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The mechanisms involved in the metabolic changes induced by cold stress in isolated rat liver mito-
chondria were studied. Respiration, ATP synthesis, and membrane potential as well as the contents of
several metabolites were determined in liver mitochondria from cold-exposed rats. At different times
of cold exposure, the force–flux relationships showed net variation in flux (enhanced respiration,
diminished ATP synthesis) with no associated variation in force (H+ gradient); this suggested that
decoupling rather than classical uncoupling was involved in the effects of cold stress. The flux control
coefficient of the H+ leak on basal respiration was slightly increased by 380 h of cold exposure. Cold
stress also induced a diminution intotal membrane fatty acids, Zn2+, Fe3+, ATP, and ADP/O ratios;
the content of cytochromesc+ c1 andb oscillated. The contents of Ca2+, Na+, Pi , and cytochromes
a+ a3 were not affected, whereas matrix ADP, AMP, K+, and Mg2+ were markedly increased. Basal
and oleic acid-stimulated respiration of mitochondria from cold-stressed rats was inhibited by GDP,
carboxyatractyloside, or albumin. These agents did not affect basal respiration in control mitochon-
dria. Western blot analysis showed enhanced expression of a protein of about 35 kDa, presumably the
uncoupling protein 2, induced by long-term cold exposure. The overall data suggest that cold stress
promoted decoupling of oxidative phosphorylation, and hence, changes in several matrix metabolites,
by increasingfreefatty acids and the UCP2 content.
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INTRODUCTION

During hibernation and in the awakening of the gr-
ound squirrel, the mitochondrial levels of free fatty acids
(FFA), and the activity of the respiratory chain in mitoch-
ondria from several tissues increase (Brustovestskyet al.,
1990, 1992, 1993); this brings about generation of heat.
In mitochondria, this phenomenon is accompanied by
lower ADP/O ratios and H+ gradients and, in con-
sequence, uncoupling of oxidative phosphorylation. In
skeletal muscle mitochondria, isolated from cold-exposed
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seal (Grav and Blix, 1979), pigeon, and mouse (Skulachev,
1991), the stimulated rate of respiration and the decreased
P/O ratio are restored by addition of albumin, suggest-
ing the presence of uncoupling levels of FFA in these
mitochondria.

The uncoupling of oxidative phosphorylation by
FFA involves, apparently, three steps: the diffusion
of protonated fatty acids across the mitochondrial in-
ner membrane, the subsequent dissociation of H+ into
the matrix milieu, and the return of the anionic fatty
acid to the external medium by a transport reac-
tion catalyzed by the adenine nucleotide translocator
(Brustovestskyet al., 1990, 1992, 1993). Accordingly,
the FFA-mediated activation of the respiratory chain is
inhibited by carboxyatractyloside (CAT), a specific in-
hibitor of the adenine nucleotide translocator, and albu-
min (Brustovestskyet al., 1990, 1992, 1993; Schonfeld,
1990).
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On the other hand, in the mitochondria from brown
adipose tissue (BAT), one of the major sites of ther-
mogenesis in mammals, significant amounts of uncou-
pling protein 1 (UCP1) have been detected. This protein
has a high protonophoric activity, which is inhibited by
GDP and activated by FFA (for reviews see Nicholls
and Locke, 1984; Ricquier and Bouillaud, 2000). In
consequence, BAT mitochondria exhibit high respira-
tory rates and negligible ATP synthesis, even in the ab-
sence of FFA. The addition of GDP restores the ability
of these mitochondria to drive energy-dependent reac-
tions, such as oxidative phosphorylation (Nicholls and
Locke, 1984) and Ca2+ uptake (Ch´avezet al., 1996) at
rates comparable to those of mitochondria from other tis-
sues. Several other UCPs have been detected in other
tissues, but the factors regulating their activity and ex-
pression are not well known (Ricquier and Bouillaud,
2000).

In rats, starvation, fat-rich diet, and extensive exer-
cise lead to significant elevation in oxygen uptake, and
diminution of cell ATP, ATP/ADP ratio, and the mitochon-
drial pH gradient in liver (Seitzet al., 1977; Soboll and
Stucki, 1985; Bodeet al., 1990). The liver of these experi-
mental animals also exhibits high levels of FFA and long-
chain acyl-CoA (Seizet al., 1977; Bakaratet al., 1982;
Bodeet al., 1990). Addition of fatty acids to perfused liv-
ers mimics the changes induced by fasting, fat-rich diet
and exercise (Scholzet al., 1984; Sobollet al., 1984).
Liver mitochondria, isolated from animals submitted to
starvation or physical exercise, show respiratory control
(i.e., enhanced basal respiratory rates) and ADP/O ratios
lower than those of mitochondria isolated from control
animals. The metabolic alterations are reversed by treat-
ment of mitochondria with serum albumin (Kluget al.,
1984).

