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In this report, we show new experimental evidence that, in mouse brain mitochondria, uncoupling protein-
2 (UCP2) can be involved in superoxide ðO2

��Þ removal from the mitochondrial matrix. We found that the
effect of guanosine 50-diphosphate (GDP) on the rate of reactive oxygen species (ROS) release from brain
mitochondria of UCP2 knockout mice was less pronounced compared to the wild type animals. This puta-
tive novel UCP2 activity, evaluated by the use of UCP2-knockout transgenic animals, along with the known
antioxidant defence systems, may provide additional protection from ROS in brain mitochondria.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Traditionally, uncoupling protein 1 (UCP1) has been associated
with thermogenesis in brown adipose tissue in which it is involved
in the production of heat as a consequence of the dissipation of the
mitochondrial proton gradient in response to noradrenergic stimu-
lation (for a review, see [1]). However, the uncoupling activity of the
subsequently discovered UCP2, UCP3 [2,3], UCP4 and BMCP1/UCP5
[4,5] observed by several other authors (e.g., [6,7]) has not been fully
understood and raises many unanswered questions, leading to often
contradictory conclusions (for reviews, see [8–10]). Nevertheless,
UCPs are involved in decreasing the production of ROS [11,12],
and thus they are important players in a number of pathologies,
such as obesity, diabetes [13,14], cancer [15,16] and neurological
disorders [17–21]. Our earlier studies [22] indicated for the first
time that the UCPs from rat heart and skeletal muscle might also
play an additional role as superoxide carriers. This hypothesis was
ll rights reserved.
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initially confirmed by experiments using mitochondria isolated
only from wild-type animals. In this paradigm, the UCPs contribute
to the transport of superoxide from the matrix to the intermem-
brane space (IMS). The main objective of this study was to evaluate
this hypothesis with the use of transgenic UCP2-knockout mice and
expand the hypothesis to UCP2 in mouse brain mitochondria.
2. Materials and methods

All of the experiments were performed in accordance with the
guidelines approved by the Local Ethical Committee based on na-
tional laws that are in full agreement with the European Union
directive on animal experimentation.

2.1. Animals

Swiss male mice were used for the initial experiments on wild-
type animals. The UCP2 KO experiments were performed using
C57Bl/6 male mice lacking UCP2 and their wild type controls aged
10–12 weeks were derived from those described in [23]. The UCP2
KO mice used in this study were backcrossed for more than 10 gen-
erations onto a C57Bl/6 background.
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mailto:m.wieckowski@nencki.gov.pl
http://dx.doi.org/10.1016/j.bbrc.2012.10.025
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


J.M. Suski et al. / Biochemical and Biophysical Research Communications 428 (2012) 234–238 235
2.2. Materials

Amplex Red was obtained from Invitrogen (USA). The other
chemicals and enzymes were purchased from Sigma–Aldrich
(Germany, Poland and Sweden), BioRad (Poland) and Roche
(Sweden).

2.3. Preparation of brain mitochondria fraction

For each preparation, the brains from two mice were removed,
sliced and washed in isolation medium containing 75 mM sucrose,
225 mM mannitol, 25 mM Tris–HCl and 0.5 mM EGTA, pH 7.4, at
4 �C. The brains were then homogenised in 10 ml per g of tissue of
the same medium and centrifuged for 5 min at 1330g. The pellet
was discarded, and the supernatant was centrifuged at 8000g for
10 min. Subsequently, the supernatant was discarded, and the pel-
let was resuspended in the above isolation medium and centrifuged
for 10 min at 9000g. The obtained pellet was resuspended again in
the same medium and centrifuged for 10 min at 9000g. Lastly, the
pellet was resuspended in approx. 1 ml of the isolation medium.

2.4. Protein quantification

The protein concentration in the mitochondrial fraction was
determined according to Bradford’s method using a Bio-Rad Pro-
tein Assay (BioRad) or Fluram (Roche).

2.5. Incubations

The standard incubation medium was composed of either
225 mM mannitol, 75 mM sucrose, 25 mM Tris–HCl and 0.5 mM
EGTA, pH 7.4 (mannitol/sucrose medium), or 110 mM mannitol,
60 mM KCl, 60 mM Tris–HCl, 10 mM KH2PO4 and 0.5 mM EDTA,
pH 7.4 (mannitol/KCl medium).

