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Abstract. Time-resolved spectrometry of endogenous nicotinamide dinucleotide phosphate [NAD(P)H] fluorescence is a useful method to evaluate metabolic oxidative state in living cells. Ouabain is a well-known pharmaceutical drug used in the treatment of cardiovascular disease, the effects of which on myocardial metabolism were
recently demonstrated. Mechanisms implicated in these actions are still poorly understood. We investigate the
effect of ouabain on the metabolic oxidative state of living cardiac cells identified by time-resolved fluorescence
spectroscopy of mitochondrial NAD(P)H. Spectral unmixing is used to resolve individual NAD(P)H fluorescence
components. Ouabain decreased the integral intensity of NAD(P)H fluorescence, leading to a reduced component
amplitudes ratio corresponding to a change in metabolic state. We also noted that lactate/pyruvate, affecting the
cytosolic NADH gradient, increased the effect of ouabain on the component amplitudes ratio. Cell oxidation levels,
evaluated as the percentage of oxidized NAD(P)H, decreased exponentially with rising concentrations of the cardiac glycoside. Ouabain also stimulated the mitochondrial NADH production. Our study sheds a new light on the
role that ouabain plays in the regulation of metabolic state, and presents perspective on a noninvasive, pharmaceutical approach for testing the effect of drugs on the mitochondrial metabolism by means of time-resolved fluorescence spectroscopy in living cells. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.10.101505]
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1

Introduction

Ouabain is a member of one of the oldest class of pharmaceuticals used for treatment of heart failure,1 and its actions have
been revisited since ouabain was identified in 1999 as an endogenous hormone.2 Ouabain is a well-known inhibitor of the
Na∕K-ATPase (sodium/potassium-adenosine triphosphatase;
i.e., sodium pump) pathway, an energy-transducing ion pump
which catalyzes active transport of sodium and potassium across
the plasma membranes,3 and is highly conserved in all eukaryotic cells, including heart cells.
Extensive clinical observations demonstrated that in addition
to its effects on ionic homeostasis, ouabain also stimulates myocardial metabolism. More specifically, ouabain increases lactic
acid utilization by the myocardium, reduces lactic acid concentration in the blood of patients with heart disease, stimulates
fatty acid utilization in the myocardium, and inhibits increased
oxygen consumption induced by adrenaline.1 Studies over the
past few years have clearly demonstrated that ouabain acts
by binding on Naþ ∕Kþ -ATPase, which is an important signal
transducer.4 Binding of ouabain to Naþ ∕Kþ -ATPase changes
the interaction of the enzyme with neighboring membrane proteins, and induces the formation of multiple signaling modules,
including increased production of reactive oxygen species
(ROS). In cardiac myocytes, sodium pump inhibition is
known to regulate cardiomyocyte metabolism, including the
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Ras-Rac-NAD(P)H oxidase cascade5 and NADH∕NADþ
redox potential.6 Regulation by ouabain of the sodium pump
as an energy transducer thus became an important new line
of investigation. Despite the importance of the effects of ouabain
on myocardial metabolism, the precise mechanism of its action,
particularly its action on the metabolic state of cardiac cells, is
still poorly understood.
To evaluate the role of ouabain on the mitochondrial metabolic state, we have chosen a noninvasive spectroscopy method
based on measuring the time- and spectrally resolved NAD(P)H
endogenous fluorescence.7 This technique allows not only to
determine changes in the fluorescence intensity, but also to separate individual NAD(P)H fluorescence components accordingly
to their spectral characteristics and fluorescence lifetimes.8 Consequently, the applied approach allows us to evaluate changes in
the cell’s metabolic oxidative mitochondrial redox state which
correlate with NADH∕NADþ redox potential.9,10 This procedure is tested as a perspective pharmaceutical procedure for
monitoring the effect of drugs on the mitochondrial metabolism
where ouabain is chosen as a model drug.