In marked contrast to the above-mentioned stud-
ies, it has been reported that cold stress does not per-
turb the coupling of oxidative phosphorylation in rat
liver mitochondria (Aithal and Ramasarma, 1971; Mak
et al., 1983). This conclusion was based on the deter-
mination of the ADP/O ratio using only one oxidiz-
able substrate, and no measurements of ATP synthesis
and membrane potential were carried out. Therefore,
in this work the effect of cold exposure on respira-
tion, ATP synthesis, and membrane potential in rat
liver mitochondria was studied using different oxidiz-
able substrates. The membrane lipid composition and
the content of uncoupling protein 2 (UCP2), ions and
adenine nucleotides were also determined. The purpose
of these studies is to gain further information on the
biochemical mechanisms of adaptation to cold in liver
mitochondria.

MATERIALS AND METHODS

Animals

Female Wistar rats (200–250 g) were housed at 25◦C
with free access to food and water. Rats under cold treat-
ment were maintained at 4◦C for the times described in
each experiment with free access to food and water.

Mitochondria Preparation, Oxygen Uptake,
Membrane Potential, and ATP Synthesis

Coupled rat liver mitochondria (Moreno-S´anchez,
1985) were obtained after the indicated times of cold ex-
posure as previously described. O2 uptake using a Clark-
type O2 electrode (Moreno-S´anchez, 1985), incorporation
of 32Pi into ATP (De Meis and Carvalho, 1974; Moreno-
Sánchez, 1985), distribution of [3H]TPP+ (Moreno-
Sánchezet al., 1995), and matrix pH (Rodr´ıguez-Zavala
and Moreno-S´anchez, 1998) were measured by previously
described procedures. Mitochondrial and cellular protein
was determined by the biuret method in the presence of 1%
(w/v) sodium deoxycholate, using bovine serum albumin
as standard. To avoid interference in the protein determi-
nation by turbidity from glycogen, the tubes containing
the reaction mixture were centrifuged at 3000 rpm for
5 min prior to measuring absorbance; however, glycogen
turbidity did not alter the protein determination.

Determination of Total Fatty Acids

This was made following the procedure described by
Folch and Sloane-Stanley (1957). Aliquots of 10 mg mito-
chondrial protein were stored at−70◦C with 500µg butyl
hydroxytoluene (BHT) until use. After thawing, 1 ml BHT
in 0.02% (v/v) methanol, 60µg margaric acid (as stan-
dard), 1 ml 0.9% NaCl, and 2 ml chloroform were added
and mixed for 1 min. The suspension was centrifuged at
1600× g for 10 min at 4◦C. The organic phase was re-
covered and the aqueous phase was extracted two or three
times more with chloroform. The organic phase was de-
hydrated by addition of 1.5 g Na2SO4 anhydrous. The
solvent was evaporated under a stream of N2. For trans-
esterification of phospholipids and derivatization of free
fatty acids to methyl esters (Christie, 1989), dried samples
were mixed with 0.1 ml toluene, 2 ml methanol anhydrous,
and 0.04 ml sulfuric acid. This mixture was heated at 65◦C
for 2 h. Then, the samples were mixed with 1 ml 5% NaCl
and 2 ml hexane, and stirred vigorously, evaporated under
N2 stream, and stored at−72◦C until gas chromatography
(GC) analysis was carried out. The conditions for GC were
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198◦C, with H2 as carrier at a pressure of 0.5 kg cm−2.
The column used was CP SIL 8CB in a Carlo Erba (Chro-
mopack) instrument.

Content of Cytochromes

Absorbance difference spectra of mitochondria (2 mg
protein/ml) were carried out in a medium that contained
60 mM KCl, 10 mM MOPS, 0.25 mM EGTA, pH 7.2,
and 50% (v/v) glycerol. The baseline (oxidizedminusox-
idized) was recorded with the mitochondrial samples kept
under 100% O2 gassing during the acquisition of the spec-
trum. The reduction of the mitochondrial suspension in
the experimental cuvette by dithionite, allowed the mea-
surement of the reducedminusoxidized spectrum. The
absorbance difference between 605minus630 nm was
used for the calculations of the content of cytochrome
a+ a3, using an extinction coefficient of 26.4 mM−1 cm−1

(Inamotoet al., 1994). The mixture in the experimen-
tal cuvette was also reduced with 10 mM ascorbate
(+2 mM azide). The spectrum of ascorbate-reduced ver-
sus oxidized was used to calculate the content of cy-
tochromec1+ c, using the differences in absorbance
at 550 minus 540 nm and an extinction coefficient of
19 mM−1 cm−1 (Inamotoet al., 1994). To estimate the
content of cytochromeb, without the interference of cy-
tochromesc1+ c, the absorbance difference at 563mi-
nus578 nm in the spectrum of dithionite-reduced versus
ascorbate-reduced was measured; the extinction coeffi-
cient used was 17.9 mM−1 cm−1 (Inamotoet al., 1994).

Determination of the Matrix Ion Content

Thawed aliquots of mitochondria (10 mg protein),
previously washed with 0.25 M sucrose, 10 mM HEPES,
and 1 mM EGTA, pH 7.2, were digested by boiling in
0.5 ml of 99% (v/v) nitric acid for 2 h in ablock heater.
Metals were measured in the transparent digested solution
in an atomic absorption spectrophotometer (Pye-Unicam
SP 192).

