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Abstract Mitochondria are producing most of the energy
needed for many cellular functions by a process named
oxidative phosphorylation (OXPHOS). It is now well recog-
nized that mitochondrial dysfunctions are involved in several
pathologies or degenerative processes, including cardiovascu-
lar diseases, diabetes, and aging. Animal models are currently
used to try to understand the role of mitochondria in human
diseases but a major problem is that mitochondria from dif-
ferent species and tissues are variable in terms of regulation.
Analysis of mitochondrial function in three species of planar-
ian flatworms (Tricladia, Platyhelminthes) shows that they
share a very rare characteristic with human mitochondria: a
strong control of oxidative phosphorylation by the phosphor-
ylation system. The ratio of coupled OXPHOS over maximal
electron transport capacity after uncoupling (electron transport
system; ETS) well below 1.0 indicates that the phosphoryla-
tion system is limiting the rate of OXPHOS. The OXPHOS/
ETS ratios are 0.62±0.06 inDugesia tigrina, 0.63±0.05 in D.
dorotocephala and 0.62±0.05 in Procotyla fluviatilis, compa-
rable to the value measured in human muscles. To our knowl-
edge, no other animal model displays this peculiarity. This
new model offers a venue in which to test the phosphorylation
system as a potential therapeutic control point within humans.
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Abbreviations
Cyt. c Cytochrome c
DNP Dinitrophenol
ETS Electron transport system
G3Pdh Glycerol-3-phosphate dehydrogenase
IM Isolated mitochondria
LA Left atrium
LV Left ventricle
PA Permeabilized animal
PF Permeabilized fibers
PM Pyruvate and malate
RCR Respiratory control ratio
ROX Residual oxygen consumption
S(rot) Succinate and rotenone
TMPD Tetramethylphenylenediamine
V Ventricle
WH Whole heart
Ww Wet weight

Introduction

Up to now, hundreds of mitochondrial proteins have been
implicated in human diseases (Chinault et al. 2009;
Schwimmer et al. 2006). Unfortunately, even when the protein
involved in the disease is identified, the mechanistic link
between the protein dysfunction and the diseases remains often
unclear (Rea et al. 2010). For close to 60 % of mitochondrial
disorders, the causative factors have not been identified
(Dimmer et al. 2002). Delineation of these causative factors
is however critical since mitochondrial dysfunction have been
tightly related to cardiovascular diseases (Lemieux andHoppel
2009; Lemieux et al. 2011), diabetes (Anderson et al. 2009;
Boushel et al. 2007), and aging (see reviews Lesnefsky and
Hoppel 2006; Rosca et al. 2009a; among others).
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Mitochondria produce the major fraction of muscle energy
via a process called oxidative phosphorylation (OXPHOS;
Fig. 1). During this process, the electrons are transferred into
the electron transport system (ETS), located in the mitochon-
drial inner membrane, while protons are pumped into the
intermembrane space at the level of complexes I, III, and IV.
The proton gradient formed between the two mitochondrial
membranes is used by the phosphorylation system to produce
energy in the form of ATP. The energy generated by oxidative
phosphorylation depends not only on the efficiency of elec-
tron transport between the complexes I to IVof the ETS, but
also on the ability of the phosphorylation system to convert
the proton gradient into energy (Fig. 1).

The strides in understanding human muscular diseases
have been driven largely by genetic approaches using model
systems such as transgenic mice (Wallace 2002; Zaragoza et
al. 2011). Animal models are useful to discern the roles of
mitochondrial proteins in the etiology of disease involving
mitochondria (Rea et al. 2010). These animal models should
allow not only the identification of genes and proteins
associated with the disease, but also to determine at which
level energy production is impaired in the mitochondria.
The regulation of OXPHOS should therefore be carefully
scrutinized. Unfortunately, mitochondria are not functional-
ly equivalent among different species and tissues, and the
divergence in the OXPHOS regulation processes are rarely
considered in studies performed with animal models.

