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Abstract:

One of the important hallmarks of cardiovascular disease is mitochondrial dysfunction,

which results in abnormal energy metabolism and increased ROS production in cardiomyocytes.
Members of the mitochondrial uncoupling protein family, UCP2 and UCP3, are thought to be
beneficial

by

reducing

ROS

due

to

mild

uncoupling.

More

recent

hypotheses

suggest

the

involvement of both proteins in cell metabolism by the transport of yet unknown substrates. The
protein expression pattern under physiological and pathological conditions is an important clue for
the evaluation of UCP2/UCP3 function, however, there is still no consensus about it. Previously, we
demonstrated that only UCP3 is present in the adult murine heart under physiological conditions
and correlated it with the predominant use of fatty acids for oxidation. In contrast, UCP2 was
found only in very young (stem cell - like) cardiomyocytes, that rely mostly on glycolysis. Here, we
employed three different models (ex vivo heart ischemia-reperfusion model, myocardial infarction
model, and embryonic stem cell differentiation into cardiomyocytes under hypoxic conditions) to
evaluate the abundance of both proteins under ischemia and hypoxia conditions. We found that (i)
oxygen shortage or bursts did not influence UCP3 levels in the heart and ii) UCP2 was not present
in healthy, ischemic, or re-perfused hearts. However, (iii) UCP2 was sensitive

to the oxygen

concentration in stem cells, in which UCP2 is normally expressed. These results further support the
idea, that two highly homologous proteins - UCP2 and UCP3 – are abundant in different cells and
tissues, and differently regulated under physiological and pathological conditions.
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1. Introduction
Heart diseases continue to be a major cause of mortality worldwide [1]. Impaired energy
metabolism and increased cellular and mitochondrial reactive oxygen species (ROS) are hallmarks
that illustrate the critical role of mitochondria in the pathogenesis of heart disease [2]. Increasing
evidence suggests that in addition to the generation of ATP and regulation of mitochondrial calcium
and ROS, mitochondria are involved in dysfunctional cardiomyocyte metabolism during myocardial
infarction and ischemia [3, 4].
Members of the uncoupling protein (UCP) subfamily - UCP2 and UCP3 - have been first
proposed to modulate mitochondrial ROS production [5] based on their ability to transport protons.
Meanwhile,

it

is

becoming

increasingly

obvious

that

both

proteins

may

be

involved

in

cell

metabolism by transporting other substrates [6-8]. The protein expression pattern is an important
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clue for the evaluation of UCP2 and UCP3 physiological and transport functions. However, no
consensus about this issue exists in the community, mainly due to the low specificity of antibodies
and the translational and posttranslational regulation of these proteins [9], that make the gene
expression analysis less helpful [10]. Additionally, different physiological conditions and animal
models yield contradictory results regarding the expression and function of UCP2 and UCP3.
UCP3, which was originally discovered and intensively studied in skeletal muscle [11], is found
at even higher levels in cardiac muscle [12], making heart an important organ for UCP3 function
analysis. Several groups have shown that a decrease or loss of UCP3 in rodent knockout models
diminished contractile heart function and increased ROS production and tissue damage following
ischemia, while its upregulation during ischemia improved the recovery of cardiomyocytes and
increased cardiac efficiency [13-15]. In contrast, Nabben et al. failed to identify a protective role for
UCP3 under lipid challenging conditions but showed that a lack of UCP3 led to a higher death rate
in mice due to sudden cardiac arrhythmias [16]. Moreover, there is no consensus concerning the
UCP3 expression pattern during heart failure. Young et al. and Razeghi et al. reported significant
UCP3 mRNA downregulation in rodent and human failing heart [17-19]. Other groups detected
UCP3 decrease under hypoxia in rat heart [20, 21]. In contrast, a positive correlation between protein
abundance and heart ischemia was shown in other species [22-29].
Similar to UCP3, UCP2 expression in the healthy and failing heart is very controversially
discussed [30, 31] that hindered the evaluation of its involvement in the pathogenesis of heart
diseases. Both decreased [17, 18, 20] and increased [25, 26, 32-34] UCP2 abundance has been shown
in different models of heart failure.
Unfortunately, most of these studies have in common that no specificity tests for the used
antibodies were shown. Our group previously demonstrated that UCP2 is not present in the adult
murine heart under physiological conditions [35, 36]. However, we detected UCP2 in very young
(5-7 days) mouse hearts [36, 37], which is consistent with the concept that UCP2 is highly abundant
in rapidly proliferating cells relying on glycolysis. In

the hearts of young mice, UCP2 can be

regarded as a marker of a cell “stemness” [37].
The goals of this study were to evaluate (i) the protein expression patterns of UCP2 and UCP3
under heart ischemia conditions and (ii) the impact of oxygen and ROS on the expression of both
proteins

at

a

cellular

level.

To

this

end,

we

used

three

different

models:

(1)

ex vivo

heart

ischemia-reperfusion; (2) myocardial infarction model; (3) embryonic stem cell differentiation into
cardiomyocytes under hypoxic conditions. We used custom-made antibodies against UCP2 and
UCP3, which were evaluated in our previous works [35, 36].

2. Materials and Methods
Animals

Three-month-old C57BL/6 wild-type (wt) mice were used in this study. Mice were kept under
standardized laboratory conditions (12:12 h light-dark cycle, room temperature (24°C), food and water
ad libitum). All animal procedures were approved by the Ethical Committee of the University of
Veterinary Medicine, Vienna, and the Austrian Federal Ministry of Science and Research (permit
number BMWF-68.205/0153-WF/V/3b/2014).