2
2.1

Methods
Chemicals

Pyruvate (100 μmol∕L) and 3-β-hydroxybutyrate (BHB,
3 mmol∕L) were freshly prepared, while lactate (2 mmol∕L)
0091-3286/2012/$25.00 © 2012 SPIE
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and acetoacetate (AcAc, 150 μmol∕L or 1. 5 mmol∕L) were
added to basic external solution from stock solution
(100 mmol∕L, pH 7.2 for lactate, and 250 mM stock solution
for AcAc). Rotenone (1 μmol∕L) and 9,10-dinitrophenol (DNP,
50 μmol∕L) were added to cells in basic external solution for 5
to 25 min prior to recording. All chemicals were purchased from
Sigma (Canada).

2.2

Animals and Cell Isolation

Female Sprague-Dawley rats (13 to 14 weeks old, Charles River,
Canada) were studied. Left ventricular myocytes were isolated
after retrograde perfusion of the heart with proteolytic
enzymes.11 All procedures were performed in accordance with
the National Institutes of Health (NIH) and Canadian Council
on Animal Care (CCAC) guidelines, and evaluated by the local
Comité Institutionnel des Bonnes Pratiques sur les Animaux en
Recherche (CIBPAR), accredited by the CCAC. Myocytes were
maintained in a storage solution at 4°C until used. Only cardiac
myocytes showing clearly defined striations and edges were
studied.

2.3

Time-Resolved Spectroscopy Measurements
of NAD(P)H Fluorescence

NAD(P)H fluorescence was measured in isolated cardiac cells
using a spectrally resolved time-correlated single photon counting (TCSPC) setup on an Axiovert 200 inverted microscope, as
previously described.7,12 Picosecond laser diode BDL-375
(Becker&Hickl, Boston Electronics, USA) with emission at
375 nm was deployed at the 20 MHz repetition rate as an
excitation source. All experiments were performed at room
temperature.

2.4

Solutions

The storage solution contained (in mmol∕L): NaCl, 130.0; KCl,
5.4; MgCl2 · 6H2 O, 1.4; NaH2 PO4 , 0.4; creatine, 10.0; taurine,
20.0; glucose, 10.0; and HEPES, 10.0; titrated to pH 7.30 with
NaOH. The basic external solution contained (in mmol∕L):
NaCl, 140.0; KCl, 5.4; CaCl2 , 2.0; MgCl2 , 1.0; glucose, 10.0;
HEPES, 10.0; adjusted to pH 7.35 with NaOH. Ouabain was
prepared freshly from powder and applied 10 min before use
at concentrations from 10 to 2500 nmol∕L.

2.5

Data Analysis

The data are reported as means  standard error of the means
(SEM). Data were collected from at least three different animals
per experimental group, and compared by one-way analysis of
variance (ANOVA); p < 0.05 was considered statistically significant. Individual components of NAD(P)H fluorescence were
estimated using principal component analysis (PCA),7 while
the linear unmixing approach was applied to separate individual
components in the recorded data, as previously reported13,14
Component amplitude for each resolved fluorescence component was calculated from the fluorescence decay kinetics
using a monoexponential fitting procedure at the spectral channel with maximum intensity (450 nm). Fluorescence lifetime for
each component was estimated in ns together with the component amplitude. Intensity for each component was calculated
as [ðcomponent amplitudeÞ  ðfluorescence lifetimeÞ].
Journal of Biomedical Optics

