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MODULATION OF UCP2 EXPRESSION BY P38 – A LINK TO CARDIOPROTECTION
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Background: Discovery of uncoupling protein 2 (UCP2) in 1997 and demonstration of its wide tissue expression 
has triggered an important question about controlled oxidative phosphorylation uncoupling and the physiological 
function of this process. Uncoupling protein 2 (UcP2) is a mitochondrial protein that can infl uence the mitochondrial 
membrane potential and hence the production of reactive oxygen species by mitochondria. It is also thought to be 
involved in apoptotic signaling pathways and it has been suggested to be important in cardio- and neuroprotection.

Methods and results: We examined the recent literature (2003–2007) in the MedLine database for evidence linking 
p38, one of the stress-related protein kinases, with modulation of UCP2 expression in the heart. While two reports 
clearly demonstrate p38 as down-regulating UcP2 expression, only circumstantial evidence exists for cardiomyocytes. 
Confl icting results on p38-regulated cardiomyocyte survival after ischemia leave an open venue for hypotheses on the 
diff erential regulation of protein expression, including UCP2.

Conclusions: Reviewing the evidence connecting UCP2 and its cytoprotective activities, we propose a tissue specifi c 
link that may explain the variable infl uence of p38 via modulation of UCP2 expression.

INTRODUCTION

Mitochondria are organelles regulating various 
physio  logical functions such as calcium homeostasis and 
free radical generation as well as playing a key role in 
the signaling cascade of apoptosis1. They are also criti-
cal for cellular energy metabolism and storage, and for 
cell survival. The inner membrane potential of the mito-
chondrion determines ATP and free radical production, 
calcium transport, and the integrity and stability of vari-
ous proteins including cytochrome c, adenine nucleotide 
translocator, voltage dependent anion channel, and Bcl-2 
family members, all of which play roles in determining 
cellular fate2, 3.

Uncoupling proteins
Uncoupling proteins (UCPs) are present in the in-

ner mitochondrial membrane. They are transmembrane 
proteins that mediate a regulated discharge of proton 
gradient generated by the respiratory chain4. There are 
fi ve UCP homologues present in various types of mam-
malian tissues. Of the fi ve known, UCP1, UCP2, and 
UCP3 are closely related, while UCP4 and BMCP1 are 
more divergent5. The discovery of UCPs in many diff er-
ent eukaryotic organisms suggests that the regulation of 
energetic effi  ciency through the physiological uncoupling 
of oxidative phosphorylation may be a common strategy 
developed early in evolution4. The physiological role of 
UCPs is determined not only by the amount of protein 
expressed but also by the extent of their activation6. UCPs 
show high substrate specifi city and low turnover num-
bers, general properties described for carriers7. UCPs are 

tightly regulated at two levels: transcription of the gene 
and protein activity in the mitochondrion. Regulation of 
UCP1 expression and activity is well-explained, although 
the exact mechanism of uncoupling is still a matter of de-
bate8. The function, transport properties and regulation of 
other members of the UCP family are still being defi ned. 
Other UCPs may answer to nucleotides and fatty acids 
in a similar way to UCP1 but the physiological context is 
unique and thus their physiological regulation is likely to 
be diff erent9. The importance of UCPs is clear from the 
list of their involvement in various processes: prevention 
of reactive oxygen species (ROS) formation10, preven-
tion of atherosclerosis11, one of the etiologies of type-2 
diabetes12, participation in infl ammation10, body weight 
regulation13, adaptive thermogenesis including fever14, 15, 
and aging16.

UCP2 and its activity
Expression of the uncoupling protein family member 

with the widest distribution among cell types, UCP2 is de-
pendent on the tissue and diff ers among species (human, 
rat, mouse) and is also related to physiological state17. 
Tissues expressing UCP2 include spleen, lung, intestine, 
pancreatic β cells, and immune cells5, 18, 19, where its func-
tion largely remains to be resolved. UCP2 catalyzes the 
translocation of protons across the mitochondrial mem-
brane to reduce the proton-motive force, thereby hypo-
polarizing the mitochondrial membrane potential and 
reducing cellular ATP20, 21. UCP2 does not seem to be crit-
ical in energy balance under normal conditions. Studies 
carried out on UCP2 knockout (KO) mice, for example, 
have shown a normal thermogenic response to cold10. 
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Flachs et al.22 demonstrated for the fi rst time expression 
of UCP2 in reticulocytes. The evidence shows that during 
the intrauterine development of mice, the UCP2 gene is 
fi rst recruited in hematopoietic cells before its expression 
in other cell types and tissues22, 23. These results suggest 
involvement of UCP2 in erythropoiesis, beginning during 
the early stages of prenatal development.