Ex vivo heart ischemia-reperfusion model (Langendorff perfusion)
Following

euthanasia

by

decapitation

or

cervical

dislocation,

the

hearts

of

the

mice

were

removed, and the coronary arteries perfused via the aorta at a constant pressure of 9.8 kPa at 37°C.
Five different perfusion protocols were used to accommodate the various treatment conditions during
the ischemia-reperfusion: 1) control – perfusion with Tyrode´s solution (116 mM NaCl, 20 mM
NaHCO3, 0.4 mM Na2HPO4, 1 mM MgSO4, 5 mM KCl, 11 mM D-glucose, and 1.8 mM CaCl2 [pH 7.4],
gassed with 95% O2 and 5% CO2) for 5 min; 2) apocynin control – perfusion with Tyrode´s solution for
5 min followed by perfusion with Tyrode´s solution containing 100 µM apocynin [38] for 60 min; 3)
ischemia control – perfusion with Tyrode´s solution for 5 min followed by 60 min global ischemia; 4)
reperfusion – perfusion with Tyrode´s solution for 5 min followed by 60 min global ischemia and then
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reperfusion with Tyrode´s solution containing 100 µM apocynin for 60 min; 5) reperfusion control –
perfusion as in (4) without apocynin. After the perfusion, the left ventricles were excised, snap-frozen
in liquid nitrogen, and stored at -80°C.

Myocardial infarction model
Acute myocardial infarction (AMI) was induced by permanent ligation of the left descending
coronary

artery

(LDCA).

In

brief,

mice

were

anaesthetised

by

intraperitoneal

injection

of

ketamine/medetomidine (100/0.25 mg/kg) and placed under controlled ventilation with indoor air.
Left lateral thoracotomy was performed at the fourth intercostal region (ICR), and the pericardium
was removed to provide access to the left descending coronary artery. Ligation was performed 1 to 2
mm below the tip of the left atrial appendage. After the procedure, mice were treated for four days

® and buprenorphine to alleviate pain and improve recovery. Mice were weighed weekly

with Baytril

and monitored daily for excessive weight loss or abnormal behaviour. The sham operation was
performed as above with the omission of coronary artery ligation. All mice were killed 4 weeks

post-surgery

.

Western blot analysis
Heart samples were homogenised with a mixer mill in RIPA buffer supplemented with a protease
inhibitor cocktail. After sonication and centrifugation, the lysate supernatant was collected. The total
protein

concentration

was determined

with

the

Pierce

BCA Protein

Assay

Kit

(Thermo Fischer

Scientific). Total protein (20 µg) was separated on 15% SDS-PAGE gels and transferred to membranes
(nitrocellulose membrane for UCP2 and PVDF membrane for UCP3). The membranes were incubated
with antibodies against UCP3
succinate

dehydrogenase

and

UCP2 (evaluated in

complex

subunit

(glyceraldehyde-3-phosphate-dehydrogenase,
(ATP-Synthase,

β−subunit,

A,

[12] and [36] respectively),

Abcam,

Sigma

ab14715,

Aldrich,

dilution

G8795,

CII

1:7500),

dilution

(SDHA,
GAPDH

1:7500),

CV

Invitrogen A-2135, dilution 1:5000), α-actin (Abcam, ab88226, dilution

1:3000), β-actin (Sigma Aldrich, A5441, dilution 1:10000), Oct 3/4 (Santa Cruz, sc-9081, dilution 1:1500),
and VDAC (voltage-dependent

anion

channel,

Abcam,

ab14734,

dilution

1:5000).

Detection was

performed with the ChemiDoc-It 600 Imaging System (UVP, UK) using horseradish peroxidase-linked
anti-rabbit and anti-mouse secondary antibodies (GE Healthcare, Austria) and ECL western blotting
reagent (Bio-Rad,

Austria). Western

blot results were

quantified with

Launch Vision Works LS

software (UVP, UK). The relative amounts of UCP2 and UCP3 were calculated as a ratio between the
intensity of the protein band of the sample to that of the loaded mouse recombinant protein UCP2 or
UCP3 [12]. The heart standard was prepared from pooled hearts of 2–5 months old C57BL/6 wt mice (n
= 15) [37]. 20 mg of the heart standard was loaded per lane. The use of heart standard or recombinant
proteins allowed the direct comparison of different western blots.

Differentiation of mouse embryonic stem cells (mESC) into cardiomyocytes
mESC (clone D3, ATCC) were differentiated into cardiomyocytes according to the published
protocol [39]. Stem cells were routinely maintained in Dulbecco's modified Eagle's medium (high
glucose without sodium pyruvate; Thermo Fisher Scientific) supplemented with 15% fetal calf serum
(Sigma-Aldrich), 2 mM L-glutamine (Thermo Fisher Scientific), 1% non-essential amino acids (Thermo
Fisher

Scientific),

0.1

mM

β-mercaptoethanol

(Sigma-Aldrich),

and

antibiotics

(50

U/mL

penicillin/streptomycin; Thermo Fisher Scientific). To avoid stem cell differentiation and maintain
pluripotency, the medium was supplemented with mLIF (106 U/mL murine leukemia inhibitory factor;
Millipore).

mESC

were

split

every

2

to

3

days.

Cardiomyocyte

differentiation

was

initiated

by

incubation of the mESC in maintenance media without mLIF for two days using the hanging drop
culture method.

The formed embryo bodies (EB) were transferred

to bacterial Petri

dishes and

cultivated for an additional two days. EBs were then placed into 6-well plates and cultured for a
maximum of 15 days. The contraction of the differentiated cardiomyocytes was determined by light
microscopy. Cells

were maintained in

a humidified

atmosphere under normoxic (5% CO2, 21%

atmospheric O2) or hypoxic (5% CO2, 5% O2) conditions at 37°C. Reperfusion

experiments were
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performed by transferring the cells from hypoxic to normoxic conditions. Cells were re-oxygenated for
3 days. The O2 tension under hypoxic conditions was controlled by an oxygen sensor and continuous
injection of appropriate amounts of nitrogen.

Statistical analysis
Western blotting results are presented as the mean ± SEM. Data were analysed using the t-test or
one-way ANOVA for more than two groups (Sigma Plot 12.5 software). Data were considered
statistically significant with a p < 0.05.

3. Results

3.1 Evaluation of the UCP3 expression in the ischemic heart
To evaluate the impact of short- and long-term exposure to hypoxia on the expression of UCP3
in the mouse heart, we performed two different sets of experiments on three-month-old mice: (i)
Langendorff perfusion and (ii) acute myocardial infarction (MI). UCP3 expression was not changed
following hypoxia with only a tendency to increase after reperfusion (Fig. 1, A). The relative amount
of UCP3 (r.u.) was calculated as a ratio between the intensity of the protein band of the sample to the
heart standard (Suppl. Fig. S1), which was prepared from 15 pooled hearts of 2–5 months old
C57BL/6 wt mice (Hilse, Rupprecht et al. 2018). The equal amount of heart standard was loaded on
each western blot that allowed the comparison of different western blots after the normalization of
UCP3 to the heart standard.

