes c+c1, which are
located on the oxygen side of the autoxidizable carriers
and exhibit lower levels in liver mitochondria after 2 and
10 days of cold exposure [38], could be responsible for
the block of the respiratory chain. However, one cannot
exclude the possibility that a further block of respiration
at the complex I level could also explain the unchanged
rate of pyruvate/malate-supported respiration in cold-ex-
posed rats.
Analysis of characteristics affecting susceptibility to ox-
idative damage of mitochondrial fractions allows us to
propose a mechanism for the cold-induced decrease in
the percentage content of the heavy mitochondrial frac-
tion. Mitochondria are both the main site of production
and the main target of ROS, so that changes in ROS pro-
duction result in changes in the damage to mitochondrial
components. Accordingly, in cold-exposed rats, lipid and
protein oxidative damage undergoes a generalized in-
crease, remaining greater in the M1 fraction which ex-
hibits a higher H2O2 generation rate than the other frac-
tions. The above increase is not associated with a de-
crease in low-molecular-weight scavenger levels, except
for a transitory fall in GSH levels, which could be due to
an early incapacity of the mitochondrial transport system
for GSH to compensate its consumption. 
Of course, measurement of selected antioxidants pro-
vides limited information regarding the antioxidant sta-
tus of biological preparations. Moreover, other biochem-
ical characteristics of the mitochondria, such as polyun-
saturated fatty acids (PUFAs) and iron ligand content,
determine their susceptibility to oxygen radicals. The
levels of PUFAs in membrane phospholipids affect the
extent of oxidative damage because of the high content
of weakly bound allylic hydrogens. Accordingly, recent
results suggest that enhancement of the synthesis of
lipids highly susceptible to oxidative attack contributes
to increased lipid peroxidation in tissues from cold-ex-
posed rats [14]. 
The mitochondrial content of Fe2+ complexes affects ox-
idative damage of membrane lipids [39, 40] through con-
version of H2O2 into HO∑ radicals via the Fenton reaction.
The H2O2 breakdown on iron chelated by proteins can
also lead to oxidative modification of such macro-
mulecules [41], because HO∑ radicals, formed at the point
of metal binding, can interact with the ligand, giving rise
to site-specific damage [42]. 
A convenient approach to show possible cold-induced
changes in the mitochondrial content of iron Fe2+ com-
plexes is to challenge mitochondrial preparations with
hydrogen peroxide, using light emission, resulting from
the interaction between HO∑ radicals and detector mole-
cules, as an index of oxidative damage. 
Our results show that susceptibility of mitochondrial
fractions to oxidative challenge is higher in cold-exposed
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than in control rats. The changes, which are mainly due to
increased Fe2+ complex content, are particularly remark-
able in the M10 fraction. This suggests that after cold ex-
posure, the M10 fraction contains a greater amount of
damaged, uncoupled mitochondria coming from the
degradation of M1 mitochondria. This idea is supported
by the increase in succinate-supported state 4 respiration,
COX activity, and liposoluble antioxidant content of the
M10 fraction. Further support is supplied by the results
obtained challenging mitochondrial preparation with
Ca2+ loads in vitro. 
In the presence of Ca2+, oxidative alterations of mito-
chondrial inner membrane protein thiols results in CSA-
inhibitable mitochondrial swelling and a fall in the mito-
chondrial membrane potential, mediated by an inner
membrane permeabilization referred to as the MPT [43].
In all groups, Ca2+-loaded mitochondria of the M1 and
M10 fractions exhibit the highest and the lowest swelling,
respectively. Moreover, the value of the absorbance of the
M10 fraction before the addition of Ca2+ is 58.7% of the
value of the M1 fraction in control rats, and 41.2% in CE10

rats. This suggests, that, beside light mitochondria en-
dowed with a low susceptibility to permeabilization, the
M10 fraction contains disrupted mitochondria coming
from the M1 fraction, which have reached a high degree
of swelling and low membrane potential, and the amounts
of such mitochondria in the light fraction increase after
cold exposure. 
Of course, mechanical damage, during tissue homoge-
nization, may have led to transfer of more fragile M1 mi-
tochondria to the light fraction. However, generation of
light mitochondria during homogenization should ex-
plain only a part of the mitochondrial subpopulation re-
distribution, because rat liver mitochondria appear
swollen in situ after cold exposure [44]. Moreover,
swelling in situ of liver mitochondria is found in another
condition leading to oxidative stress, i.e., exercise [44],
which also decreases the amount of heavy mitochondria
and increases that of damaged mitochondria [45]. 
Thus, taken together our results support the idea that the
characteristics of the M1 mitochondria, i.e., a high capac-
ity to produce ROS and a high susceptibility to oxidants,
not only determine the extent of oxidative damage from
which they suffer, but also make them more susceptible to
modifications that result, finally, in their degradation. 
A last problem concerns the possible factors responsible
for the modulations of the characteristics of the mito-
chondrial population induced by rat exposure to low en-
vironmental temperature. Experimental hyperthyroidism,
elicited by T3 treatment, induces oxidative stress in the
liver [11], accelerated mitochondrial ROS generation [12,
13], and predisposes the tissue to free radical-mediated
oxidative damage, decreasing its antioxidant capacity
[11] and increasing the Fe2+ complex content [9, 11] and
degree of lipid unsaturation [46]. Such modifications are

similar to those found in the tissue from rats made func-
tionally hyperthyroid by 10 days of cold exposure [14,
15]. The observation that the cold-induced changes in
characteristics of the mitochondrial population are appar-
ent or greater after 10 day cold exposure [15] agrees with
the idea that modifications in mitochondrial protein mass
and function are late effects of the thyroid state alteration
[16, 17]. Therefore, we proposed that T3 brought about
the biochemical changes underlying tissue oxidative
damage found after 10 days of either cold exposure or T3

treatment. 
This idea is supported by the present results, which show
that the characteristics of the mitochondrial fractions are
modified by cold exposure in a time-dependent way
through mechanisms similar to those operative following
T3 treatment. In fact, mitochondria in the livers of hyper-
thyroid rats appear swollen in situ [47] and, when isolated,
they exhibit a high susceptibility to Ca2+-induced perme-
abilization of the inner membrane [48, 49] and contain
relatively low amounts of heavy mitochondria and high
amounts of damaged mitochondria [9]. In light of these
similar effects of cold exposure and T3 treatment on mi-
tochondria, T3 is conceivably  also responsible for ROS-
induced MTP-mediated mitopsosis, which, purifying the
mitochondrial population of ROS-overproducing mito-
chondria, limits liver oxidative damage in cold-exposed
rats. However, other biofactors whose levels can be mod-
ified by cold may also be involved. An intriguing possi-
bility, currently under study in our laboratory, is that thy-
roxine (T4) contributes to cold-induced changes in the mi-
tochondrial population. In fact, unlike T3 administration,
cold exposure increases serum levels of T4, which seem to
exert intrinsic biological activity in cold-exposed rats
[50]. 
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