Content of Adenine Nucleotides

A small piece of liver was quickly removed from
pentobarbital-anesthesized rats and immediately frozen in
liquid N2. After grinding in a cold mortar in a medium
that contained 1 mM EGTA, 1 mM DTT, and 0.2% (w/v)
albumin, pH 7.4, the tissue was mixed with 3% (w/v) per-
chloric acidplus 20 mM EDTA (Wanderset al., 1984).
Aliquots of freshly prepared mitochondria (10 mg protein)

were also treated with perchloric acid+EDTA. These
mixtures were centrifuged to remove denatured protein.
The supernatant was treated with a 1:1 mixture of 1,1,2-
trichlorotrifluoroethane and tri-n-octylamine, to remove
perchlorate (Khym, 1975). The neutralized samples were
used to determine ATP, ADP, and AMP by standard en-
zymic assays (Bergmeyer, 1983).

Western Blot Analysis

Immunodetection (Towbinet al., 1979) of UCP2 in
liver mitochondria was made by using a commercial an-
tibody developed against an amino terminus epitope of
human UCP2, which is conserved in the rat (Santa Cruz
Biotech., Cat. Num sc-6526). Briefly, 60µg of liver mito-
chondrial protein from control and cold-treated rats were
resolved by a 15% PAGE–SDS electrophoresis. There-
after, the proteins were electroblotted into a PVDF mem-
brane. The membrane was blocked by incubation with
5% nonfat milk in TBST (0.1 M Tris, 0.13 M NaCl,
0.1% Tween 20, pH 7.6) for 1 h at room temperature
and further incubated overnight at 4◦C with the UCP2
antibody (1:1000 dilution). After rinsing the membrane
twice with TBST for 15 min, a more stringent wash with
1 M NaCl TBST for 10 min was made, to ensure a high
antibody specificity. The membrane was then incubated
2 h with a donkey anti-goat secondary antibody coupled
to horseradish peroxidase (1:4000 dilution). The mem-
brane was washed again with TBST and UCP2 detec-
tion was performed by a chemiluminiscent reaction as
described by the manufacturer (ECL, Amersham). This
was followed by densitometric analysis of the detected
proteins.

RESULTS

Respiration and ATP Synthesis

Rats were exposed to cold (4◦C) for up to 1000 h.
At various times, liver mitochondria were prepared and
their State 4 (basal) and State 3 (ADP-stimulated) rates of
respiration were determined with 2-oxoglutarate (2-OG)
(Fig. 1A) and succinate in the presence of rotenone
(Fig. 1B) as substrates. With both substrates, mitochondria
from cold-exposed rats exhibited higher respiratory rates
than those from control animals. With 2-OG, three phases
were distinguished: an initial phase in the first 150 h, in
which respiration increased proportionally; thereafter, res-
piratory rates remained constant for about 200 h. This
phase was followed by a second increase in respiratory
rates (Fig. 1A). Similar patterns were observed with other
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Fig. 1. Effect of cold stress on respiratory rates of rat liver mitochondria. Mitochondria, iso-
lated from cold exposed rats for the indicated times, were incubated at a concentration of 1 mg
protein/ml at 34◦C. The incubation medium contained 120 mM KCl, 20 mM MOPS, 1 mM
EGTA, 2 mM K-phosphate, 1 mM MgCl2, pH 7.25, and 10 mM 2-oxoglutarate (A) or 5 mM
succinate+ 1µM rotenone (B). The basal rate of respiration was measured (triangles) for ap-
proximately 2 min; then, 0.2–0.5 mM ADP was added to generate State 3 respiration (squares).
Similar rates of basal respiration were obtained in the absence or in the presence of 1µM
oligomycin. The ADP/O ratios (circles) were calculated from the amount of ADP added in
nanomoles and the extra amount of nanogram atoms of oxygen consumed by addition of ADP.
The data shown represent the mean± SD of at least 15 different mitochondrial preparations.

NAD-linked substrates, such as 10 mM glutamate, 5 mM
pyruvate, 10 mM isocitrate, 10 mM citrate, 25µM
DL-palmitoyl-carnitine, and 50µM octanoate (+2 mM
malate) (data not shown). The ADP/O ratios significantly
diminished (p < 0.005) from 2.8 to 1.6 with 2-OG and
from 1.9 to 1.1 with succinate after 1000 h of cold stress
(Fig. 1). The respiratory control values diminished from

5 to 1.9 with 2-OG and from 5.6 to 2.8 with succinate
after 380 h of cold exposure. These results indicated
that cold stress affected respiration through a mechanism
that is not associated with stimulation of a specific en-
zyme or a metabolic pathway. Instead, the findings sug-
gest that cold induces classical uncoupling of oxidative
phosphorylation.
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When the latter possibility was explored, it was found
that the rate of ATP synthesis decreased by exposure to
cold. Cold exposure for 280 or 380 h induced a slight,
but significant diminution in ATP synthesis (p < 0.001)
with 2-OG as substrate (Fig. 2); with succinate the de-
crease in ATP synthesis was more severe after 48 h of
cold exposure. These changes in the rate of ATP synthesis
were accompanied by increases of six and two times in
the rate of respiration with 2-OG and succinate, respec-
tively (Fig. 2). Similar relationships to those obtained with
succinate were observed for glutamate, pyruvate, citrate,
isocitrate, palmitoyl-carnitine, and octanoate (+ malate)
(data not shown). It is noted, however, that in the first 24 h
of cold exposure, there was a significant stimulation of
oxidative phosphorylation with 2-OG (Fig. 2).