A very peculiar property of mitochondria from human
heart (Lemieux et al. 2011) and skeletal muscle (Boushel et
al. 2007) is the strong control exerted by the phosphoryla-
tion system on OXPHOS. Because the main purpose of

OXPHOS is to produce energy, the control of OXPHOS
by the phosphorylation system is of major consequence for
muscle contraction. To measure the limitation of OXPHOS
by the phosphorylation system in permeabilized tissues or
isolated mitochondria, an uncoupler is added to the mito-
chondria respiring in the presence of excess substrates and
ADP. The addition of the uncoupler allows the protons to
come back through the mitochondrial membrane without
passing through the ATP synthase (Fig. 1). The contribution
of the phosphorylation system in the regulation of oxidative
phosphorylation is quantified by the ratio of coupled
OXPHOS over maximal electron transport capacity after
uncoupling (ETS; Pesta and Gnaiger 2011). A ratio of 1.0
indicates that the capacity of the phosphorylation system is
enough to support the capacity of electron transfer in the
ETS, and that the control of OXPHOS is at the level of the
ETS (Pesta and Gnaiger 2011). A ratio below 1.0 indicates
that the phosphorylation system is limiting the rate of
OXPHOS. In a healthy human heart, the OXPHOS/ETS
ratio is 0.48, indicating that OXPHOS capacity is dictated
by the phosphorylation system which can support less than
50 % of the ETS capacity (Lemieux et al. 2011; Table 1). In
human skeletal muscle, the ratio is around 0.8, showing that
the phosphorylation system capacity is 20 % lower than the
ETS capacity (see Table 1 for references).

Heart and skeletal muscle from currently used mammal
models such as rat and mouse do not present such a limita-
tion of OXPHOS by the phosphorylation system (Aragonés
et al. 2008; Hickey et al. 2009; Lemieux et al. 2010; see
Table 1). In rodent muscles where the capacity of the phos-
phorylation system can support the maximum proton flux

Fig. 1 Scheme of oxidative phosphorylation (OXPHOS) in mitochon-
dria. The electron transport system (ETS) located in the mitochondrial
inner membrane (MIM) includes the complexes I (CI), II (CII), III
(CIII), and IV (CIV). The electrons enter into the ETS via CI, CII,
electron transferring flavoprotein, and glycerophosphate dehydroge-
nase (later two are not shown). Substrates for CI provide electrons
from NADH via the citric acid cycle. Succinate provides FADH2

feeding electrons into CII. Electrons from CI and CII converge at the
Q-cycle before going to CIII and CIV. When electrons are transferred
into the ETS, protons are pumped into the intermembrane space at the

level of CI, CIII, and CIV. The proton gradient is used by the phos-
phorylation system to produce energy in the form of ATP. The phos-
phorylation system is composed of the ATP synthase, the adenine
nucleotide translocase (ANT), and the phosphate carrier (PiC). ADP
enters the mitochondrial outer membrane (MOM) through voltage-
dependent anion channel (VDAC) and the MIM through the adenine
nucleotide translocase (ANT). The phosphate freely passes through the
MOM and is transported through the MIM via the PiC. The ATP
synthase uses the phosphate and the ADP to make ATP
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generated by the electron transport in the ETS, a disease
affecting an ETS complex will have major consequences on
energy production. In contrast, in human muscles where the
ETS capacity exceed the proton flux that can be supported by
the phosphorylation system, a decrease in electron transport
through the ETS will not immediately affect energy produc-
tion. However, with human muscles, any defect in the

phosphorylation system components (Fig. 1) could have ma-
jor consequences. As an example, decreases in the capacity of
the phosphorylation system have been measured early in the
development of human heart failure, and contribute to the loss
of energy production by the heart (Lemieux et al. 2011).

Finding an animal model that displays the particular
characteristics of human mitochondria is essential for

Table 1 OXPHOS/ETS ratios in the animal kingdom

Tissues Species Complexes OXPHOS/ETS ratios References

Heart

LA (PF) Human (control donors) I 0.48 (Lemieux et al. 2011)

II 0.92 (Lemieux et al. 2011)

LV (IM) Pig I 0.97 (Mootha et al. 1997)

LV (IM) Dog I 0.96 (Mootha et al. 1997)

LV (IM) I 0.98–0.99 (Rosca et al. 2008)

LV (PF) Rat I+II 1.0 (Hickey et al. 2009;
Lemieux et al. 2010)

WH (IM) I 0.98 (Chen et al. 2008)

II 0.97 (Chen et al. 2008)

LV (PF) Mouse I+II 1.0 (Lemieux et al. 2006)

V (IM) Mouse II 1.0 (ter Veld et al. 2005)

V (PF) Fish Forsterygion varium,
F. malcolmi, Bellapiscis medius

I+II 0.95–1.0 (Hilton et al. 2010)