UCP2 gene promoter does not contain the TATA 
box but is GC-rich and includes some possible binding 
motifs for transcription factors (Sp1, AP1, AP2, CREB). 
Transcription, translation, and stability are three impor-
tant points in a protein life cycle. Recent evidence has 
demonstrated that the stability of UCP2 is much lower 
than UCP1. The half-life of UCP2 has been shown to be 
very short, approximately 30 min, compared with about 
30 h for UCP1(ref.24, 25).

ROS formation in mitochondria and relationship 
with UCP2

The physiological role of UCP2 is not entirely clear26, 27 
but it appears to cover a number of processes starting 
from lipid metabolism28 to calcium homeostasis regula-
tion29, and apoptosis regulation30. However, there is a 
general consensus linking UCP2 to ROS production in 
mitochondria31, 32.

ROS are formed in the course of mitochondrial respira-
tion33 and mitochondrial electron transport has been dem-
onstrated to be a key determinant for life span34. About 
1-2 % of oxygen is converted to superoxide anion (•O

2
–) in 

mitochondria at Complex I sites generating semiquinones 
and Complex III (on the site proximal to matrix where 
regeneration of oxidized coenzyme Q, ubiquinone (UQ), 
to its reduced form UQH2 

proceeds via ubisemiquinone 
anion radical (UQ–•) (ref.35-37). Any slight increase in the 
H+ backfl ux into the matrix, which diminishes the mito-
chondrial potential Δp, results in a substantial decrease in 
mitochondrial ROS formation. Slightly increased respira-
tion shortens the lifetime of the ubisemiquinone anion 
radical (UQ–•) and leads to lowered oxygen tension in the 
microenvironment. Both processes cause reduced rate of 
•O

2
– formation. In other words, most ROS are formed in 

vivo under the non-phosphorylating, “resting”, state of the 
mitochondria. The H+ backfl ow mediated by uncoupling 
of any type, i.e. by leak or protein-mediated uncoupling, 
decreases the rate of ROS formation rate accordingly38. 
Downregulation of mitochondrial ROS production seems 
to be the most plausible role for UCP2, the protein is 
expressed in a large number of mammalian tissues albeit 
in minute amounts6. 

Several lines of evidence indicate that UCP2 expres-
sion is elevated in oxidative stress. Under these conditions 
UCP2 protects diff erent types of cells by restricting mito-
chondrial reactive oxygen species (ROS) production39-41. 
The role of UCP2 in the control of ROS production has 
been well-demonstrated using UCP2-null mice who suff er 
neither from obesity nor cold-sensitivity but their macro-
phages produce higher levels of free radicals making the 
animals more resistant to infection10. Duval et al.42 have 
shown that UCP2-mediated uncoupling in endothelial 
cells is even able to decrease extracellular ROS in co-incu-

bated low-density-lipoproteins (LDL). Further, mice with 
deleted LDL receptors exhibited extensive diet-induced 
atherosclerotic plaques when they received bone marrow 
transplanted from UCP2 (-/-) mice. These plaques were 
prevented by bone marrow transplants from UCP2 (+/+) 
mice11. 

Following infection by a pathogen, the ROS pathway 
plays an important role leading to activation of macro-
phages and other immune cells that eliminate the patho-
gen. Macrophages therefore react to infection by lowering 
UCP2 and thus magnify the production of ROS to reduce 
infection. This is necessary because UCP2 is activated 
by superoxide and in a feedback fashion this causes a 
reduced ROS level43.  