2.6. ROS measurements

The total release of ROS from the mitochondria to the external
medium was estimated fluorometrically by the oxidation of Amplex
Red (non-fluorescent) to resorufin (fluorescent). Briefly, the mito-
chondria (0.2 mg protein/ml) were incubated at 26 �C in the stan-
dard incubation medium supplemented with 5 mM succinate,
5 lM Amplex Red plus Cu/Zn-superoxide dismutase (2 U/ml) and
horseradish peroxidase (2 U/ml). The fluorescence of resorufin, the
oxidation product of Amplex Red, was measured using a Sigma spec-
trofluorometer (Germany). The increase in the fluorescence at the
excitation wavelength of 545 nm and emission via a band pass filter
of 600 ± 20 nm was followed using a 3 ml cuvette. The response of
the resorufin fluorescence was calibrated with H2O2. Alternatively,
the fluorescence was measured using a multiwell plate reader (Infi-
nite M200, Tecan, Austria) at 26 �C with 510 ± 10 nm excitation and
595 ± 35 nm emission wavelengths in 24 well plates.

2.7. Aconitase measurements

The release of O2
�� into the mitochondrial matrix compartment

was estimated by measuring the degree of inactivation of the mito-
chondrial enzyme aconitase [22,24] by recording the rate of NADP+

reduction, as described previously [25]. Briefly, the standard incu-
bation medium was supplemented with 5 mM glutamate, 5 mM
malate, 5 mM citrate, 0.8 mM NADP+, 0.6 mM MnCl2 and isocitrate
dehydrogenase (2 U/ml), followed by 0.05% (v/v) lauroyl maltoside
to enable the access of the reagents to the matrix compartment.
The rate of NADPH formation was recorded spectrophotometrically
at 340 nm and 37 �C for 10 min.
2.8. Data analysis

The data are reported as the means ± SD, and the results are
presented as a percentage of the control group (control va-
lue = 100%). The statistical significance was estimated using Stu-
dent’s t-test for the results presented as the percentage of the
control. A value of p 6 0.05 was assumed to be statistically signif-
icant and is marked with an asterisk (�).
3. Results

Similarly to skeletal muscle and heart mitochondria studied in
our previous work [22], mouse brain mitochondria were subjected
to conditions of increased ROS production. Isolated mitochondria
were treated with antimycin A (an inhibitor of complex III) to reach
a vast increase in ROS and the collapse of mitochondrial membrane
potential [26]. We observed that, under such conditions, the re-
lease of ROS from the mouse brain mitochondria, measured as
H2O2 in the external medium, was substantially decreased by the
addition of 0.5 mM GDP (Fig. 1A). Similar inhibitory effects were
observed for GTP. Because guanosine phosphates at concentrations
higher than 1 mM may interfere with the Amplex Red assay (see
also [27]), the GDP and GTP used in these experiments were kept
at a level of 0.5 mM, a concentration that exerted no or negligible
effects on the assay (data not shown). The addition of albumin
(BSA) increased the ROS release due to the elimination of endoge-
nous free fatty acids (FFAs), which could potentially compete with
O2
�� for the UCP transport function. The rate of O2

�� release from
the mitochondrial matrix was increased when the FFAs were
bound by BSA. In contrast, the addition of myristate (125 nmol/
mg protein) decreased the release of ROS (Fig. 1B).

The reduced release of ROS in the presence of guanine di- and tri-
nucleotides may result from either their decreased formation inside
the mitochondria or decreased export across the inner membrane to
the external medium. To resolve this issue, the activity of aconitase,
an enzyme present in the matrix compartment and involved in the
tricarboxylic acid cycle that is extremely sensitive to ROS due to the
presence of a labile iron–sulphur cluster [24] was measured. There-
fore, its level may be used to reflect the level of ROS inside the mito-
chondria. It appeared (Table 1) that the presence of 1 mM GTP
resulted in a decrease in aconitase activity, clearly indicating an in-
crease in the ROS concentration in the matrix compartment.

To evaluate the participation of UCP2 in O2
�� release, transgenic

mice lacking the UCP2 protein were used. As presented in Fig. 2,
the effect of GDP was smaller in the UCP2-knockout animals com-
pared to their wild-type counterparts. Cytidine 5-diphosphate
(CDP), a pyrimidine nucleotide with no affinity for UCP, demon-
strated no effect on the ROS release in either genotype.