Figure 1.

UCP2 and UCP3

expression in hypoxic heart

model of

Langendorff

perfusion. (A)

UCP3

expression in the murine heart under physiological conditions (Ctrl), during hypoxia (Hyp), reperfusion (Rep),
reperfusion with apocynin (Rep+A). The relative amount (r. u.) of UCP3 is presented as a ratio between the
UCP3 band intensity of a sample to heart standard (s. Materials&Methods and Suppl. Fig. S1). 20 μg of total
protein from each heart sample were loaded per lane. 5 ng of the recombinant mUCP3 were loaded as a positive
control (first lane of western blot). GAPDH and

α-actin were used as loading controls. Data are presented as the

mean ± SEM (n = 6 independent experiments). Numbers correspond to the molecular weight of investigated
proteins. (B) UCP2 expression in the murine heart under physiological conditions (Ctrl), during hypoxia (Hyp),
reperfusion (Rep), reperfusion with apocynin (Rep+A). 20 μg of total protein from each heart sample were
loaded per lane. 2.5 ng of the recombinant mUCP2 were loaded as a positive control (first lane of western blot).
GAPDH was used as loading control. A representative western blot from 6 independent experiments is shown.

To

test

the

putative

correlation

between

UCP3

expression

and

ROS

production,

we

added

a

well-known inhibitor of NADPH oxidase and ROS production, apocynin (+A), to the perfusion
buffer. Apocynin treatment during reperfusion did not affect the amount of UCP3 in the adult
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mouse heart (Fig. 1, A). We used different mitochondrial markers (CII, CV and VDAC [40]) to ensure
that the mitochondria amount didn´t change under investigated conditions. UCP2 was neither
present in the adult mouse heart under physiological conditions nor induced by short-term hypoxia
or reperfusion (Fig. 1, B).
To examine the impact of long-term hypoxia on UCP3 levels in the mouse heart, we compared
UCP3 expression levels in the left ventricle (LV; ischemic part of the heart) and right ventricle and
septum (RV + S; normal perfused areas of the heart) of MI- and sham-operated animals, 4 weeks
post-MI (Fig. 2, A and B). Western blotting showed high variability in UCP3 expression in both the
left and right ventricles and septa across the MI mouse group (Fig. 2, A). UCP3 expression levels,
normalized to those of the recombinant UCP3, revealed only a slight tendency to increase after MI
(Fig. 2, B). Based on the high variance and lack of a statistically significant difference in UCP3
expression in the MI animals compared to the sham-operated controls, we concluded that oxygen
stress does not appear to be

the molecular mechanism that can cause

the induction of UCP3

expression in cardiomyocytes.
To test the hypothesis that UCP2 may serve as a marker appearing during oxygen deprivation
in the adult heart, we performed western blotting on

LV and RV + S samples from MI- and

sham-operated animals. UCP2 was not expressed in the left ventricle of MI- or sham-operated
animals. A slight increase in UCP2 expression was detectable in the right ventricle and septum after
long-term hypoxia (Fig. 2, C). However, similar to UCP3 expression, we observed a high variance
between animals, which might be also explained by inflammatory processes, e.g. the invasion of
different numbers of immune cells [36, 41] or by adaptation of cellular metabolism [6].
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Figure 2.

UCP2 and UCP3 expression after myocardial infarction in mice. (A) Representative western blots for

UCP3 expression in the left ventricle (LV, upper blot) or right ventricle and septum (RV + S, bottom blot) after
myocardial infarction (MI). Mice were divided into experimental (MI in LV and RV + S) and in control (sham in
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LV and RV + S) groups (n = 5 to 6 per group). 20 μg of total protein from investigated tissues were loaded per
lane. mUCP3 (5 ng) and whole heart lysate from one mouse (He wt) were loaded as positive controls for UCP3.
Antibody against CV was used as a mitochondrial marker, and GAPDH - as a protein loading control. (B)
Quantification of UCP3 expression in the LV and RV+S from experimental and control mice. The relative UCP3
protein levels were calculated as a ratio of the intensity of the UCP3 band of the sample to that of the mUCP3.
Data are presented as the mean ± SEM (n = 5 to 6 per group). (C) Representative western blots for UCP2
expression in the LV (upper blot) and RV+S (lower blot) after MI. 20 μg of total protein from investigated tissues
were loaded per lane. mUCP2 (2.5 ng), whole heart lysate (He wt), or spleen lysate (Sp wt) were used as positive
controls. Spleen lysate from UCP2KO mice served as a negative control. Antibody against CII was used as
mitochondrial marker, and GAPDH was used as a protein loading control.

3.2 Influence of oxygen levels and the induction of cardiomyocyte differentiation on UCP expression
in stem cells
Recently, we demonstrated that UCP3 is not expressed in mESC under normal conditions as
well as at any stage of mESC differentiation into cardiomyocytes [37, 42]. To exclude the possibility
that UCP3 expression may be induced in the cardiomyocyte differentiation model after exposure to
hypoxia, we incubated cells from day 5 to day 10 in hypoxic conditions.

Figure 3. UCP2 and UCP3 expression in differentiated cardiomyocytes and mesenchymal mESC during
hypoxia and reperfusion.
mESC-derived

(A) Representative western blotting analysis of UCP3 and UCP2 protein levels in

cardiomyocytes

(day

10)

under

standard

conditions

(ctrl)

or

during

hypoxia

(hyp)

or

reperfusion (rep). (B) Representative western blots and quantification of UCP2 expression in mESC under
standard conditions (ctrl) or during hypoxia (hyp) or reperfusion (rep). 20 μg of total protein from cell lysates
were loaded per lane. The relative UCP2 amount (r. u.) is a ratio of the UCP2 band intensity of the sample to
that of recombinant UCP2 (2.5 ng). Data are presented as the mean ± SEM (n = 3-8 cell passages). An antibody
against

OCT3/4

was

used

as

a

stem

cell

marker;

CII,

β-actin,

and

GAPDH

were

used

as

controls

for

mitochondria amounts and protein loading.