V (PF) Epaulette shark Hemiscyllum
ocellatum, Solvenose ray
Aptychotrema rostrata

I+II 0.59–0.77 (Hickey et al. 2012)

Skeletal muscle

Quadriceps (IM) Human I+II 0.69–0.72 (Rasmussen and Rasmussen 2000)
(Rasmussen et al. 2001)

I 0.80–0.86 (Rasmussen and Rasmussen 2000)

II 0.93 (Rasmussen and Rasmussen 2000)

Vastus lateralis (PF) Human I+II 0.79 (Boushel et al. 2007)

Triceps brachii (PM) Horse I+II (GMS) 0.67–0.91 (Votion et al. 2010;
Votion et al. 2012)

Gastrocnemius (IM) Dog I 0.92–0.95 (Rosca et al. 2009b)

II 1.0 (Rosca et al. 2009b)

Plantaris (PF) Rat I+II 1.0 (Wüst et al. 2012)

Soleus (PF) Mouse I+II 1.0 (Aragonés et al. 2008)

Gastrocnemius (IM) Mouse II 1.0 (ter Veld et al. 2005)

Whole animal

(PA) Brown planaria, Dugesia tigrina I+II (n010) 0.62±0.06 Our results

I (n07) 0.69±0.05 Our results

II (n09) 0.86±0.08 Our results

(PA) Black planaria, D. dorotocephala I+II (n04) 0.63±0.03 Our results

(PA) White planaria, Procotyla fluviatilis I+II (n05) 0.62±0.05 Our results

(IM) C.elegans (wild type) I 0.95–1.0 (Kayser et al. 2001;
Kayser et al. 2004)

(PA) Daphnia magna I+II (n04) 1.00±0.01 Our results

(PA) Drosophila simulans I+II+G3Pdh 0.97–0.99 (Pichaud et al. 2012)

LV Left ventricle; V Ventricle; IM Isolated mitochondria; PF Permeabilized fibers; PA Permeabilized animal; G3Pdh Glycerol-3-phosphate
dehydrogenase; WH Whole heart; LF Left atrium
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exploring how mitochondrial dysfunction can lead to gen-
eral metabolic impairment and human diseases. The major
mechanism of regulation of OXPHOS should correspond to
the one observed in human muscles: a strong control by the
phosphorylation system. Such a model will be of major
interest, for example, in finding pharmaceutical compounds
that act directly upon the regulation of OXPHOS. Worms
are widely used animal models and are currently used for
studying aging (Sedensky and Morgan 2006) and diseases
involving mitochondria (Rea et al. 2010). Here we highlight
the planarian flatworms (order Tricladida, class Turbellaria,
phylum Platyhelminthes), as a new model to study human
diseases affecting skeletal muscle and cardiac mitochondria.

Methods

Animals

Brown planaria (Dugesia tigrina), Black planaria (D.
dorotocephala), and White planaria (Procotyla fluviatilis)
are obtained fromWard’s Natural Science Canada (St. Cathar-
ines, ON, Canada) and were maintained at room temperature
in a modified zooplankton medium (Lynch et al. 1986) con-
taining (concentrations in mg.l−1, if not otherwise specified):
KCl (50), MgSO4 (40), CaCl2 (26.5), K2HPO4 (6), KH2PO4

(6), NaNO3 (50), NaSiO3 (20), FeCl3 (1.1), and precondi-
tioned water from a gold fish tank (100 ml.l−1). D. tigrina
and D. dorotocephala were fed once a week with beef liver.
Daphnia magna were cultured in the same zooplankton me-
dium without NaSiO3 and were fed 2–3 times a week with the
algae Chlamydomonas sp. Care of the animals was approved
by the animal care and use committee (Biosciences) of the
University of Alberta.

Animal permeabilization and high-resolution respirometry

Each planarian was weighed and used fresh for high-
resolution respirometry measurement. The animal was
rinsed twice with 0.5 ml of ice-cold relaxing solution con-
taining 2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 20 mM
immidazole, 20 mM taurine, 6.56 mM MgCl2, 5.77 mM
ATP, 15 mM phosphocreatine, 0.5 mM dithiothreitol,
50 mM K-MES (pH 7.1 at 0 °C). After careful permeabili-
zation with small forceps, the animal was agitated for
30 min at 4 °C in the relaxing solution supplemented with
50 μg ml−1 saponin (Kuznetsov et al. 2004; Veksler et al.
1987). The tissue was immediately transferred into the res-
piration chamber (OROBOROS Oxygraph 2 k, Innsbruck,
Austria) containing 2 ml of respiration medium Mir05
(110 mM sucrose, 60 mM K-lactobionate, 0.5 mM EGTA,
1 g l−1 BSA fatty acid free, 3 mM MgCl2, 20 mM taurine,
10 mM KH2PO4, 20 mM K-HEPES, pH 7.1; Gnaiger et al.