Surprisingly, the flow-force relationships revealed
that exposure to different times of cold exerted a negligible
effect on membrane potential, albeit there were significant

Fig. 2. Effect of cold stress on the respiration–ATP synthesis relationship. The rate of State 3 respiration was measured as
described in the legend to Fig. 1. In parallel experiments, the rate of ATP synthesis was determined by the incorporation
of 32Pi into ATP. Mitochondria were incubated in the medium described in Fig. 1, which also contained32Pi (1× 106

cpm/µmol), 10 mM glucose, 5 units hexokinase, and 10 mM 2-oxoglutarate (filled squares) or 5 mM succinate+1 µM
rotenone (unfilled squares). After 2 min, 1 mM ADP was added to initiate ATP synthesis, which was allowed to proceed
for 2 min; the reaction was stopped by addition of ice-cold 5% (w/v) trichloroacetic acid. Denatured protein was removed
by centrifugation; the supernatant was mixed with ammonium molybdate+ sulfuric acid to extract the remaining Pi

with n-butylacetate+ acetone (De Meis and Carvalho, 1974). The Cerenkov radiation of the washed aqueous phase was
measured. The data are mean± SD of six different mitochondrial preparations.

variations in ATP synthesis (Fig. 3A and B) and respira-
tion (Fig. 3C and D). The pH gradient, calculated from the
direct measurement of the matrix pH in BCECF-loaded
mitochondria, was lower than 0.1 in control mitochondria
and 0.14± 0.04 (n = 3) in cold-stressed mitochondria
under all conditions of Fig. 3. Taken together, these find-
ings indicated that, mechanistically, classical uncoupling
could not account for the effects of cold stress on liver
mitochondria.

Flux Control Coefficients

The effect of cold exposure on the control of res-
piration, the flux control coefficients of the respiratory
chain and the H+ leak was determined using the elasticity-
based analysis (Kacser and Burns, 1973; Groenet al.,
1986; Moreno-S´anchezet al., 1999). Parallel titrations of
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Fig. 3. Mitochondrial force-flux relationships under cold stress. The distribution of [3H]TPP+ across the inner mitochondrial
membrane was used to determine the difference of transmembrane electric potential of mitochondria isolated from rats
exposed to the indicated periods of cold. Mitochondria (2–3 mg protein/ml) were incubated at 34◦C in the same medium
described in Fig. 1 with 0.8µM [3H]TPP+ (60,000–70,000 cpm/nmol) and 10 mM 2-oxoglutarate (A and C) or 5 mM
succinate+ 1µM rotenone (B and D). After 5 min, 2 mM ADP was added. The reaction was stopped by fast centrifugation
in a refrigerated microcentrifuge. The radioactivity of the pellet and the supernatant was measured to calculate the membrane
potential of control and cold-stressed mitochondria, using the Nernst equation and the corrections for nonspecific binding
described by Rottenberg for rat liver mitochondria (Rottenberg, 1984). In parallel experiments with the same preparations,
the rates of respiration and ATP synthesis were measured as described in the legends to Figs. 1 and 2, respectively. The data
shown represent the mean± SD of three different mitochondrial preparations.



P1: GCQ/FOM

Journal of Bioenergetics and Biomembranes (JOBB) PP221-342368 July 19, 2001 20:21 Style file version Nov. 07, 2000

Decoupling Induced by Cold Stress 295

the rate of respiration and the membrane potential with
malonate or the uncoupler CCCP, in mitochondria from
control and 380 h cold-stressed animals, were made at
34◦C using succinate (+ rotenone) as substrate. The slopes
of the titration curves were used to calculate the elastic-
ity coefficients of the respiratory chain (εRC

1ψ ) and the H+

leak (εL
1ψ ) toward the membrane potential. This, in turn,

permits the estimation of the flux control coefficients by
using the connectivity (1) and summation (2) theorems of
the metabolic control analysis (Kacser and Burns, 1973;
Groenet al., 1986; Moreno-S´anchezet al., 1999).

εL
1ψCL + εRC

1ψCRC = 0 (1)

CL + CRC = 1 (2)

The flux control coefficients of the H+ leak (CL )
and the respiratory chain (CRC) were CL = 0.67± 0.1
(n = 5) andCRC = 0.33± 0.1 (5) for control mitochon-
dria and CL = 0.80± 0.09 (p < 0.05 versus control;
n = 5) andCRC = 0.20± 0.09 (n = 5) for 380 h cold-
stressed mitochondria.