3
3.1

Results
Effect of Ouabain on the NAD(P)H
Fluorescence Levels

In cardiac cells, principal endogenous indicators of the cellular
oxidative metabolism are localized in mitochondria. The endogenous fluorescence generated after excitation with blue/ultraviolet light is mainly resulting from reduced mitochondrial NAD
(P)H.15,16 This principal electron donor for electrochemical gradient necessary for ATP generation is used for noninvasive
fluorescent probing of the metabolic state. These molecules
exist in their free forms, or as cofactors in enzymes of inner
mitochondrial membrane, and are involved in the mitochondrial
respiratory chain and fatty acid oxidation. The time-resolved
spectroscopy is an effective means to establish individual contribution of the two NAD(P)H forms, based on a spectral shift in
the NADH spectrum upon binding to enzymes,17 and their distinct fluorescence lifetime. The short NAD(P)H fluorescence
lifetime (0.4 ns), is accepted as an indicator of “free” NAD
(P)H, while “protein-bound” NAD(P)H was described to
have longer lifetimes (approximately 2 ns).18,19
The effect of oubain on the oxidative metabolic state of
freshly isolated living cardiac myocytes was investigated by
time-resolved spectroscopy of endogenous NAD(P)H fluorescence [see Fig. 1(a)], as described previously.7 A linear unmixing approach was used to separate individual NAD(P)H
components; component 1 with fluorescence lifetime of around
1.8 ns corresponded to NAD(P)H in a more viscous environment, and this value is in agreement with published values of
“bound” NAD(P)H in mitochondria20,21 [see resolved fluorescence decays in Fig. 1(b)]. The red-shifted component 2 with
the fluorescence lifetime of 0.5 to 0.6 ns corresponded to
NAD(P)H in a less viscous environment, and this value correlates with published values for “free” NAD(P)H in mitochondria20,21 [Fig. 1(c)]. The residual component 3 was also
resolved [Fig. 1(d)], and with the maximum emission between
504 and 520 nm and fluorescence lifetime around 2 ns, it corresponded to flavin fluorescence.8,12 Ouabain had no significant
effect on the fluorescence of component 3 at either concentration. Rising concentrations of ouabain affected mainly the integral intensity of component 2 [Fig. 1(c)] due to a drug-related
effect on the amplitude of this component [Fig. 2(a), gray circles], which decreased with the dose of ouabain. This effect,
observed in the absence of the ouabain-related action on fluorescence lifetimes of the two components [Fig. 2(b)], also had
repercussions on decreasing intensity of the component, estimated as component amplitude  fluorescence lifetime
[Fig. 2(c)]. We noted no significant effect of ouabain on the
resolved NAD(P)H component 1 [Fig. 2(a)–2(c), black squares].

3.2

Effect of Ouabain on Cell Oxidation Levels

Percentage of oxidized nucleotides is an important indicator of
the state of the cell oxidation. To understand the implications of
the modification of metabolic oxidative state by ouabain, we
evaluated the effect of the drug on the percentage of oxidized
nucleotides. Rotenone (1 μmol∕L), the inhibitor of Complex
I in the respiratory chain,22,23 was used to put the cell in a
fully reduced state at distinct concentrations of the glycoside,
while DNP (50 μmol∕L), an uncoupling agent for ATP synthesis,16 was applied to induce a fully oxidized state [see an example of the actions of rotenone and DNP in the presence of
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100 nmol∕L ouabain at the component 1 and the component 2
in Fig. 3(a) and 3(b), respectively]. We calculated the percentage
of oxidized nucleotides from the integral fluorescence intensity
as [F(fully reduced) − F(control)]/[F(fully reduced) − F(fully
oxidized)], where F corresponds to the sum of integral fluorescence intensity for the two resolved NAD(P)H components.
Using this approach, we demonstrated a clear decrease in this
parameter from 70% in control conditions to about 35% at high
concentrations of ouabain, with a half-response at 145 nmol∕L
[Fig. 3(c)]. Altogether, gathered data strongly indicate that ouabain induces a marked decrease in the cell’s oxidation levels.
NADH∕NADþ redox potential is the driving force of oxidative phosphorylation, and its increase leads to a linear rise of
maximal respiration rate in isolated heart mitochondria.24,25
This potential decreased in cardiac myocytes following ouabain
action.6 These findings prompted us to evaluate changes in the
cell metabolic oxidative redox state by determination of the mitochondrial NADðPÞH∕NADðPÞþ ratio in cardiac cells. The ratio
of the “free”/“bound” amplitude was proposed to correspond to
the NADH∕NADþ reduction/oxidation pair,9,10 and thus is considered an important indicator of modifications in the mitochondrial metabolic status. We evaluated the concentration-dependent
effect of ouabain on the component amplitudes ratio of the
resolved components, calculated as the component 2 to component 1 amplitude. Increasing concentrations of the glycoside
decreased the component amplitudes ratio [Fig. 4(c), black
squares]. This result is in accordance with a previously published
observation that ouabain decreased the NADH∕NADþ redox
potential in cardiac myocytes.6 This result also confirms that
ouabain decreases mitochondrial oxidation levels.
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Ouabain is known to increase lactic acid utilization by the myocardium and reduce lactic acid concentration in the blood of
patients with heart disease.1 We have previously demonstrated
the importance of the switch in the use of the lactate/pyruvate as
an energy substrate as opposed to glucose alone on the cardiomyocyte function in both physiological and pathological situations.11,26 Therefore, we compared the effect of ouabain (100
and 500 nmol∕L) after application of lactate (2 mmol∕L) in
the presence of pyruvate (100 μmol∕L), both applied in concentrations found in the blood of studied animals,11 to promote the
rise in the cytosolic NADH production. Despite little effect on
the integral intensity or amplitude of the two resolved NAD(P)H
components [Fig. 4(a) and 4(b)], and the observations confirming the primarily mitochondrial origin of the studied fluorescence, lactate and pyruvate stimulated the effect of ouabain
on the component amplitudes ratio [Fig. 4(c), gray circles]. This
finding points to a possible contribution of cytosolic NADH in
the ouabain action.
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Fig. 1 Effect of ouabain on NAD(P)H fluorescence. (a) Original recording
of the time-resolved spectroscopy measurements of NAD(P)H fluorescence
intensity in living cardiac cells, excitation 375 nm (mean of 10
measurements; in the inset, representative transmission image of the single
cardiomyocyte illumination). Effect of ouabain (100 and 1000 nmol/L)
ontheintegral NAD(P)H fluorescence intensity of (b)component1, (c) component 2, and (d) component 3, resolved by spectral unmixing. Note that
the fluorescence intensity at each spectral channel is calculated as the
integral of the time-resolved fluorescence intensity at the corresponding
spectral channel. T‘he effect of ouabain on the fluorescence decays of
the three components is illustrated at spectral maximum of 450 nm.
Journal of Biomedical Optics