2000). The same method was applied for D. magna, except
that the weight was not measured. In each respiration cham-
ber, one D. tigrina or D. dorotocephala, 3 to 4 P. fluviatilis,
and 10–20 D. magna were used. Respiration was measured
at 20 °C. Datlab software (OROBOROS Instruments) was
used for data acquisition and analysis.

The protocols for evaluating mitochondrial function are
presented in Fig. 2a, b, and c. The final concentration of
substrates, the uncoupler, and inhibitors added to the cham-
bers were: pyruvate 5 mM, malate 5 mM, ADP 2.5 mM,
cytochrome c (cyt. c) 10 μM, succinate 10 mM, dinitrophenol
(DNP) titration up to an optimum concentration of 80–
180 μM for planarians and 25 μM for D. magna, rotenone
0.5 μM, antimycin A 2.5 μM, ascorbate 2 mM, tetramethyl-
phenylenediamine (TMPD) 0.5 mM, azide 15 mM. Mi-
tochondrial respiration was corrected for oxygen flux due
to instrumental background, and for residual oxygen con-
sumption (ROX) after inhibition of complexes I and III
with rotenone and antimycin A. For complex IV respiration
(ascorbate + TMPD), the chemical background measured in
the presence of azide was subtracted. Respiratory flux in
planarians is expressed in pmol O2 per second per mg wet
weight (ww).

Data analysis

Statistical analyses were performed using SigmaStat 4
(Aspire Software International, Ashburn, VA). A t-test
for dependent samples was used to determine the effects
of the additions of cytochrome c and uncoupler. P<0.05
was considered significant. Results are presented as
means ± standard deviation.

Results

Pattern of mitochondrial respiration in D. tigrina

In the protocol A (Figs 2a and 3a), resting respiration
(LEAK) is measured in the presence of pyruvate + malate,
before the addition of ADP. LEAK respiration is the oxygen
consumption that represents proton leak, electron slip, and
proton cycling (Brand et al. 1994). In permeabilizedD. tigrina,
LEAK respiration is low (0.53±0.41 pmol s−1 mg−1ww) com-
pared to respiration coupled with the production of ATP
(OXPHOS; 4.08±0.78 pmol s−1 mg−1ww). The respiratory
control ratio (RCR; OXPHOS/LEAK) of 16.27±16.69 reflects
the high coupling of mitochondrial respiration, a first indica-
tion of good mitochondrial quality. The integrity of the outer
mitochondrial membrane in the permeabilized animal is shown
by the addition of exogenous cytochrome c (Fig. 2a), leading
to only a small increase of OXPHOS (12.45±3.24 %). Addi-
tion of succinate to complex I substrates increases OXPHOS
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by 1.8-fold, leading to an oxygen consumption of 7.23±
1.46 pmol s−1 mg−1ww in the presence of substrates that feed
electrons into complexes I + II simultaneously (Figs. 2a and
3a). Uncoupling with DNP further increases complexes I + II
respiration and gives the maximal ETS capacity (11.61±
2.03 pmol s−1 mg−1ww; Figs. 2a and 3a). Addition of rotenone
inhibits complex I and isolates the respiration due to the
entry of electrons through complex II [S(Rot): 6.69±
1.56 pmol s−1 mg−1ww; Figs. 2a and 3a]. After inhibi-
tion of complex III with antimycin A, ascorbate and TMPD
are added to measure the respiration of complex IV (cyto-
chrome c oxidase, COX; 14.22±2.24 pmol s−1 mg−1ww;
Figs. 2a and 3a).