Cold-induced Cytochrome and Metabolite Changes

After 48 h of cold stress, the content of cytochromes
c+ c1 andb decreased and that of cytochromesa+ a3 in-
creased (Table I). Thereafter, cytochromesa+ a3 returned
to basal levels, whereas the contents of cytochromesc+ c1

andb followed an oscillatory pattern. The content of cy-
tochromeb, however, reached a constant high level after

Table I. Cytochromes Content in Liver Mitochondria (pmol/mg Protein)
from Rats Exposed to Colda

Cold exposure (h) c+ c1 b a+ a3

0 (5) 203± 36 211± 8.5 87.5± 14
48 (5) 148± 27b 176.5± 17c 124± 10.5c

75 (10) 161± 10c 243± 11c 82± 20
96 (5) 167± 8.5d 132± 22.5c 72± 40

144 (5) 262± 30b 139.5± 28c 79± 17
216 (5) 121± 40e 286± 26c 90± 16
278 (10) 203± 18 262± 40b 100± 21
312 (5) 211± 9.5 286± 39c 90± 11.5
360 (5) 170± 15.5 177± 25b 91.5± 12
576 (5) 208± 10 220± 17 79.5± 15
672 (5) 139.5± 26b 119± 32c 57.5± 22.5d

aNumber of mitochondrial preparations assayed in parentheses. Values
are mean± SD. Student’st-test for nonpaired samples.

b p < 0.025 versus zero hours.
c p < 0.005.
d p < 0.05.
ep < 0.01.

216–312 h of exposure to cold. This implies that the sole
increase of respiratory rates cannot be due to an increase
in cytochrome content. The activities of cytochromec ox-
idase in liver homogenates at 30◦C (in ng atoms oxygen
mg protein−1 min−1) were 294± 22 (n = 5), 455± 29
(n = 5), and 280± 10 (n = 3) for control, 133 and 380 h
cold-stressed rats, respectively. Since the content of cy-
tochromesa+ a3 was not altered in isolated mitochon-
dria (Table I), the enhanced cytochromec oxidase activity
in the whole liver after 133 h of cold exposure suggests
an increase in the cellular number of mitochondria, which
returns to basal levels after 380 h.

The intramitochondrial contents of ATP and ADP
varied reciprocally during exposure to cold (Fig. 4). The
ATP/ADP ratio decreased, from an initial value of 1.0
to 0.1 after 350 h cold, indicating a diminished energy
state due to decoupling. The AMP content increased with
the time of cold exposure, but the total content of ma-
trix adenine nucleotides remained constant. Values of
the mitochondrial content of adenine nucleotides and
cytochromes, for control rat liver mitochondria, similar
to those reported here have been previously described
(Gellerforset al., 1981; Wanderset al., 1983; Inamoto
et al., 1994). The low mitochondrial energy state induced
by cold stress was accompanied by a lowering in the liver
content of ATP from 2.4± 1 to 0.16± 0.16 nmol/mg
protein (n = 3) in 360 h cold-stressed livers. Although
fast tissue removal and liquid N2 freezing might be an
ineffective procedure to prevent rapid changes in cellular
ATP, the ATP levels found here are comparable to values
obtained in liver tissue freeze-clamped with tongs pre-
cooled in liquid N2 (Inamotoet al., 1994). Thereby, these
ATP levels reflect the difference in the energy state of the
liver in the two conditions analyzed.

Exposure to cold diminished the content of total
(esterified plus free) fatty acids in the mitochondrial
membranes (Table II). In particular,αC18:3n-3 (γ -
linolenic acid) decreased severely (3 times) after
380 h cold (p < 0.005). However, the relationships of
palmitoleic/palmitic, oleic/stearic,γ -linolenic/linolenic,
and saturated/insaturated fatty acids were not signif-
icantly modified by cold stress. The only significant
decrease (p < 0.05) was for the araquidonic acid/dihomo-
γ -linolenic acid relationship after 380 h cold, from 22.8±
4.6 (5) to 14.5± 7.5 (5) (mean± SD; n).

Searching for other secondary changes induced by
cold stress, such as osmoregulatory perturbations, the con-
tent of several intramitochondrial ions was determined.
Ca2+ and Na+were not modified, Mg2+ and K+ increased,
and Zn2+, Fe3+, and inorganic phosphate decreased by
cold stress (Table III). Note that the content of Fe3+ was
much higher than that of cytochromes. This suggests that
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Fig. 4. Intramitochondrial content of adenine nucleotides at different times of cold exposure.
The content of adenine nucleotides was determined as described under Methods. The data shown
represent the mean± SD of five different mitochondrial preparations.

excess Fe3+ in the mitochondrial matrix could be involved
in the generation of reactive oxygen species. The iron con-
tent found for control mitochondria was also in the range
of values reported in yeast mitochondria (Babcocket al.,
1997; Foury and Cazzalini, 1997). The diminution in ma-
trix zinc and iron, during cold exposure, could be part of a
protective mechanism against enhanced levels of oxygen
reactive species in mitochondria with stimulated rates of
basal respiration.

UCP2 and FFA Involvement in Mitochondrial
Decoupling Induced by Cold

The presence of FFA and uncoupling proteins may
be involved in the increased rate of respiration induced

by cold stress. Since UCP2 is the only uncoupling pro-
tein present in liver mitochondria (Matsudaet al., 1997;
Kimura et al., 1999; Ricquier and Bouillaud, 2000), and
GDP may act as an inhibitor of UCP2 activity (Negre-
Salvayreet al., 1997; Jabureket al., 1999), the effect of
GDP on the rate of respiration was assayed. GDP inhibited
the respiration of cold-stressed mitochondria with 2-OG,
but respiration of control mitochondria was not affected
(Table IV). Addition of fatty acid-free albumin also di-
minished the respiratory rate in cold-stressed mitochon-
dria, presumably due to the binding of FFA from the inner
mitochondrial membrane.