It has been repeatedly demonstrated that the mitochondria iso-
lated from the tissues and organs of old animals produce more ROS
than those of younger subjects. To examine a possible adaptation to
the increased ROS production, the age-dependent differences in the
UCP-mediated ROS release were evaluated. The effect of GDP was
assessed in 2- and 24-month-old wild-type mice (Fig. 3A) and ac-
counted for a 15% ± 3% decrease in the ROS released from the anti-
mycin A-inhibited brain mitochondria of younger animals
compared to a 28% ± 1% decrease in the older subjects. The level of
the UCP2 protein was comparable in the young and old individuals.
4. Discussion

Traditionally, the relationship between mitochondrially gener-
ated ROS and UCP activity has been considered in terms of either
the O2

��-induced activation of the protonophoric activity of UCP
or the alleviation of ROS release from the mitochondria [28,29].
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Fig. 1. Effect of GDP on the ROS release from mouse brain mitochondria. (A) Effect of GDP on ROS release from non-respiring and ROS-overproducing mitochondria. (B) Effect
of free fatty acids on the ROS release from non-respiring and ROS-overproducing mitochondria. The ROS release and oxygen consumption were measured as described in
Section 2 in the presence of 200 lg mitochondrial protein. Other additions include 1 lM antimycin A (AA) and 0.5 mM GDP. The data shown are the means ± SD, ⁄p < 0.05
(n = 4) versus AA (Fig. 1A) for each parameter.
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Fig. 2. Effect of GDP on the ROS release from control and UCP2-knockout mouse
brain mitochondria. The conditions and additions are as in Fig. 1. Other additions
include 0.5 mM CDP and 1 lM CATR. The data shown are the means ± SD, ⁄p < 0.05
(n = 4) versus the respective controls.

Table 1
Effect of GTP on aconitase activity in respiring mouse brain mitochondria. Aconitase
was measured as described in Section 2 in the absence (control) or presence of 1 mM
GTP. The data shown are the means ± SD, ⁄p < 0.05 (n = 3).

Aconitase activity

(nmol NADPH/min/mg protien) (% of control)

Control 86.3 ± 1.2 100
+1 mM GTP 76.3 ± 6.1 88⁄
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Moreover, UCP-mediated mild uncoupling may regulate ROS pro-
duction via controlling the mitochondrial coupling [30]. However,
these classic views are constantly being challenged and re-evalu-
ated because of new findings in what has emerged to be a stimu-
lating discussion, with great benefit to the topic [8–10]. We
previously demonstrated that UCP3 in heart and muscle mitochon-
dria may mediate the transport of matrix O2

�� across the inner
mitochondrial membrane [22]. The data presented in this paper
show that mouse brain mitochondrial UCP2 may also be involved
in this process.

In isolated mitochondria, the electron transfer using succinate
as the respiratory substrate leads to the overproduction of ROS
due to the non-physiological concentration of the substrate, which
is much higher than usually present in mitochondria of intact cells
[8]. Additionally, antimycin A, an inhibitor of complex III, causes a
further substantial increase in O2

�� generation, particularly from
the Qo site, and its release to both sides of the inner membrane.
The O2

�� generated by leaks at the Qi site predominantly occurs
on the matrix side [31]. In the present study, non-respiring mito-
chondria producing high amounts of ROS were used to estimate
the role of UCP2 in the transport of superoxide (Fig. 1A).

Because O2
�� cannot penetrate the inner membrane, the only

means of protecting the mitochondrial interior against this harmful
molecule would be either to convert it immediately to H2O2 for fur-
ther processing or export it from this compartment. The former
activity is catalysed by SOD2 within the matrix, and the H2O2 pro-
duced in this process is able to pass freely through the membranes
and may play a pivotal role in the progression of oxidative stress or
cellular signalling [32]. The remaining O2

�� has been proposed to be
exported by UCP isoforms, a process inhibited by purine nucleo-
tides (Fig. 1A). Long-chain FFAs, are believed to be transported by
different mitochondrial carriers, such as adenine nucleotide trans-
R
at

e
of

 R
O

S 
re

le
as

e
(A

m
pl

ex
R

ed
 fl

uo
re

sc
en

ce
) 

young oldAA
DP

0

20

40

60

80

100
B

*

dria isolated from young and old animals. (A) Effect of GDP on ROS release from AA
ions are as in Fig. 1. The data shown are the means ± SD, ⁄p < 0.05 (n = 4).



Superoxide
removal from

mitochondrial matrix

UCP3

Fatty acid metabolism 

Lipid peroxides

Lipid peroxides removal

C

UCP2/3

B

UCP1

H+

Thermogenesis

A

UCPs “flip-flop”

H+

H+

Uncoupling properties
of free fatty acids 

“flip-flop” mechanism

D

Fig. 4. The ‘‘traditional’’ and ‘‘novel’’ functions of UCP proteins.