Neither hypoxia nor re-oxygenation led to UCP3 expression, and such treatments did not
change UCP2 abundance in the mESC-derived cardiomyocytes on day 10 (Fig. 3, A). Interestingly,
UCP2 expression was significantly increased in stem cells, which are a natural habitat for UCP2 [42],
under hypoxic conditions and then declined following re-oxygenation (Fig. 3, B).

4. Discussion

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.181768; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

8 of 13

Understanding the complex role of the mitochondrial uncoupling proteins (UCP2 and UCP3) in the
genesis and progression of cardiovascular disease (e.g., ischemia or heart failure) could provide
novel targets for therapeutic intervention. Despite over two decades of intensive research, there is no
consensus on the roles of UCP2 and UCP3 in the heart. Nevertheless, it is now becoming clear that
no reasonable conclusions can be made based solely on UCP2 and UCP3 gene expression, because
both proteins are subjected to strong translational regulation and have a short half-life [6, 30, 36, 43].
In addition, the expression of UCP2 and UCP3 is confined to tissues or cells with different type of
metabolism, glycolysis and fatty acid oxidation respectively [10].
Since the discovery of UCP3, the majority of studies have focused on evaluating its putative function
in the regulation of ROS production. In particular, UCP3 was discussed as a mild uncoupler,
preventing

damage

to

myocardial

tissue

in

cardiovascular

disease

[24].

Indeed,

UCP3

has

proton-transporting activity, similar to UCP1 and UCP2 [44, 45]. Previous observations made with
MI model in UCP3KO mice demonstrated larger infarcts, higher ROS production, and impaired
myocardial energetics [14, 29]. It has been shown that the hearts of UCP3KO animals are not
protected by ischemic preconditioning. The restoration of uncoupling (e.g., pharmacologically with
carbonyl

cyanide-4-(trifluoromethoxy)phenylhydrazone

(FCCP)

or

via

UCP1

overexpression

in

heart) was claimed to protect against IR injury [46], which appeared to confirm the protective role of
UCP3 on the heart through mild uncoupling [47]. Several groups reported UCP3 upregulation by
oxidative stress [48-51]. Jiang et al. [48] explained the increased UCP3 in skeletal muscle during
exercise by the increased ROS generation. Interestingly, due to prolong exercise skeletal muscles
switch to the increased use of fatty acids that positively correlate with the expression of UCP3 [10].
Our results on UCP3 expression in short- and long-time models of oxygen shortage (Langendorff
perfusion and myocardial infarction) are not in line with the previous observations. The high
variance and lack of a statistically significant difference in UCP3 expression in the MI animals in our
study suggest that oxygen stress and ROS generation is not the global mechanism for the induction
of UCP3 expression. This conclusion contradicts studies reporting UCP3 upregulation by oxidative
stress in heart, but is in line with the view that “cardiac muscle may remain reliant on fatty acids
during sustained hypoxia” [52]. The direct correlation between the expression of UCP3 and FAO
was demonstrated previously [37, 53, 54]. For accuracy, it should be mentioned that reactive species
can increase the protonophoric function of UCPs in the presence of fatty acids without affecting their
expression [55, 56].
Our present results revealed that, in contrast to UCP3, UCP2 levels are sensitive to changes in the
oxygen levels in mESC (Fig. 3, B). Our laboratory and few other groups previously demonstrated
that UCP2 protein, whose mRNA expression is ubiquitous [57, 58], is solely present in highly
proliferating cells that have a glycolytic type of metabolism (e.g., cancer, stem cells, and activated
immune cells) [36, 42, 59, 60]. Therefore, our results that showed an increase in the UCP2 levels in
mESC during hypoxia are in line with the observations that stem cells are more glycolytic under
oxygen deprivation conditions and remain undifferentiated longer with an increased proliferation
capacity

[61].

We

recently

showed

that

the

bioenergetics

profile

of

mESC

and

mESC-derived

cardiomyocytes revealed a highly glycolytic type of metabolism [37], which plausibly explains the
high levels of UCP2 in these cells and in hearts of young mice as well as its changing expression
levels during differentiation and aging [37, 42]. Similarly, the presence of UCP2 in the ischemic
heart, although only in parts of the right ventricle and septum, could be explained by the presence of
glycolytic, rapidly proliferating cells. Activation of resident cardiac stem cells to proliferation and
differentiation after ischemic injury contributes to the tissue regeneration [62-64]. Additionally, the
high levels of ROS that appear during reperfusion attract pro-inflammatory neutrophils [65]. As a
consequence, immune cells, in which UCP2 is usually highly expressed, infiltrate damaged tissues
[36, 41]. Nevertheless, metabolic adaptation to proliferation and oxidative stress is a dynamic and
flexible process to constantly adjust to the actual situation. Such adaptation could be ensured by fast
UCP2 expression as has been previously shown for neuroblastoma cells [6].
In summary, in this study, we have revealed that UCP3 expression is not altered by myocardial
infarction or reperfusion. UCP2 levels were sensitive to changes in oxygen levels only in cells where
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it is typically present (i.e., stem cells). The results of this study support the hypothesis that two
highly homologous proteins - UCP2 and UCP3 – are abundant in different cells and tissues, and
differently regulated under physiological and pathological conditions. The re-evaluation of the
previous results with regard to these new insights would be an important step for uncovering the
exact functions of UCP2 and UCP3 in cardiomyocytes and their roles in cardiac dysfunction.

Author Contributions:

conceptualization, E.E.P., O.A. and K.H.; methodology, K.H., K.F., A.R., R.E.; formal

analysis, K.H. and K.F; investigation, K.H. and K.F; writing—original draft preparation, K.H.; writing—review
and editing, E. E. P., K.H., A.R., R.E.; funding acquisition, E.E.P, O.A.

Funding:

This research was funded by Austrian Research Fund (FWF), grant number P25123-820 to EEP and

P26534-B13 to OA.