Since classical uncoupling cannot satisfactorily
explain the FFA effect on the H+ gradient and fluxes
(cf. Fig. 3), it is possible that FFA increased respiration
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Table II. Content of Total Fatty Acids (µg/mg Protein) in Liver Mitochondria from Rats Exposed to Colda

Cold exposure (h)

Fatty acid 0 24 48 120 280 380

C16 : 0 124.5± 18 97± 7b 88± 8c 67± 11c 94± 4d 86± 20d

C16 : 1 2.6± 0.6 2.6± 0.3 1.2± 0.5c 1.3± 0.3c 2.3± 0.8 2.3± 0.2
C18 : 0 225± 31.5 168.5± 6c 129± 7.5c 134± 6c 184.5± 16e 168± 12c

C18 : 1 70± 4 55± 3c 58± 6c 30.6± 4c 26± 12c 50± 18e

C18 : 2n-6 101± 9 81± 10.5d 68± 7c 68± 14c 91± 14.5 74± 11c

γ C18 : 3n-6 3.1± 0.4 1.7± 0.7c 1.4± 0.4c 1.3± 0.7c 1.4± 0.7c 1.8± 0.5c

α C18 : 3n-3 16± 6 11± 8 8.6± 2.3b 3.4± 1.8c 5.1± 1.9c 5.2± 2.3c

C20 : 1n-9 3.2± 1.8 2.4± 1.3 1.0± 0.6b 1.1± 0.4e 1.9± 0.4 2± 0.8
C20 : 3n-6 7± 4 8± 12 2.9± 2.7 4.3± 1.6 5.8± 1.6 7.5± 1.2
C20 : 4n-6 160± 18.5 123.5± 6c 97.5± 2.5c 95± 6c 100± 7c 109± 13c

C20 : 5n-3 7.2± 4.3 8± 6 2.9± 4 2.9± 6 7.2± 2.7 10.4± 2
C22 : 6n-3 84± 9.5 63± 10d 39.5± 9c 41.5± 6c 56± 7c 73± 3e

Total 815± 108 639.5± 60b 415± 50c 454± 57c 490± 69c 540± 85c

aMean± SD of five mitochondrial preparations.
b p < 0.025 versus 0 h.
c p < 0.005.
d p < 0.01.
ep < 0.05.

and decreased ATP synthesis by directly inducing decou-
pling, and/or by stimulating the activity of uncoupling
proteins. To distinguish between these two possibilities,
the effect of oleic acid and GDP was assayed. The ad-
dition of oleic acid increased the respiratory rate of con-
trol and cold-stressed mitochondria by 46–48 ng atoms
oxygen/mg protein/min (Table IV). GDP decreased the
rate of oleic acid-stimulated respiration by 34 ng atoms
oxygen/mg protein/min in cold-stressed mitochondria and
by 16.5 ng atoms oxygen/mg protein/min in control mi-
tochondria. This suggests that there is a higher contribu-

Table III. Mitochondrial Ion Content (nmol/mg Protein) at Different Times of Cold Exposurea

Cold exposure Ca2+ Mg2+ Na+ K+ Zn2+ Fe3+ Pi

0 (8) 16.5± 4 24± 9 10.5± 3 126.4± 9 18± 5 1.5± 0.1 28± 3
48 (5) 15± 4 29± 12 10.5± 2 115± 6c 14.6± 3 0.96± 0.02d 27.4± 3
75 (10) 15± 5 33± 4b 11.4± 3 197± 10d 11.5± 3d 0.88± 0.03d 30± 4
96 (5) 18± 2 38± 8c 11± 6 238± 7d 12± 2c 0.8± 0.5d 19± 4d

144 (5) 15± 6 39.5± 7b 10± 5 333± 8d 14.6± 4 0.8± 0.3d 22± 4b

216 (5) 15± 5 38± 8c 10± 6 321± 9d 11± 3c 0.9± 0.7c 29± 2
278 (10) 14.5± 4 40± 5d 11± 5 323± 9d 7± 4d 0.8± 0.6d 21± 3d

312 (5) 14± 6 35± 11e 11± 4 350± 8d 13± 4 0.8± 0.4d 22± 4c

360 (5) 14± 8 40± 6d 11± 2 336± 17d 10± 4b 0.8± 0.6b 22± 3d

576 (5) 16± 6 39.5± 9b 11± 3 318± 6d 9± 3d 0.9± 0.6c

672 (3) 16± 7 47± 6d 11± 3 349± 7d 9± 4c 0.8± 0.9e 24± 5

aMean± SD with the number of mitochondrial preparations assayed in parenthesis.
b p < 0.01 versus 0 h.
c p < 0.025.
d p < 0.005.
ep < 0.01.

tion of uncoupling proteins to the oleic acid-stimulated
respiration in cold-stressed mitochondria than in control
mitochondria.