In the protocol B (Figs. 2b and 3b), the respiration rate
for LEAK and OXPHOS in the presence of complex I

15 25 35 45 55 65 75 85

R
es

pi
ra

ti
on

 (
pm

ol
.s

-1
.m

g-1
)

0

5

10

15

20

25

STESOHPXOKAEL

IICII+ICIC CIV

Pyruvate 
+ malate

ADP

Cyt.c

Succinate

15 25 35 45 55 65 75 85 95

R
es

pi
ra

ti
on

 (
pm

ol
.s

-1
.m

g-1
)

0

5

10

15

20

25

Time (min)

15 25 35 45 55

R
es

pi
ra

ti
on

 (
pm

ol
.s

-1
.m

g-1
)

0

5

10

15

20

25
Succinate
+ rotenone

ADP

Cyt.c
Antimycin A

a

b

c

DNP titration
Rotenone

Antimycin A

TMPD
+Ascorbate Azide

Pyruvate 
+ malate

ADP

Cyt.c
DNP titration

Succinate

DNP
Rotenone

Antimycin A

TMPD
+Ascorbate Azide

AzideTMPD
+Ascorbate

DNP titration

CI CI+II CII CIV

VICIIC

STESOHPXOKAEL

STESOHPXOKAEL

Fig. 2 Limitation of oxidative phosphorylation (OXPHOS) by the
phosphorylation system measured in permeabilized Dugesia tigrina
in the presence of complexes I+II (CI+II) substrates (titration protocol
A), complex I (CI) substrates (titration protocol B), and the complex II
(CII) substrate (titration protocol C). The traces show typical experi-
ments and represent the oxygen consumption as a function of time.
Arrows indicate times of titrations of the substrates, uncoupler, and
inhibitors. The first protocol (A) comprised the following steps: resting
respiration (without ADP, LEAK) in the presence of CI substrates
pyruvate+malate (PM); coupled respiration (OXPHOS) in the presence
of PM and saturating ADP; integrity of the mitochondrial outer mem-
brane measured with addition of cytochrome c; maximal OXPHOS
with CI+II substrates after addition of succinate to CI substrates;
maximal electron transport system (ETS, CI+II) capacity after uncou-
pling with dinitrophenol (DNP); CII ETS capacity after inhibition of CI
with rotenone; residual oxygen consumption after inhibition of com-
plex III with antimycin A; complex IV (CIV) respiration in the pres-
ence of ascorbate+TMPD (AsTm); inhibition of complex IV with
azide. In the second protocol (B) the titration with DNP is performed
in the presence of CI substrates (PM) only. The addition of succinate
after the DNP measures CI+II ETS capacity. A second addition of DNP
insures the full uncoupling in the presence of CI+II substrates simul-
taneously. In the third protocol (C) the titration with DNP is performed
in the presence of the CII substrate (succinate+rotenone)

S(Rot)  S(Rot) S(Rot)  COX

R
es

pi
ra

tio
n 

(p
m

ol
.s

-1
.m

g-1
)

0

5

10

15

20

PM  PM PM PMS S(rot) COX

R
es

pi
ra

tio
n 

(p
m

ol
.s

-1
.m

g-1
)

0

5

10

15

20

PM  PM PMS  PMS S(Rot) COX

R
es

pi
ra

tio
n 

(p
m

ol
.s

-1
.m

g-1
)

0

5

10

15

20

a
CI CI+II CII CIV

b

c

LEAK OXPHOS ETS

CI CI+II CII CIV

LEAK OXPHOS ETS

CII CIV

LEAK OXPHOS ETS

O
X

P
H

O
S 

/ E
T

S

0.0

0.2

0.4

0.6

0.8

1.0

O
X

P
H

O
S 

/ E
T

S

0.0

0.2

0.4

0.6

0.8

1.0

O
X

P
H

O
S 

/ E
T

S

0.0

0.2

0.4

0.6

0.8

1.0

d

e

f
CII

CI

CI+II

Fig. 3 Mitochondrial respiration in permeabilized D. tigrina with the
three multiple titration protocols. See Fig. 2 for abbreviations. A, B,
and C represents the mitochondrial respiration in pmol.s−1.mg−1 wet
weight measured with the three protocols (Fig. 2). The OXPHOS/ETS
coupling control ratios are measured with substrates for complexes I+II
(D, protocol A), for complex I (E, protocol B), and for complex II (F,
protocol C). Data are means±SD. N010, 7, 9 for protocols A, B, and C
respectively

J Bioenerg Biomembr (2012) 44:503–512 507



substrates (pyruvate + malate) is not significantly different
from the rates obtained in protocol A. Uncoupling with
DNP further increases respiration, giving a complex I ETS
capacity of 7.05±0.61 pmol s−1 mg−1ww (Figs. 2b and 3b).
Addition of succinate to complex I substrates further
increases respiration by 1.4-fold (complexes I + II ETS;
10.21±1.08 pmol s−1 mg−1ww; Figs. 2b and 3b). The max-
imal ETS capacity with complexes I + II substrates did not
show any significant differences between protocols A and B
(Figs. 3 a, b).