J.M. Suski et al. / Biochemical and Biophysical Research Communications 428 (2012) 234–238 237
locase (ANT), dicarboxylate and glutamate/aspartate carriers, a
phosphate carrier [33] and UCPs [34], and participate in the uncou-
pling of oxidative phosphorylation. Therefore, FFAs might be en-
gaged in potential competition with O2

�� for the channelling
activity of the UCP protein, as demonstrated by the experiment in
which the addition of an FFA-binding agent, albumin, boosted the
detected amount of ROS released from the mitochondria (Fig. 1B).
Moreover, we observed that the addition of myristate decreased
the release of ROS from the brain mitochondria (Fig. 1B). Because
these are non-respiring mitochondria, the myristate effect cannot
be considered as a mild uncoupling and, thus, excludes the FFA-
uncoupling activity in our experimental model. This result further
supports the idea that UCP2 can be involved in superoxide removal
from the mitochondrial matrix. Moreover, we used transgenic ani-
mals to assess the significance of UCP2 in this process. The effect of
GDP in the mitochondria from the wild-type mice was much stron-
ger compared to when the UCP2-knockout animals were used
(Fig. 2). Because the brain contains UCP2 and also UCP4 and
UCP5 [4,5], the potential involvement of these proteins in this pro-
cess should also be considered. The particular structures of purine
nucleoside tri- and di-phosphates (but not purine nucleoside
monophosphates) allow their binding with high affinity to the
nucleotide-binding site of UCP [35]. Therefore, the pyrimidine
nucleosides (e.g., cytidine diphosphate, CDP), which do not share
this structure, do not exhibit such inhibitory activity (Fig. 2). In
contrast, the involvement of other mitochondrial carrier proteins
may be considered because carboxyatractyloside (CATR), an inhib-
itor of ANT, also demonstrated a tendency, though insignificant, to-
ward an inhibitory effect on ROS release in the wild-type mice. This
result may point to the potential contribution of ANT to the studied
phenomenon. This tendency should be elucidated in further
studies.

Furthermore, our findings were based on the observations that
GTP and GDP decreased the release of ROS from non-respiring
mitochondria when measured extramitochondrially (Amplex
Red/HRP). Additionally, based on the aconitase assay, we observed
that these nucleotides increased the intramitochondrial accumula-
tion of ROS, which pointed to the inhibition of transport rather
than the inhibition of generation (Table 1) [28].

Based on our current results, it is tempting to recall our previ-
ous hypothesis that, along with the ‘traditional’ mechanism of
UCP-mediated oxidative stress prevention (by limiting ROS pro-
duction), UCP can play a dual function in preventing ROS toxicity.
The pivotal effect of the GDP activity on the ROS production ob-
served by other authors [27,36] could be due to the prevalence of
the recoupling activity of GDP rather than the proposed O2

�� trans-
port. Such variability may also be due to different experimental
procedures, resulting in diverse extents of ubiquinone reduction
and influencing the effect of GDP on the UCP proteins [37,38].

Therefore, by evaluating our hypothesis with experiments using
transgenic animals, we are closer to elucidating the mechanism in-
volved. Although we should re-consider the importance of other
mitochondrial carrier proteins, the involvement of UCP2 as a trans-
porter of O2

�� seems likely.
Interestingly, the effect of GDP was stronger in the mitochon-

dria isolated from the 2-year-old mice compared to the 2-month-
old subjects (28 vs. 15%, respectively) (Fig. 3A), even though the le-
vel of UCP2 was comparable (data not shown). This fact may point
to an increased involvement of UCP, indicating an increased adap-
tation to the higher ROS production in the older individuals
(Fig. 3B).

Moreover, in order to verify our hypothesis further, a study
using UCP3-knockout animals is being conducted, and experiments
with UCP overexpression are being planned.

Revealing the cellular pathways associated with ROS manage-
ment is of particular importance from both the point of view of
basic science and because of potential implications for medicine.
From this work, we conclude that, along with the roles of superox-
ide dismutases, glutathione peroxidase and other antioxidant
systems, UCP2 may constitute an important component of the
machinery protecting mitochondria in the brain and other
tissues against the damaging effects of oxygen free radicals. The
‘‘traditional’’ and ‘‘novel’’ functions of UCPs are summarised in
Fig. 4.
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