Effect of Ouabain in the Presence of Lactate and
Pyruvate

3.4

Sensitivity of Mitochondrial NADH Production to
Ouabain

To understand all aspects of the effect of ouabain on mitochondrial metabolic state, we also tested the role that the glycoside
plays in the production of NADH by cardiomyocyte mitochondria. In cardiac tissue, NADH is produced by fatty acid oxidation from acetyl-CoA entering the Krebs cycle and this reaction
depends on the BHB/AcAc ratio.27 As increasing the BHB/
AcAc ratio from 2∶1 to 20∶1 favors the NADH production,
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Fig. 2 Concentration-dependent effect of ouabain on NAD(P)H fluorescence components. Comparison of the effect of rising concentrations of ouabain
on (a) component amplitude and (b) fluorescence lifetime of the NAD(P)H fluorescence components 1 (black squares) and 2 (gray circles). (c) The
relationship between the intensity of the component, estimated as: component amplitude x fluorescence lifetime. Ouabain concentration is also evaluated (control, n ¼ 120; ouabain 100 nmol/L, n ¼ 36; ouabain 300 nmol/L to 2500 nmol/L, n ¼ 15);  ¼ p < 0.05 versus control.
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Fig. 3 Effect of ouabain on oxidized nucleotides. The effect of rotenone (1 μmol∕L), the inhibitor of the respiratory chain, and 9,10-dinitrophenol (DNP,
50 μmol∕L), the uncoupler of the respiratory chain, are illustrated on the fluorescence intensity of the NAD(P)H component 1 (a) and 2 (b) in the
presence of ouabain (ouabain 100 nmol∕L, n ¼ 36; ouabain 100 nmol∕L in the presence of rotenone or DNP, n ¼ 15). (c) Concentration-dependent
effect of ouabain on percentage of oxidized nucleotides is evaluated as [F(fully reduced) − F(control)]/[F(fully reduced) − F(fully oxidized)], where the
fully reduced state is induced in the presence of rotenone, and the fully oxidized state is induced in the presence of DNP.
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Fig. 4 Effect of lactate and pyruvate on the effect of ouabain on NAD(P)H. The effect of lactate (2 mmol∕L) in the presence of pyruvate (100 μmol∕L) on
the component amplitude of the resolved components 1 (a), and 2 (b) at different concentrations of ouabain (lactate and pyruvate alone, n ¼ 25; lactate
and pyruvate in the presence of ouabain 100 nmol∕L, n ¼ 15; lactate and pyruvate in the presence of ouabain 500 nmol∕L, n ¼ 15; for numbers in
control conditions, see legend of Fig. 2). The effect of ouabain on the integral fluorescence intensity of the two resolved components is shown. (c) Comparison of the effect of ouabain in control conditions (black squares) and in the presence of lactate and pyruvate (gray circles) on the amplitude ratio of
component 2∕component 1.