In the protocol C (Figs. 2c and 3c), LEAK respiration in
the presence of the complex II substrate (succinate + rote-
none) is higher (1.73±0.66 pmol s−1 mg−1ww; Fig. 3c)
compared to LEAK respiration in the presence of the com-
plex I substrates (Figs. 3a, b). OXPHOS in the presence of
succinate + rotenone reaches 5.43±1.04 pmol s−1·mg−1ww
(Fig. 3c). Uncoupling with DNP further increases respiration
to a complex II ETS capacity of 6.32±1.06 pmol s−1 mg−1ww
(Fig. 3c). The values for ETS capacities of complexes II and
IV do not significantly differ between the three protocols
(Fig. 3a, b, and c).

Quality of the mitochondria is also evaluated with the
coupling control ratio. LEAK respiration normalized for
ETS capacity (LEAK/ETS ratio) provides an expression of
coupling independent of any limitation by the phosphoryla-
tion system (Gnaiger 2009; Pesta and Gnaiger 2011). The
ETS capacity is measured in the presence of (1) optimal
uncoupler concentration to release the control of OXPHOS
from the phosphorylation system and (2) complexes I + II
substrates simultaneously. This ratio is 0.04±0.03 for protocol
A and 0.03±0.02 for protocol B, indicating that mitochondria
are well coupled.

Flux control ratios

The limitation of OXPHOS capacity by the phosphorylation
system is expressed by the OXPHOS/ETS coupling control
ratio. In D. tigrina, the ratio is measured in the presence of
different substrates (Fig. 3d, e, f), with a careful titration of
the uncoupling agent (DNP; Fig. 2). The titration is impor-
tant because a small excess of uncoupler can exerts a pro-
nounced inhibitory effect (Gnaiger 2008; Steinlechner-
Maran et al. 1996). The OXPHOS/ETS ratios in D. tigrina
are 0.62±0.06 in the presence of complexes I + II substrates
(Fig. 3d), 0.69±0.05 in the presence of complex I substrates
only (Fig. 3e), and 0.86±0.08 in the presence of the com-
plex II substrate (Fig. 3d, e, f, Table 1). The OXPHOS/ETS
ratios are far from 1.00 which indicates that the phosphor-
ylation system is limiting the OXPHOS capacity. In order to
verify if our results were species specific, mitochondrial
respiration is measured in two other species of planarian
(D. dorotocephala and Procotyla fluviatilis) with the proto-
col A (Fig. 2a). OXPHOS/ETS ratios similar to the one

measured in D. tigrina were obtained for these two species
(Table 1). In contrast, with D. magna, addition of an uncou-
pler does not affect the OXPHOS respiration, leading to an
OXPHOS/ETS ratio of 1.0 (Table 1).

Leak respiration normalized for ETS capacity (LEAK/
ETS) provides an expression of mitochondrial coupling that
is independent of any limitation by the phosphorylation
system (Gnaiger 2009). The low LEAK/ETS ratio in
D. tigrina (0.03), compared to the ratio in well coupled
human heart mitochondria (0.08–0.10), is indicative of
the good quality of the mitochondrial preparation in the
planarians.