Acknowledgments: We are grateful to Sarah Bardakji,

Ute Zeitz (Institute of Physiology, Pathophysiology and

Biophysics, University of Veterinary Medicine, Vienna, Austria) for their excellent technical assistance. We
thank Svetlana

Slavic (Institute of

Physiology, Pathophysiology and

Biophysics,

University of Veterinary

Medicine, Vienna, Austria) for help with mouse surgery.

Conflicts of Interest: The authors declare no conflict of interest.

References
1.

Writing Group, M.; Mozaffarian, D.; Benjamin, E. J.; Go, A. S.; Arnett, D. K.; Blaha, M. J.; Cushman, M.;

Das, S. R.; de Ferranti, S.; Despres, J. P.; Fullerton, H. J.; Howard, V. J.; Huffman, M. D.; Isasi, C. R.; Jimenez, M.
C.; Judd, S. E.; Kissela, B. M.; Lichtman, J. H.; Lisabeth, L. D.; Liu, S.; Mackey, R. H.; Magid, D. J.; McGuire, D. K.;
Mohler, E. R., 3rd; Moy, C. S.; Muntner, P.; Mussolino, M. E.; Nasir, K.; Neumar, R. W.; Nichol, G.; Palaniappan,
L.; Pandey, D. K.; Reeves, M. J.; Rodriguez, C. J.; Rosamond, W.; Sorlie, P. D.; Stein, J.; Towfighi, A.; Turan, T. N.;
Virani, S. S.; Woo, D.; Yeh, R. W.; Turner, M. B.; American Heart Association Statistics, C.; Stroke Statistics, S.,
Heart Disease and Stroke Statistics-2016 Update: A Report From the American Heart Association.

Circulation

2016, 133, (4), e38-360.
2.

Madamanchi, N. R.; Runge, M. S., Mitochondrial dysfunction in atherosclerosis.

Circ Res 2007,

100, (4),

460-73.
3.

Murphy, E.; Ardehali, H.; Balaban, R. S.; DiLisa, F.; Dorn, G. W., 2nd; Kitsis, R. N.; Otsu, K.; Ping, P.;

Rizzuto, R.; Sack, M. N.; Wallace, D.; Youle, R. J.; American Heart Association Council on Basic Cardiovascular
Sciences, C. o. C. C.; Council on Functional, G.; Translational, B., Mitochondrial Function, Biology, and Role in
Disease: A Scientific Statement From the American Heart Association.
4.

Circ Res 2014,

6, (3), 248-61.

Biochim Biophys Acta Bioenerg 2019,

1860, (5), 391-401.

Nedergaard, J.; Cannon, B., The 'novel' 'uncoupling' proteins UCP2 and UCP3: what do they really do?

Pros and cons for suggested functions.
8.

Nat Rev Mol

Rupprecht, A.; Moldzio, R.; Modl, B.; Pohl, E. E., Glutamine regulates mitochondrial uncoupling protein 2

to promote glutaminolysis in neuroblastoma cells.
7.

114, (4), 717-29.

Krauss, S.; Zhang, C. Y.; Lowell, B. B., The mitochondrial uncoupling-protein homologues.

Cell Biol 2005,
6.

118, (12), 1960-91.

Carley, A. N.; Taegtmeyer, H.; Lewandowski, E. D., Matrix revisited: mechanisms linking energy substrate

metabolism to the function of the heart.
5.

Circ Res 2016,

Exp Physiol 2003,

88, (1), 65-84.

Vozza, A.; Parisi, G.; De Leonardis, F.; Lasorsa, F. M.; Castegna, A.; Amorese, D.; Marmo, R.; Calcagnile, V.

M.; Palmieri, L.; Ricquier, D.; Paradies, E.; Scarcia, P.; Palmieri, F.; Bouillaud, F.; Fiermonte, G., UCP2 transports
C4 metabolites out of mitochondria, regulating glucose and glutamine oxidation.
111, (3), 960-5.

Proc Natl Acad Sci U S A 2014,

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.181768; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10 of 13

9.

Donadelli, M.; Dando, I.; Fiorini, C.; Palmieri, M., UCP2, a mitochondrial protein regulated at multiple

levels.
10.

Cell Mol Life Sci 2014,

71, (7), 1171-90.

Pohl, E. E.; Rupprecht, A.; Macher, G.; Hilse, K. E., Important Trends in UCP3 Investigation.

Front Physiol

2019, 10, (470), 470.
11.

Boss, O.; Samec, S.; Paoloni-Giacobino, A.; Rossier, C.; Dulloo, A.; Seydoux, J.; Muzzin, P.; Giacobino, J. P.,

Uncoupling protein-3: a new member of the mitochondrial carrier family with tissue-specific expression.

Lett. 1997,
12.

408, (1), 39-42.

Hilse, K. E.; Kalinovich, A. V.; Rupprecht, A.; Smorodchenko, A.; Zeitz, U.; Staniek, K.; Erben, R. G.; Pohl,

E. E., The expression of UCP3 directly correlates to UCP1 abundance in brown adipose tissue.

Acta 2016,
13.

Biochim Biophys

1857, (1), 72-78.

Harmancey, R.; Vasquez, H. G.; Guthrie, P. H.; Taegtmeyer, H., Decreased long-chain fatty acid oxidation

FASEB J 2013,

impairs postischemic recovery of the insulin-resistant rat heart.
14.

FEBS

27, (10), 3966-78.

Ozcan, C.; Palmeri, M.; Horvath, T. L.; Russell, K. S.; Russell, R. R., III, Role of uncoupling protein 3 in

ischemia-reperfusion injury, arrhythmias, and preconditioning.

Am.J.Physiol Heart Circ.Physiol 2013,

304, (9),

H1192-H1200.
15.

Perrino, C.; Schiattarella, G. G.; Sannino, A.; Pironti, G.; Petretta, M. P.; Cannavo, A.; Gargiulo, G.; Ilardi,

F.; Magliulo, F.; Franzone, A.; Carotenuto, G.; Serino, F.; Altobelli, G. G.; Cimini, V.; Cuocolo, A.; Lombardi, A.;
Goglia, F.; Indolfi, C.; Trimarco, B.; Esposito, G., Genetic deletion of uncoupling protein 3 exaggerates apoptotic
cell death in the ischemic heart leading to heart failure.
16.