The partial inhibitory effect of CAT on the basal rate
of respiration in cold-stressed mitochondria, and on oleic
acid-stimulated respiration in both types of mitochondria
(Table IV), suggested the participation of the adenine nu-
cleotide translocator in the effects of FFA (Brustovestsky
et al., 1990, 1992, 1993; Schonfeld, 1990). The content
of the translocator, estimated from titrations of the rate of
State 3 respiration with CAT, was essentially the same in
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Table IV. Effect of Albumin, GDP, and CAT on Basal and Oleic-Stimulated Respiration (ng Atoms Oxygen min−1/mg−1)a

Control 380 h Cold

Basal (State 4) +0.2% BSA +3 mM GDP +1µM CAT Basal (State 4) +0.2% BSA +3 mM GDP +1µM CAT

Pyr+ Mal 13.5± 1 17± 3 17.5± 2.5 18± 1c 43± 6 30± 2d 36± 4 37± 3
2-OG 17.5± 2 18± 2 23± 6 22± 4 51± 7 29± 2c 36± 4d 40± 1b

Succ (+ rote) 17± 2 18± 2 19± 2 17.5± 2 36± 5 30± 5 30± 5 29± 3e

50 nmol/mg protein
Succ (+ rote) Basal (State 4) Oleic acid Oleic acid+ BSA Oleic acid+ CAT Oleic acid+ GDP

Control 20± 4 66.5± 11 15± 9 f 37± 11f 50± 8 f

380 h Cold 35± 5 83± 14 23± 8 f 44± 13f 49± 10f

aMean± SD of four mitochondrial preparation. 2-OG, 2-oxoglutarate; succ, succinate; rote, rotenone; BSA, bovine serum albumin; CAT, carboxy-
atractyloside.

b p < 0.025 versus basal respiration.
c p < 0.005.
d p < 0.01.
ep < 0.05.
f p < 0.005 versus oleic acid-stimulated respiration.

mitochondria from control and 380 h cold-exposed ani-
mals (298± 25;n = 6; versus 312± 25;n = 5; pmol/mg
protein, respectively).

Immunodetection analysis, using a commercial
UCP2 antibody, showed low basal levels of a protein
of approximately 35 kDa, the putative UCP2, in control
liver mitochondria (Fig. 5A) and BAT mitochondria (not
shown). Increments in this protein of 2.1 and 3.6 times
were observed after 120 and 360 h of cold exposure; a
longer cold exposure did not further enhance the protein
content (Fig. 5B). Significant differences were found for
these times versus zero h (p < 0.05). A second protein
of 28 kDa was also occasionally detected by the UCP2
antibody (not shown).

DISCUSSION

Metabolic Changes Induced by Cold

The lack of change in the level of fatty acids insatura-
tion in cold stress suggested that there was no modification
of the fluidity of the mitochondrial inner membrane. Like-
wise, the activity of several liver fatty acid desaturases
were not modified by cold stress, that is, the relation-
ships of the relevant fatty acid product/substrate were not
altered, except for a significant decrease in the araquidonic
acid/dihomo-γ -linolenic acid ratio. Because the enzyme
1-5 desaturase transforms dihomo-γ -linolenic acid
into arachidonic acid, the observation suggests that the

activity of this enzyme might be diminished during pro-
longed cold exposure.

Maket al.(1983) essentially described the same fatty
acid profile for liver mitochondria from control and 3- to
4-week cold-stressed rats. However, they reported per-
centage variations instead of absolute units; thus, it might
be that under their conditions there was a diminution in
total fatty acids similar to the one we observed (Table I).
In this regard, the observation that albumin decreased
respiration in mitochondria from cold exposed animals
to values comparable to those of control mitochondria is
mechanistically relevant. This very likely indicates that
FFA levels are increased in cold-stressed mitochondria,
although there is a general diminution in total fatty acid
content.

Aithal and Ramasarma (1971) and Maket al.(1983)
previously reported that cold exposure did not affect the
ADP/O ratio in liver mitochondria. Aithal and Ramasarma
(1971) determined the actual P/O ratio by measuring ex-
tramitochondrial ATP with a hexokinase trap; however,
with this method ATP levels may be overestimated. In
addition, these authors reported unusual low values of
ATP synthesis, which were increased by cold exposure.
With respect to the work of Maket al. (1983), they ex-
posed the animals to 8◦C not to 4◦C; this suggests that the
temperature used to induce cold stress may be relevant
in the induction of mitochondrial metabolism changes.
Goglia et al. (1988) described an increased rate of res-
piration in the light mitochondrial fraction, isolated from
livers of rats exposed for 15 days at 4◦C; however, their
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Fig. 5. UCP2 immunodetection in mitochondrial preparations of cold-exposed rats. (A) Immunodetection of
UCP2 in mitochondria isolated from rats exposed to the indicated times of cold. (B) Densitometric analysis of
immunoblots. The values shown represent the mean of three independent mitochondrial preparations assayed
by duplicate, except for 720 h where only two preparations were analyzed. Levels of UCP2 are expressed as
the ratio of the Western blot signal density/Ponceau stained protein amount (± standard error of the mean) for
each lane.

respiration values were also unusually low. In contrast, our
data (cf. Figs. 1 and 2) indicated that cold stress induced a
significant diminution in the ADP/O ratios and in the rate
of ATP synthesis. Our observed rates of respiration and ox-
idative phosphorylation were high and within the range of
values reported for liver mitochondria by several groups.