Validation of the results obtained with D. tigrina

Control experiments are performed to exclude an ADP
limitation and incomplete tissue permeabilization as factors
responsible for the low OXPHOS/ETS ratio in D. tigrina.
The first experiment (Fig. 4a) shows that complexes I + II
OXPHOS capacity in the presence 2.5 mM ADP is not
further stimulated by the addition of 1.25 mM ADP (final
concentration 3.75 mM ADP). In the second experiment,
creatine (10 mM) is added and does not exert an effect on
OXPHOS (Fig. 4b), providing evidence that OXPHOS
capacity is not limited by mitochondrial creatine kinase.
Saponin (25 mg.ml-1) is added to the O2k chamber to
confirm complete permeabilization of the cell membrane.
The saponin treatment causes a loss of mitochondrial coupling
as the addition of ADP after saponin does not stimulate LEAK
respiration (Fig. 4c). A large effect of cytochrome c is ob-
served after saponin treatment in the chamber, indicating a
loss of integrity of the outer mitochondrial membrane
(Fig. 4c). Because the mitochondria are already uncoupled
by the saponin treatment in the chamber, the addition of the
uncoupler after cytochrome c does not stimulate respiration.
The same results are obtained by the addition of digitonin into
the chamber after the standard protocol for permeabilization of
the animals (results not shown). A titration of saponin is
performed in the O2k chamber after ADP stimulation. A
gradual loss of OXPHOS capacity is observed after adding
7.5mg.ml−1 saponin and a drastic loss after adding 15mg.ml−1

of saponin. The OXPHOS capacity can be recovered by the
addition of exogenous cytochrome c, showing the loss of
integrity of the mitochondrial outer membrane (Fig. 4d). In
the last test, the standard protocol of incubation of the per-
meabilized animal is performed with half of the saponin
concentration used in the standard protocol (25 instead of
50 mg.ml−1). The results for OXPHOS (with cytochrome c
4.72±0.62 pmol s−1 mg−1ww) and ETS capacities (with py-
ruvate + malate + succinate: 12.83±0.82 pmol·s−1·mg−1ww)
are similar to the results obtained with 50 mg.ml−1 of saponin
(4.08±0.78 and 11.61±2.03 pmol·s−1·mg−1ww, respectively).
The cytochrome c effect is not reduced when decreasing the
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saponin concentration (19.33±0.36 % compared to 12.45±
3.24 % with the protocol A).

Discussion

The recognized link between mitochondrial dysfunction and
human diseases has led to a growing interest for research in
mitochondrial physiology. The very peculiar properties of
human heart and skeletal muscle mitochondria have unfor-
tunately not been taken into account in studies performed
with animal models. Our results highlight the planarians as
potential model species for mitochondrial oxidative phos-
phorylation. The planarians are, so far in the animal king-
dom, the only species that can be used as an animal model
and that share with human heart and skeletal muscle mito-
chondria a strong regulation of OXPHOS by the phosphor-
ylation system.

The capacity of the phosphorylation system to use the
proton gradient to produce ATP is a major determinant of
the mitochondrial energy production in the three species of
planarian included in our study. The limitation of OXPHOS
by the phosphorylation system is shown by the increase in
oxygen consumption after adding an uncoupling agent,
which dissociates the transport of electrons into the ETS
from the phosphorylation system. In D. tigrina, the limita-
tion by the phosphorylation system is studied in the pres-
ence of substrates feeding electrons into complex I, into
complex II, or into complexes I + II simultaneously. The
convergent electron input from complexes I + II provides a
maximum electron supply to the ETS and maximizes the
limiting effect of the phosphorylation system under physio-
logical conditions. The OXPHOS/ETS ratio in D. tigrina is
0.62 in the presence of complexes I + II substrates. This
means that the ETS capacity is 61 % over the capacity of the
phosphorylation system. In the presence of substrates feed-
ing electrons only to complex I or II, the transfer of electrons
into the ETS is not maximal, which leads to an underesti-
mation of the limiting effect exerted by the phosphorylation
system. Our results, however, show that even with single
electron entry into the ETS, the ETS capacity is still 44 %
over the phosphorylation capacity in the presence of com-
plex I substrates (OXPHOS/ETS ratio of 0.69) and 16 %
over in the presence of the complex II substrate (OXPHOS/
ETS ratio of 0.86). The higher ratio in the presence of
succinate is expected because complex II ETS capacity is
lower compared to complex I ETS capacity. Furthermore,
the P/O ratio is lower for complex II compared to complex I
supported respiration, making a lower capacity of the phos-
phorylation system sufficient to match the oxygen consump-
tion that is associated with complex II.