J.Am.Heart Assoc. 2013,

2, (3), e000086.

Nabben, M.; van Bree, B. W.; Lenaers, E.; Hoeks, J.; Hesselink, M. K.; Schaart, G.; Gijbels, M. J.; Glatz, J. F.;

da Silva, G. J.; De Windt, L. J.; Tian, R.; Mike, E.; Skapura, D. G.; Wehrens, X. H.; Schrauwen, P., Lack of UCP3
does not affect skeletal muscle mitochondrial function under lipid-challenged conditions, but leads to sudden
cardiac death.
17.

Basic Res.Cardiol. 2014,

109, (6), 447.

Young, M. E.; Patil, S.; Ying, J.; Depre, C.; Ahuja, H. S.; Shipley, G. L.; Stepkowski, S. M.; Davies, P. J.;

Taegtmeyer, H., Uncoupling protein 3 transcription is regulated by peroxisome proliferator-activated receptor
(alpha) in the adult rodent heart.
18.

FASEB J. 2001,

Razeghi, P.; Young, M. E.; Alcorn, J. L.; Moravec, C. S.; Frazier, O. H.; Taegtmeyer, H., Metabolic gene

expression in fetal and failing human heart.
19.

15, (3), 833-845.

Circulation 2001,

104, (24), 2923-2931.

Razeghi, P.; Young, M. E.; Ying, J.; Depre, C.; Uray, I. P.; Kolesar, J.; Shipley, G. L.; Moravec, C. S.; Davies,

P. J.; Frazier, O. H.; Taegtmeyer, H., Downregulation of metabolic gene expression in failing human heart before
and after mechanical unloading.
20.

Cardiology 2002,

97, (4), 203-209.

Bugger, H.; Guzman, C.; Zechner, C.; Palmeri, M.; Russell, K. S.; Russell, R. R., 3rd, Uncoupling protein

downregulation in doxorubicin-induced heart failure improves mitochondrial coupling but increases reactive
oxygen species generation.
21.

Cancer Chemother Pharmacol 2011,

Essop, M. F.; Razeghi, P.; McLeod, C.; Young, M. E.; Taegtmeyer, H.; Sack, M. N., Hypoxia-induced

decrease

of

UCP3

gene

expression

mitochondrial respiratory coupling.
22.

in

rat

heart

parallels

metabolic

Biochem Biophys Res Commun 2004,

gene

switching

but

fails

to

affect

314, (2), 561-4.

Murray, A. J.; Anderson, R. E.; Watson, G. C.; Radda, G. K.; Clarke, K., Uncoupling proteins in human

heart.
23.

67, (6), 1381-8.

Lancet 2004,

364, (9447), 1786-8.

Anedda, A.; Lopez-Bernardo, E.; Acosta-Iborra, B.; Saadeh, S. M.; Landazuri, M. O.; Cadenas, S., The

transcription

factor

Nrf2

promotes

conditions of oxidative stress.

survival

by

enhancing

Free Radic.Biol.Med. 2013,

the

expression

61C, 395-407.

of

uncoupling

protein 3

under

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.181768; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

11 of 13

24.

Murray, A. J.; Cole, M. A.; Lygate, C. A.; Carr, C. A.; Stuckey, D. J.; Little, S. E.; Neubauer, S.; Clarke, K.,

Increased

mitochondrial

uncoupling

chronically infarcted rat heart.
25.

respiratory

uncoupling

and

decreased

efficiency

in

the

44, (4), 694-700.

McLeod, C. J.; Hoyt, R. F.; Sack, M. N., UCP-2, a functional target in delayed preconditioning induced

cardioprotection?
26.

proteins,

J Mol Cell Cardiol 2008,

Cardiovasc.J.S.Afr. 2004,

15, (4 Suppl 1), S4.

Safari, F.; Anvari, Z.; Moshtaghioun, S.; Javan, M.; Bayat, G.; Forosh, S. S.; Hekmatimoghaddam, S.,

Differential expression of cardiac uncoupling proteins 2 and 3 in response to myocardial ischemia-reperfusion
in rats.
27.

Life Sci 2014,

98, (2), 68-74.

Almsherqi, Z. A.; McLachlan, C. S.; Slocinska, M. B.; Sluse, F. E.; Navet, R.; Kocherginsky, N.; Kostetski, I.;

Shi, D. Y.; Liu, S. L.; Mossop, P.; Deng, Y., Reduced cardiac output is associated with decreased mitochondrial

Cell Res 2006,

efficiency in the non-ischemic ventricular wall of the acute myocardial-infarcted dog.

16, (3),

297-305.
28.

Cole, M. A.; Abd Jamil, A. H.; Heather, L. C.; Murray, A. J.; Sutton, E. R.; Slingo, M.; Sebag-Montefiore, L.;

Tan, S. C.; Aksentijevic, D.; Gildea, O. S.; Stuckey, D. J.; Yeoh, K. K.; Carr, C. A.; Evans, R. D.; Aasum, E.;
Schofield, C. J.; Ratcliffe, P. J.; Neubauer, S.; Robbins, P. A.; Clarke, K., On the pivotal role of PPARalpha in

FASEB J 2016,

adaptation of the heart to hypoxia and why fat in the diet increases hypoxic injury.

30, (8),

2684-97.
29.

Harmancey, R.; Haight, D. L.; Watts, K. A.; Taegtmeyer, H., Chronic Hyperinsulinemia Causes Selective

Insulin

Resistance

and

Down-regulates

Uncoupling

Protein

3

(UCP3)

through

the

Activation

Regulatory Element-binding Protein (SREBP)-1 Transcription Factor in the Mouse Heart.

of

Sterol

J Biol Chem 2015,

290,

(52), 30947-61.
30.

Pecqueur, C.; Alves-Guerra, M. C.; Gelly, C.; Levi-Meyrueis, C.; Couplan, E.; Collins, S.; Ricquier, D.;

Bouillaud, F.; Miroux, B., Uncoupling protein 2, in vivo distribution, induction upon oxidative stress, and
evidence for translational regulation.
31.