Cold exposure for 24 h induced a significant increase
(p < 0.001) in the rate of ATP synthesis (cf. Fig. 2A) and
in the magnitude of the steady-state membrane potential
(Fig. 3A), supported by 2-OG oxidation. Such activation
was not obtained with glutamate+ malate or any other
oxidizable substrate. This specific activation could be re-
lated to an increase in the activities of the 2-oxoglutarate
dehydrogenase complex and the 2-oxoglutarate carrier, in-
duced by a short exposure to cold. This could be due to a
net rise in the enzyme content or in the factors that mod-
ulate the enzyme complex activity. In this respect, further
studies are required.

The increased respiration rate induced by cold expo-
sure was accompanied by a diminution in the elasticity
coefficient of the H+ leak for the H+ gradient and, hence,
a closer saturation of this activity. In consequence, in liver
mitochondria from cold-exposed rats, the H+ leak exerts
a degree of control on respiration higher than in control

mitochondria. Similar flux control coefficients of the H+

leak and the respiratory chain for succinate dependent res-
piration of control mitochondria from liver (Brandet al.,
1993) and brown adipose tissue (Monemdjouet al., 1999)
have been reported.

Role of UCP2 and FFA

In obesity due to leptin deficiency, there is an in-
crease in respiration rate and diminished ATP synthesis,
with no clear effect on the steady-state membrane potential
in mouse liver mitochondria (Chavinet al., 1999). These
changes are similar to those observed here in mitochondria
from cold-stressed rats. Immunohistochemical analyses
have shown undetectable levels of the UCP2 in normal
hepatocytes and high levels of this protein in Kupffer
cells (Bosset al., 1997; Chavinet al., 1999). However,
the metabolic changes in liver mitochondria from obese
mice were accompanied by increases in the UCP2 mRNA
and protein levels in hepatocytes (Chavinet al., 1999).
Here we found low levels of UCP2 in control liver mi-
tochondria, but a significant enhancement in the putative
UCP2 content after 120 h of cold exposure.
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An increased UCP2 mRNA expression has been re-
ported in lipopolysaccharide-treated (Cortez-Pintoet al.,
1998) and transformed (Fleuryet al., 1997) rat hepato-
cytes. Cold also induces enhanced expression of UCP2
mRNA in BAT, heart, and soleus skeletal muscle, but other
tissues, including liver, have not been analyzed (Carretero
et al., 1998). These data suggest that UCP2 expression can
be induced in response to different stimuli in liver. Thus,
it is conceivable that cold stress promotes an increase in
the expression of the UCP2 gene in Kupffer cells, in hep-
atocytes or in both.

Because UCP1 is only expressed in BAT (Ricquier
and Bouillaud, 2000), and UCP3 is not expressed in
liver (Matsudaet al., 1997; Kimuraet al., 1999), the
protein detected in this work by the commercial anti-
body is very likely the UCP2. Northern analysis using
the different UCP probes in cold-stressed liver could fur-
ther support this point. It is well established that UCP1
protonophoric activity is regulated by fatty acids and nu-
cleotides (Nicholls and Locke, 1984; Rialet al., 1983;
Ricquier and Bouillaud, 2000), but it is controversial if
UCP2 activity is also modulated by these ligands (Negre-
Salvayreet al., 1997; Jabureket al., 1999; Rialet al.,
1999; Ricquier and Bouillaud, 2000). However, the de-
scribed inhibitory effect of GDP and albumin (i.e., bind-
ing of FFA) on respiration of cold-stressed mitochondria
(Table IV) suggests that UCP2 might also be modulated
by these ligands. Indeed, a correlation between the UCP2
content (Fig. 5) and the rate of respiration (Fig. 1) was
attained.

The strong stimulatory effect on respiration and in-
hibition on ATP synthesis and ADP/O ratios induced by
cold stress, with no associated diminution in the H+ gra-
dient, indicates that classical uncoupling is not involved
in this process. Agents that uncouple oxidative phos-
phorylation without significant reduction in the bulk H+

gradient are called “decouplers” (Rottenberg, 1990). De-
couplers are assumed to inhibit energy-dependent fluxes
by releasing H+ from a putative intramembrane H+

transfer pathway. FFA, at appropriate concentrations,
may induce “decoupling” of oxidative phosphorylation
(Rottenberg, 1990). Indeed, the marked diminution in res-
piration induced by albumin in cold-stressed mitochondria
indicates the presence of FFA in the inner membrane of
these mitochondria. The inhibitory effect of CAT on res-
piration also supports an active flux of the anionic fatty
acid through the inner membrane in a reaction catalyzed
by the adenine nucleotide translocase.

Therefore, the metabolic perturbations induced by
cold stress in rat liver mitochondria seem to be caused
by the presence of FFA in the inner membrane and an
enhanced level of UCP2 which, by inducing decoupling,

affects respiration, ATP synthesis, ion and metabolite con-
tents, and H+ leakage. The effect of UCP2 on the H+

gradient is not clear (Chavinet al., 1999) and, therefore,
its mechanism of action may be either through uncou-
pling or decoupling. A local generation of heat, mediated
by FFA and UCP2, may represent a possible biochemical
adaptation mechanism to cold in rat liver mitochondria.
Other functions of FFA and UCP2 such as control of the
NAD+ redox state, or of the levels of ATP and reactive
oxygen species may also be hypothesized (Ricquier and
Bouillaud, 2000).
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