UCP2 in cardiomyocytes
The heart is a high-energy-demanding organ in con-

tinuous need of ATP and it has a relatively poor oxidative 
stress defense mechanism. Several studies have shown the 
presence of UCP2 protein in the rat and human heart44-46, 
whereas others reported no UCP2 protein in rat or mouse 
heart10, 47. The heart has little or no regenerative capac-
ity48, 49 which poses a major medical problem in ischaemic 
heart disease. This frequently results in cardiac muscle 
loss and is the leading cause of morbidity and mortal-
ity in developed countries. Highly diff erentiated mam-
malian cells are thought to be incapable of proliferation 
and an inverse relationship exists between proliferation 
and diff erentiation50. In contrast to adult cardiomyocytes, 
mammalian cardiomyocytes do proliferate during fetal de-
velopment. Adult mammalian ventricular cardiomyocytes 
can divide51. One important mechanism used by mamma-
lian cardiomyocytes to control proliferation is p38 MAP 
kinase activity. It has been shown that the signaling mol-
ecule p38 mitogen-activated protein (MAP) kinase (p38) 
induces cell cycle exit and the diff erentiation of many cell 
types51, including diff erentiation of P19 cells to cardio-
myocytes52. Activated p38 phosphorylates downstream 
signaling molecules, important for cardiomyocyte diff eren-
tiation and hypertrophy53. Bodyak et al.54 showed that the 
overexpression of UCP2 in adult rat cardiomyocytes does 
not aff ect cell survival at baseline but leads to signifi cant 
ATP depletion, acidosis, and accumulation of pro-death 
protein BNIP3 (19-kDa interacting protein 3).

Chronic β-adrenergic stimulation induces myocardial 
energy ineffi  ciency via excessive oxidative stress. The anti-
oxidant eff ect of edaravone has the potential of improving 
energy metabolism abnormalities in the case of β-adrener-
gic stimulation41. In the failing heart, increased oxidative 
stress produces mitochondrial damage, which leads to 
further self-production of reactive oxygen species (ROS) 
and this creates a vicious cycle of oxidative stress and 
energetic decline55. Here UCP2 may step in by breaking 
the ROS cycle and prevent apoptosis30.

Mitogen-activated protein kinase p38
One important mechanism used by mammalian car-

diomyocytes to control cell cycle is p38 mitogen activated 
protein kinase (MAPK) activity. MAPKs are a group of 
protein serine/threonine kinases that are activated in re-
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sponse to a variety of extracelullar stimuli and mediate 
signal transduction in cell growth, diff erentiation, and 
apoptosis56. MAPK activation in mammalian systems, 
including p38 has been characterized in detail56, 57. The 
activation of p38 signaling pathways leads to phosphoryla-
tion of a number of targets, including transcription factors 
ATF-2 and c-jun, resulting in their transcriptional activity 
and subsequent gene expression58, 59. 

p38 MAPK phosphorylation is increased by contrac-
tile stimuli such as endothelin (ET)-1, angiotensin II, nore-
pinephrine, and the thromboxane A2 analog U-46619 in 
several smooth muscle preparations60 including canine 
pulmonary artery (PA)61. Knock et al.62 investigated the 
role of p38 MAPK in PGF2-induced vasoconstriction and 
HPV of rat small IPA. SB-203580 and SB-202190 caused 
relaxation of PGF2-contracted rat IPA at low concentra-
tions, at which they are most likely to exert a selective 
action on p38 MAPK, via an endothelium- and largely 
NO-dependent mechanism.

Role of p38 in cardioprotection
A number of studies have linked p38 activity with 

myocardial response to ischemia reperfusion injury and 
ischemic preconditioning. The results, however, remain 
contradictory. Early reports showed that activation of p38 
is benefi cial63, 64, followed by later studies demonstrating 
the opposite65, 66. More recent data suggest alternative 
pathways are at work when p38 is activated, producing 
divergent eff ects67. This idea is discussed in a later article 
published by the same group. There they state that “the 
mode of p38 activation determines whether it has a det-
rimental or benefi cial eff ect on cell survival”68. Indeed, 
pharmacological stimulation by resveratrol triggers p38, 
resulting in cardioprotective eff ect resembling that of 
ischemia preconditioning69. Selective inhibition of p38 by 
PD169316, shown to be cardioprotective70, may support 
the divergent eff ects of various stimuli causing p38 activa-
tion. Pharmacological inhibitors of p38 activity may, how-
ever, display a systemic eff ect rather than just modulate 
p38 activation as p38 rescues failing myocardium after 
myocardial infarction71. 