72, (2), 210-9.

Bodyak, N.; Rigor, D. L.; Chen, Y. S.; Han, Y.; Bisping, E.; Pu, W. T.; Kang, P. M., Uncoupling protein 2

modulates cell viability in adult rat cardiomyocytes.
33.

Am J Physiol Heart Circ Physiol 2007,

293, (1), H829-35.

McFalls, E. O.; Sluiter, W.; Schoonderwoerd, K.; Manintveld, O. C.; Lamers, J. M. J.; Bezstarosti, K.; van

Beusekom,

H.

M.; Sikora, J.;

Ward, H.

chronically ischemic swine myocardium.
34.

276, (12), 8705-8712.

Sack, M. N., Mitochondrial depolarization and the role of uncoupling proteins in ischemia tolerance.

Cardiovasc Res 2006,
32.

J.Biol.Chem. 2001,

B.;

Merkus,

D.;

Duncker,

D.

J., Mitochondrial

Journal of Molecular and Cellular Cardiology 2006,

adaptations

within

41, (6), 980-988.

Safari, F.; Bayat, G.; Shekarforoush, S.; Hekmatimoghaddam, S.; Anvari, Z.; Moghadam, M. F.; Hajizadeh,

S., Expressional profile of cardiac uncoupling protein-2 following myocardial ischemia reperfusion in losartanand ramiprilat-treated rats.
35.

J Renin Angiotensin Aldosterone Syst 2014,

Hilse, K. E.; Rupprecht, A.; Kalinovich, A.; Shabalina, I. G.; Pohl, E. E., Quantification of Mitochondrial

UCP3 Expression in Mouse Tissues.
36.

15, (3), 209-17.

Biophysical Journal 2014,

106, (2), 592a-592a.

Rupprecht, A.; Brauer, A. U.; Smorodchenko, A.; Goyn, J.; Hilse, K. E.; Shabalina, I. G.; Infante-Duarte, C.;

Pohl, E. E., Quantification of uncoupling protein 2 reveals its main expression in immune cells and selective
up-regulation during T-cell proliferation.
37.

PLoS One 2012,

7, (8), e41406.

Hilse, K. E.; Rupprecht, A.; Egerbacher, M.; Bardakji, S.; Zimmermann, L.; Wulczyn, A.; Pohl, E. E., The

Expression of Uncoupling Protein 3 Coincides With the Fatty Acid Oxidation Type of Metabolism in Adult
Murine Heart.

Front Physiol 2018,

9, (747), 747.

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.181768; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12 of 13

38.

Han, Y.; Zhao, H.; Tang, H.; Li, X.; Tan, J.; Zeng, Q.; Sun, C., 20-Hydroxyeicosatetraenoic acid mediates

isolated

heart ischemia/reperfusion injury

production.
39.

by

increasing NADPH oxidase-derived

reactive oxygen

species

77, (7), 1807-16.

Seiler, A. E.; Spielmann, H., The validated embryonic stem cell test to predict embryotoxicity in vitro.

Protoc 2011,
40.

Circ J 2013,

Nat

6, (7), 961-78.

Moschinger, M.; Hilse, K. E.; Rupprecht, A.; Zeitz, U.; Erben, R. G.; Rulicke, T.; Pohl, E. E., Age-related sex

differences in the expression of important disease-linked mitochondrial proteins in mice.

Biol Sex Differ 2019,

10,

(1), 56.
41.

Smorodchenko, A.; Schneider, S.; Rupprecht, A.; Hilse, K.; Sasgary, S.; Zeitz, U.; Erben, R. G.; Pohl, E. E.,

UCP2

up-regulation

activation.
42.

within

the

course

of

autoimmune

Biochim Biophys Acta Mol Basis Dis 2017,

encephalomyelitis

correlates

with

T-lymphocyte

1863, (4), 1002-1012.

Rupprecht, A.; Sittner, D.; Smorodchenko, A.; Hilse, K. E.; Goyn, J.; Moldzio, R.; Seiler, A. E.; Brauer, A. U.;

Pohl, E. E., Uncoupling protein 2 and 4 expression pattern during stem cell differentiation provides new insight
into their putative function.
43.

PLoS One 2014,

9, (2), e88474.

Rousset, S.; Mozo, J.; Dujardin, G.; Emre, Y.; Masscheleyn, S.; Ricquier, D.; Cassard-Doulcier, A. M., UCP2

is a mitochondrial transporter with an unusual very short half-life.
44.

Biochim Biophys Acta Biomembr 2018,

1860, (3), 664-672.

Beck, V.; Jaburek, M.; Demina, T.; Rupprecht, A.; Porter, R. K.; Jezek, P.; Pohl, E. E., Polyunsaturated fatty

acids activate human uncoupling proteins 1 and 2 in planar lipid bilayers.
46.

581, (3), 479-482.

Macher, G.; Koehler, M.; Rupprecht, A.; Kreiter, J.; Hinterdorfer, P.; Pohl, E. E., Inhibition of mitochondrial

UCP1 and UCP3 by purine nucleotides and phosphate.
45.

FEBS Lett. 2007,

FASEB J 2007,

21, (4), 1137-44.

Hoerter, J.; Gonzalez-Barroso, M. D.; Couplan, E.; Mateo, P.; Gelly, C.; Cassard-Doulcier, A. M.; Diolez, P.;

Bouillaud, F., Mitochondrial uncoupling protein 1 expressed in the heart of transgenic mice protects against
ischemic-reperfusion damage.
47.

Circulation 2004,

110, (5), 528-33.

Berry, B. J.; Trewin, A. J.; Amitrano, A. M.; Kim, M.; Wojtovich, A. P., Use the Protonmotive Force:

Mitochondrial Uncoupling and Reactive Oxygen Species.
48.

J Mol Biol 2018,

430, (21), 3873-3891.

Jiang, N.; Zhang, G.; Bo, H.; Qu, J.; Ma, G.; Cao, D.; Wen, L.; Liu, S.; Ji, L. L.; Zhang, Y., Upregulation of

uncoupling protein-3 in skeletal muscle during exercise: a potential antioxidant function.