Similar OXPHOS/ETS ratios are obtained for two other
species of planarians, D. dorotocephala and P. fluviatilis
(Table 1). D. dorotocephala belongs to the same family
(Planariidae) of planarians as D. tigrina. However, the sim-
ilar ratio observed in P. fluviatilis, a species belonging to the
Dendrocoelidae family, shows that this is a regulation
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extended in the order of Tricladida. In the presence of
complex I or complexes I + II substrates, planarian flatworm
mitochondria show a limitation by the phosphorylation sys-
tem that is similar to the human heart (0.48; Lemieux et al.
2011) and the human skeletal muscle (0.80; see references in
Table 1). In the presence of the complex II substrate, the
OXPHOS/ETS ratio is also similar to the human heart (0.92;
Lemieux et al. 2008) and the human skeletal muscle (0.93;
Rasmussen and Rasmussen 2000). In most other species of
mammals, fish, and invertebrates, the OXPHOS is not lim-
ited by the phosphorylation system. In rat, mouse, pig, and
dog heart and/or skeletal muscle mitochondria, the
OXPHOS/ETS ratios are close to 1.0 (see Table 1). Further-
more, mitochondria from other interesting animal models
such as nematodes (Caenorhabditis elegans), fruit flies
(Drosophila), and cladocerans (D. magna) are not limited
by the phosphorylation system (Table 1). Even though the
mitochondria from horse skeletal muscle and from shark
heart are limited by the phosphorylation system (Table 1),
these animals are not practical models.

In order to make sure that the increased respiration in the
presence of an uncoupler is indicative of a limitation by the
phosphorylation system, we performed further tests in D.
tigrina. ADP limitation and incomplete tissue permeabiliza-
tion are two factors that could explain a low OXPHOS/ETS
ratio without being from a true limitation of OXPHOS by
the phosphorylation system. Addition of ADP or creatine do
not stimulate OXPHOS, providing evidence that OXPHOS
capacity is not limited by mitochondrial creatine kinase and
ADP diffusion (Nascimben et al. 1996; Saks et al. 1991).
Complete permeabilization of the cell membrane is con-
firmed by modification of the concentration of saponin or
addition of digitonin. In case of partial mechanical and
chemical permeabilization (Kuznetsov et al. 2002), one
would expect an increase in OXPHOS with an increase in
saponin concentration. However, the addition of saponin or
digitonin into the oxygraph chamber causes a loss of mito-
chondrial coupling and a loss of integrity of the mitochon-
drial outer membrane. In contrast, a reduction of the saponin
concentration did not affect the OXPHOS and ETS capacities,
and did not improve the mitochondrial membrane integrity.

The limitation of OXPHOS by the phosphorylation sys-
tem in planarians is not the only reason that makes it a good
model for studying mitochondrial function. Planarians are
small, easy, and cost-effective to culture in the laboratory
(Gentile et al. 2011). Many species are available, which is an
advantage in terms of genome diversity. Planarians share a
significant amount of genes with humans, and a lot of these
genes are related to diseases (review by Gentile et al. 2011).
Most planarians show extraordinary developmental plastic-
ity, including asexual and sexual modes of reproduction
(Hoshi et al. 2003). Asexual reproduction of the planarians
via transverse fission is one of the reasons why they are well

recognized as a suitable model for the study of regeneration
processes. These animals have amazing regeneration capac-
ity; a small fragment of this worm (1/279th) can regenerate
into an entire animal, including the central nervous system
(Newmark and Sánchez Alvarado 2002). The asexual repro-
duction allows generation of clonal lines with hundreds of
thousands of fission progeny each week, all derived from a
single individual (Newmark and Sánchez Alvarado 2002).
This provides an exceptional opportunity to study responses
to nutritional and pharmacological modulators, environmental
stimuli, and toxins in a uniform genetic background with
unlimited replication.

The ultimate objective when using animal models is to be
able to translate the research to human applications. Only a
third of the animal studies published in leading journals
were successfully translated to the level of human random-
ized trials (Hackam and Redelmeier 2006). One of the
potential reasons for the lack of correlation between human
and animal studies is that the animal models do not neces-
sarily reflect well the human environment. In our study, we
highlight an animal model that mimics a unique property of
human skeletal muscle and heart mitochondria, a strong
limitation of OXPHOS by the phosphorylation system. This
regulation of mitochondrial metabolism is very rare in the
animal kingdom and is not observed in currently used ani-
mal models including those from mice and rats. With a
regulation of oxidative phosphorylation similar to human
muscles, planarians show tremendous potential as model
species to understand the control of mitochondrial metabo-
lism and its role in human diseases. It is also an ideal species
for high-throughput screening for drug discovery in a
whole-animal context. Such an animal model could allow
the discovery of pharmaceutical products targeting directly
the limiting step in energy production in humans, the phos-
phorylation system and its components.
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