Involvement of p38 in UCP2 regulation
The evidence discussed so far point to an intriguing 

concept of p38-regulated and CREB-mediated UCP2 ex-
pression as a factor in cardiomyocyte survival after an 
ischemic episode. As p38 responds to a wide range of 
stimuli, a more general role of UCP2 in pro/anti-apoptotic 
signaling is likely.

Involvement of p38 in UcP2 regulation is apparent 
from the stimuli causing p38 phosphorylation and con-
sequent activation: angiotensin II and norepinephrine. 
Angiotensin II has been shown to protect, rather than 
cause apoptosis, in cardiomyocytes72. Norepinephrine is 
a known inducer of UCP2 expression6. Moreover, acti-
vation of p38 is decisive for cell survival in hibernating 
mycoradium using a swine model73.

Two recent reports make the connection between p38, 
UCP2 and ROS. Selimovic et al.74 demonstrated the in-
volvement of mitochondria in taxol-induced ROS sign-

Fig. 1. A diagram illustrating the signaling pathways 
through which p38 infl uences UCP2. p38 is a 
member of the MAPK family that are activated 
by a variety of environmental stresses and in-
fl ammatory cytokines. Angiotensin II (ANG II) 
activates p38 mitogen-activated protein kinase 
(p38 MAPK) and increases reactive oxygen spe-
cies (ROS), but the nature of the relationship in 
vivo is not fully understood. p38 MAPK is acti-
vated by norepinephrine (NE) in the vasculature 
and is implicated in vascular smooth muscle hy-
pertrophy, contraction, and cell migration. The 
transcription factor cyclic AMP response ele-
ment binding protein (CREB) binds DNA and 
activates transcription in response to a variety of 
extracellular signals including neurotransmitters, 
hormones, membrane depolarization, and growth 
and neurotrophic factors. Phosphorylation occurs 
at Ser133 via p38 MAP kinase among others. 
cAMP- and protein kinase A-dependent activa-
tion of p38 MAPK is an indispensable step in the 
transcription of the UCP2 gene.
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aling. In melanoma cells the mitochondrial uncoupling 
protein 2 (UCP2) is downregulated by taxol via the acti-
vation of MAP kinase signaling pathways JNK and p38. 
To confi rm the involvement of the MAP kinase signaling 
pathways JNK and p38, they blocked p38MAPK using the 
specifi c inhibitor SB-203580. SB-203580 (4-(4-fl uoroph-
enyl)-2-(4-methylsulphinylphenyl)-5-(4-pyridyl)imidazole) 
is a potent, selective inhibitor of p38 MAP kinase used 
extensively as a tool inhibitor in various pharmacological 
and toxicological models. The downregulation of UCP2 
forms a physiological link between MAP kinase activation 
and ROS generation in taxol-mediated apoptosis74. 

Emre et al.75 proposed a signal amplifi cation loop 
model in which UCP2 is down-regulated in response to 
LPS (lipopolysaccharide) in bone marrow-derived mac-
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rophage cultures through the JNK and p38 pathways. 
They found evidence of a crucial role of UCP2 as regula-
tor of mitochondrial ROS production and its signaling 
in early events leading to macrophage activation. Thus 
UcP2 down-regulation has been shown necessary in order 
to increase mitochondrial ROS production to potentiate 
MAPK activation.

CONCLUSION

There is a tentative relationship between p38 and 
UCP2. However, tissue specifi c regulation must occur to 
account for the divergent eff ects. While two reports de-
scribe down-regulation of UCP2 by p38, indirect evidence 
from cardiomyocyte studies suggests the opposite. A part-
ner for p38, possibly MSK-1 (ref.69), which is present or 
absent in a particular tissue, may be the toggle switch 
responsible for increasing or decreasing UCP2 expression 
(Fig. 1). UCP2 may then serve as protective since p38 
plays a role in the infl ammatory response of the heart76. 
We consider the proposed p38-CREB-UCP2 pathway as 
an important pro-survival factor in cardiomyocytes. 
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