we administered BHB (3 mmol∕L) in a basic extracellular solution in the presence of different AcAc concentrations: 1.5 and
150 μmol∕L (2∶1 and 20∶1 ratio, respectively) to vary NADH
production. In accordance with decreased NADH concentration
in cardiomyocyte mitochondria, the lowered ratio translated into
a decrease of the integral fluorescence intensity in components 1
Journal of Biomedical Optics

and 2 [Fig. 5(a)], due to the smaller amplitude of the two components [Fig. 5(b)], leading to a more important effect of BHB/
AcAc on the component amplitudes ratio [Fig. 5(c)]. By inducing a lower increase in the amplitude of the resolved components, ouabain (100 nM) affected the capacity of BHB/AcAc to
stimulate the NADH production. Based on the gathered data,
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Fig. 5 Effect of ouabain on mitochondrial NADH production. The effect of BHB/AcAc 2:1 (n ¼ 15), or BHB/AcAc 20∶1 (n ¼ 15) in the presence of
ouabain (100 nmol∕L; ouabain alone n ¼ 36) on (a) the fluorescence intensity, and (b) the component amplitude of the two resolved components, as
well as (c) the amplitude ratio of component 2∕component 1. Control conditions (in the absence of ouabain, n ¼ 120), BHB/AcAc 2∶1 in control
conditions (n ¼ 18), BHB/AcAc 20∶1 in control conditions (n ¼ 35);  ¼ p < 0.05 versus control, or versus ouabain.

maximal production of NADH was calculated from the integral
intensity of both components as [control − (BHB:AcAc 2∶1)]/
[(BHB:AcAc 20∶1) − (BHB:AcAc 2∶1)]. In this way, we estimated maximal production of NADH as 55.7% in control cells;
in the presence of ouabain (100 nmol∕L), the NADH production
increased to 75.5%, suggesting that ouabain increases the capacity of mitochondria to produce NADH.

4

Discussion

In this study, we present a novel approach aimed to evaluate the
effect of pharmaceutical drugs on the oxidative metabolic state
of living cardiac cells by time-resolved spectroscopy of endogenous NAD(P)H fluorescence, using ouabain as a representative of a widely used class of pharmaceuticals. Our data revealed
that the glycoside is capable of affecting cardiomyocyte metabolism. More precisely, 1. ouabain decreased the integral NAD
(P)H intensity due to reduced amplitude of the NAD(P)H component 2. leading to a lowered component amplitudes ratio
which indicates a change in metabolic oxidative state. 2. Cell
oxidation levels, evaluated as percentage of oxidized NAD(P)
H, decreased exponentially with rising concentrations of the cardiac glycoside. 3. Lactate/pyruvate, affecting the cytosolic
NADH gradient, increased the effect of ouabain on the component amplitudes ratio. 4. Ouabain stimulated the mitochondrial
NADH production. Overall, our data point to the fact that ouabain is acting by decreasing cell oxidation in cardiac myocytes.
Evaluation of the effects of pharmaceutical drugs on the
mitochondrial metabolic state is crucial for understanding
their potential role in affecting cellular energetics. Currently
there is a lack of noninvasive techniques that would allow monitoring the effect of drugs on the cell metabolism directly in living cells and tissues. In recent years, advanced optical methods
were developed for detection of mitochondrial oxidative state in
living systems. Latest developments in time-resolved spectroscopy include the multi-photon excited time-resolved fluorescence, as well as spectrally resolved time-correlated single
photon counting of various endogenously fluorescing molecules.8,28 Fluorescence lifetime imaging uses tissue autofluorescence (AF) to characterize endogenous fluorophores [NAD(P)H
and flavins] which reflect redox processes in the mitochondrial
matrix, and thus allow monitoring of their important role in the
cell metabolism. Time-resolved spectroscopy measurements29,30
of NAD(P)H and flavins were shown to be suitable for scoring
Journal of Biomedical Optics