Free Radic.Biol.Med.

2009, 46, (2), 138-145.
49.

Lopez-Bernardo, E.; Anedda, A.; Sanchez-Perez, P.; Acosta-Iborra, B.; Cadenas, S., 4-Hydroxynonenal

induces Nrf2-mediated UCP3 upregulation in mouse cardiomyocytes.

Free Radic Biol Med

2015,

88, (Pt B),

427-38.
50.

Mailloux, R. J.; Harper, M. E., Uncoupling proteins and the control of mitochondrial reactive oxygen

species production.
51.

Free Radic.Biol.Med. 2011,

Cadenas, S., ROS and redox signaling in myocardial ischemia-reperfusion injury and cardioprotection.

Free Radic Biol Med 2018,
52.

117, 76-89.

Morash, A. J.; Kotwica, A. O.; Murray, A. J., Tissue-specific changes in fatty acid oxidation in hypoxic heart

and skeletal muscle.
53.

51, (6), 1106-1115.

Am J Physiol Regul Integr Comp Physiol 2013,

305, (5), R534-41.

Argyropoulos, G.; Brown, A. M.; Willi, S. M.; Zhu, J.; He, Y.; Reitman, M.; Gevao, S. M.; Spruill, I.; Garvey,

W. T., Effects of mutations in the human uncoupling protein 3 gene on the respiratory quotient and fat
oxidation in severe obesity and type 2 diabetes.
54.

Bezaire,

mitochondrial

V.;

Hofmann,

energetics

Endocrinol.Metab 2001,

W.;

and

J Clin Invest 1998,

Kramer, J. K.; Kozak, L. P.;
fatty

acid

281, (5), E975-E982.

metabolism

in

102, (7), 1345-51.

Harper,
Ucp3(-/-)

M. E.,
and

Effects

of

wild-type

fasting on
mice.

muscle

Am.J.Physiol

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.181768; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

13 of 13

55.

Jovanovic,

Fedorova,

M.;

O.;

Pashkovskaya,

Ferreri,

C.;

Pohl,

A.

E.

A.;

E.,

Annibal,

The

A.;

Vazdar,

molecular

mechanism

transmembrane translocations of proton and potassium ions.
56.

M.;

Burchardt,
behind

Sansone,

reactive

Free Radic Biol Med 2015,

A.;

aldehyde

Gille,

L.;

action

on

89, 1067-76.

Malingriaux, E. A.; Rupprecht, A.; Gille, L.; Jovanovic, O.; Jezek, P.; Jaburek, M.; Pohl, E. E., Fatty acids are

key in 4-hydroxy-2-nonenal-mediated activation of uncoupling proteins 1 and 2.
57.

N.;

Alan,

L.;

Smolkova,

K.;

Kronusova,

E.;

Santorova,

J.;

Jezek,

P.,

PLoS One 2013,

Absolute

levels

of

8, (10), e77786.
transcripts

for

mitochondrial uncoupling proteins UCP2, UCP3, UCP4, and UCP5 show different patterns in rat and mice
tissues.
58.

J.Bioenerg.Biomembr. 2009,

41, (1), 71-78.

Fleury, C.; Neverova, M.; Collins, S.; Raimbault, S.; Champigny, O.; Levi-Meyrueis, C.; Bouillaud, F.;

Seldin, M. F.; Surwit, R. S.; Ricquier, D.; Warden, C. H., Uncoupling protein-2: a novel gene linked to obesity
and hyperinsulinemia.
59.

15, (3), 269-272.

Yu, W. M.; Liu, X.; Shen, J.; Jovanovic, O.; Pohl, E. E.; Gerson, S. L.; Finkel, T.; Broxmeyer, H. E.; Qu, C. K.,

Metabolic

regulation

differentiation.
60.

Nat.Genet. 1997,

by

the

mitochondrial

Cell Stem Cell 2013,

Alves-Guerra,

M.

C.;

phosphatase

PTPMT1

is

required for

hematopoietic

stem

cell

12, (1), 62-74.

Rousset,

S.;

Pecqueur,

C.;

Mallat,

Z.;

Blanc,

J.;

Tedgui,

A.;

Bouillaud,

F.;

Cassard-Doulcier, A. M.; Ricquier, D.; Miroux, B., Bone marrow transplantation reveals the in vivo expression
of the mitochondrial uncoupling protein 2 in immune and nonimmune cells during inflammation.

J.Biol.Chem.

2003, 278, (43), 42307-42312.
61.

Abdollahi, H.; Harris, L. J.; Zhang, P.; McIlhenny, S.; Srinivas, V.; Tulenko, T.; DiMuzio, P. J., The role of

hypoxia in stem cell differentiation and therapeutics.
62.

J Surg Res 2011,

165, (1), 112-7.

Urbanek, K.; Torella, D.; Sheikh, F.; De Angelis, A.; Nurzynska, D.; Silvestri, F.; Beltrami, C. A.; Bussani, R.;

Beltrami, A. P.; Quaini, F.; Bolli, R.; Leri, A.; Kajstura, J.; Anversa, P., Myocardial regeneration by activation of
multipotent cardiac stem cells in ischemic heart failure.
63.

Proc Natl Acad Sci U S A 2005,

102, (24), 8692-7.

Oh, H.; Bradfute, S. B.; Gallardo, T. D.; Nakamura, T.; Gaussin, V.; Mishina, Y.; Pocius, J.; Michael, L. H.;

Behringer, R. R.; Garry, D. J.; Entman, M. L.; Schneider, M. D., Cardiac progenitor cells from adult myocardium:
homing, differentiation, and fusion after infarction.
64.

100, (21), 12313-8.

Mauretti, A.; Spaans, S.; Bax, N. A. M.; Sahlgren, C.; Bouten, C. V. C., Cardiac Progenitor Cells and the

Interplay with Their Microenvironment.
65.

Proc Natl Acad Sci U S A 2003,

Stem Cells Int 2017,

2017, 7471582.

Kalogeris, T.; Baines, C. P.; Krenz, M.; Korthuis, R. J., Cell biology of ischemia/reperfusion injury.

Cell Mol Biol 2012,

298, 229-317.

Int Rev