the metabolic state of various cells, and serve as optical biomarkers in cardiomyocytes, but also in other cells including cancer
cells and precancerous lesions.8 Additional improvements in the
detection by AF can be obtained by separating individual AF
components using time-resolved and/or spectral techniques.13,14,31 In this study, we applied time-resolved spectroscopy
of endogenous NAD(P)H fluorescence to test a perspective procedure for evaluating the effect of pharmaceutical drugs on the
mitochondrial metabolism. Ouabain was chosen as a model
drug.
Ouabain was shown to affect cardiovascular function,32 as
lowering of regional myocardial blood flow altered the drug
binding properties and participated in the reduction of cardiac
glycoside binding after reperfusion of ischemia myocardium.33
Other researchers demonstrated that ouabain protects rat hearts
against ischemia-reperfusion injury via a pathway involving
ROS.34 Ouabain was also proposed to regulate mitochondrial
metabolism through Naþ ∕Kþ -ATPase-mediated signal transmission;3 however, there is rather confusing information on
the role of cardiac glycosides in the modulation of the mitochondrial metabolism. Our data confirm the capacity of ouabain to
affect mitochondrial metabolic state by acting on the amount of
NAD(P)H molecules in cardiac cells. Lack of significant effect
of the ouabain on the fluorescence lifetimes of NAD(P)H fluorescence indicates that this effect is most likely due to regulation
of NAD(P)H production and utilization, without affecting
molecular environment.
Our data point to the fact that the effect of ouabain is affected
by modification in the energy substrates, particularly lactate/
pyruvate versus glucose. We have previously demonstrated11
that a switch in the use of these substrates is highly important
in certain physiological conditions, such as physiological and
pathological pregnancy, which are also characterized by
increased levels of endogenous ouabain.35 This result can be
of importance also in other pathological conditions as the
sodium pump is regulated in conditions such as hyperglycemia
associated with diabetes,36 and is linked to mediation of the
glucose uptake and/or lactate production.
Naþ ∕Kþ -ATPase was shown to interact with multiple signaling proteins to transmit ouabain signals,3,37 and several intracellular pathways are known to be implicated in this transmission;
namely, ouabain was shown to affect mitochondrial NAD(P)H
and ROS generation.5 Recently, oxidative signaling based on
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NAD(P)H oxidase and superoxide was demonstrated to play an
important role in the pump inhibition.38 These authors proposed
that regulation of the Naþ ∕Kþ pump is governed by redox
signaling via activation of colocalized NAD(P)H oxidase. Oxidative regulation of the pump function is thought to be of pathophysiological importance, particularly in the heart failure. We
previously demonstrated that oxidative stress has a repercussion
of lowering of the NAD(P)H fluorescence via stimulation of
NAD(P)H-dependent pathways (see supplement in Ref. 26).
Consequently, we propose the investigation of the ouabain effect
on NAD(P)H-dependent pathways should be the target of future
studies. At the same time, failure of ouabain to affect the third
residual flavin component indicates that its action is not likely to
involve modification in the flavoprotein complexes, but rather a
drug-related action on the amount of available NAD(P)H molecules in the cell. Overall, our data demonstrate that, in cardiomyocytes, ouabain exercises a balanced effect on decreasing the
cell oxidation levels and increasing the NADH production.

5

Conclusions

Our study uncovers the role of ouabain in the regulation of the
metabolic oxidative state, and presents a perspective approach
for pharmaceutical testing of drug-related effects on the mitochondrial metabolism by means of time-resolved spectroscopy
of endogenous NAD(P)H fluorescence. Gathered data point
to the fact that ouabain provokes a change of the metabolic
oxidative state towards lowering of the cellular oxidation levels.
Ouabain decreases the percentage of oxidized nucleotides while
stimulating the NADH production in mitochondria, pointing
to a carefully balanced effect of the drug on cellular energetics.
To our knowledge, this study is the first to examine the effect
of ouabain on the oxidative metabolic state in living cardiac
myocytes by evaluating the NAD(P)H fluorescence by lifetime
spectroscopy.
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