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Development of the use of °avin and nicotinamide-adenine nucleotide °uorescence in monitoring
the redox state of the free mitochondrial NADH/NADþ couple in cells, tissues and organs is
reviewed. A break-through was the identi¯cation of dihydrolipoamide dehydrogenase (FpL) as
the major NAD-linked °uorescent °avoprotein of mitochondria. This mitochondrial matrix °a-
voprotein is in equilibrium with the free NADH/NADþ pool and its mid-potential is su±ciently
near to that of NADH/NADþ so that its percentage reduction follows that of the latter. Pos-
sibilities of monitoring mitochondrial and cytosolic NADH depend on the population density of
mitochondria and thus are tissue-dependent. Upon a shift toward reduction, °uorescence
intensities of NADH and °avins swing to reciprocal directions, so that the NADH/°avin °uo-
rescence ratio can be used to increase the sensitivity of redox monitoring. This method is attaining
widening use in studies on metabolic regulation under normal and pathological conditions.

Keywords: Flavin-adenine dinucleotide; dihydrolipoamide dehydrogenase; electron transfer
°avoprotein; °avin mononucleotide; compartment-speci¯c monitoring.

1. Development of Views on Flavopro-

teins of Respiratory Chain Complex I

in 1967–1968

The common knowledge in the early sixties was

that amongst the enzyme complexes of the respir-

atory chain Complex I (NADH:ubiquinone oxido-

reductase) and Complex II (succinate:ubiquinone

oxidoreductase) were °avoproteins. The former
contained °avin mononucleotide (FMN) and the
latter °avin-adenine dinucleotide (FAD). In 1967,
Chance and coworkers observed that antimycin A
in the presence of an NADþ-linked oxidizable sub-
strate in suspension of submitochondrial particles
caused a pronounced °avin °uorescence decrease
concomitantly with an absorbance decrease at
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wavelengths attributable to °avins. Subsequent
addition of rotenone caused a partial reoxidation.
Similar experiments on intact mitochondria led to
the conclusion that Complex I contained two °a-
vins, one (FpD1) of the NADH side and the other
(FpD2) on the oxygen side of the rotenone-binding
site.1,2 Further studies on rat liver mitochondria and
submitochondrial particles at the Johnson Foun-
dation, however, revealed, that the high-°uo-
rescence, low-potential °avin (FpF1) resides in the
soluble mitochondrial matrix, whereas the low-°uo-
rescence, NADH-linked °avin with higher redox
potential was membrane bound. Reoxidation of the
high-°uorescence, low-potential °avin was sensitive
to arsenite, which binds to vicinal dithiols, and its
redox mid-potential was compatible with the dihy-
drolipoamide dehydrogenase (FpL). So it was most
likely, that the high-°uorescence, low-potential °a-
vin was a component of the 2-oxoacid dehydrogenase
complexes, not of the respiratory chain.3 Titrations
with the �-hydroxybutyrate/acetoacetate pair gave
a mid-potential of �305mV for the main °uorescent
°avin component. These data were later corrobo-
rated bymeans of anaerobic potentiometric titration
employing a platinum electrode and redox mediator
dyes.4 Thus, the mid-potential of FpL is not far
from the generally accepted �320-mV Em of the
NADH/NADþ couple. The rapidity of the °uo-
rescence response to the NADH/NADþ ratio poised
by the �-hydroxybutyrate dehydrogenase indicates
that there is a near equilibrium between FpL and
NADH/NADþ that makes FpL °uorescence to a
sensitive compartment-speci¯c mitochondrial redox
indicator particularly in heart muscle, where the
mitochondrial-free NADH/NADþ pair in an iso-
lated, perfused beating rat heart stays at �314mV
under basal conditions as estimated from the glu-
tamate dehydrogenase equilibrium.5

After these re¯nements of the identities of mito-
chondrial °avins by means of spectrophotometric,
°uorometric and redox potential measurements it
became obvious that Complex I contained only one
°avin moiety, FMN in a low-°uorescence state.6

2. Fluorescent Flavin Becomes

a Compartment-Speci¯c

Mitochondrial Redox Probe

Due to its extreme complexity and large size of
Complex I, revelation of its structural details and

mechanism of function had to await introduction
of the era of molecular biology and progress in
methodology of membrane enzyme puri¯cation
and crystallography. The complete crystal structure
of the functional core of respiratory Complex I
including its redox centers has been recently resolved
at 3.3-Å resolution.7 After disproval of its role as an
electron carrier of Complex I, the °avin previously
named FpD1 was given another role in serving with
its new identity (FpL) as a mitochondrial matrix-
speci¯c probe for redox state of the NADH/NADþ
couple. Chance and coworkers in Philadelphia8–11

and our group in Helsinki12 and Oulu5,13–15 began
soon exploiting °avin °uorescence as amitochondrial
redox probe for cells, tissues and organs.

For the redox state of NADH, the need of a
compartment-speci¯c indicator was clearly shown
by monitoring NADHþNADPH °uorescence by
surface °uorescence in isolated perfused rat hearts
and livers during variation of the cytoplasmic
NADH/NADþ ratio to by means of infusing lactate
and pyruvate in varying ratios.15 In the liver,
NADH °uorescence increased upon increase in the
[lactate]/[pyruvate] ratio, but in the heart the re-
sponse was opposite, as NADH °uorescence
increased upon decrease in the [lactate]/[pyruvate]
ratio. In both cases, the [lactate]/[pyruvate] ratio
was adjusted by changing the infusion rate of pyr-
uvate. This behavior is evidently caused by pyr-
uvate oxidation in mitochondria which lack lactate
dehydrogenase. The ¯nding indicates that the total
NADH °uorescence changes in the liver under cer-
tain conditions that re°ect the cytosolic NADH/
NADþ ratio, whereas in the heart the majority of
NADH °uorescence originates from mitochondria in
a situation where the mitochondrial and cytosolic
redox states swing to opposite direction. Moreover,
this analysis shows that cytosolic NADH/NADþ
ratio cannot be °uorometrically monitored in
the heart,15 so that one must resort to tissue
sampling and determination of concentrations of
oxidized and reduced components of suitable indi-
cator redox substrate pair. The fact, that cytosol
does not signi¯cantly contribute to the NADH
°uorescence from intact myocardium, can be used
to simplify redox data processing, as exempli¯ed in
a thermodynamic study of respiratory control in
heart muscle.16 Indeed, early observations had
already suggested that metabolically labile NADH
°uorescence of muscle tissue comes mainly from
mitochondria.17
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It must be born in mind that FpL is not the only
°uorescent mitochondrial °avoprotein. Kunz and
co-workers have with di®erential °uorescence spec-
trometry shown that although a dominant part of
the °avin °uorescence comes from the FpL, also
other °avoproteins are detectable under de¯ned
conditions.18–20 They calculated that about 50% of
the °avin °uorescence was NAD linked and origi-
nated from FpL displaying an Em value of �283mV
for the °avin. About 25% of the °avin °uorescence
was not NADþ linked, and this was tentatively
identi¯ed as the electron transfer °avoprotein
(ETF) of the �-oxidation system showing an Em

value of �52mV. These values generally corrobo-
rate earlier observations.4 According to the sub-
strate screening performed by Kunz and Kunz,18

additions of glycerol-3-phosphate, proline and cho-
line to rat liver mitochondria did not result in
noticeable decrease in the °uorescence of non-NAD-
linked °avoproteins, which indicates that the °a-
voenzymes glycerol-3-phosphate dehydrogenase
(glycerol-3-phosphate:ubiquinone oxidoreductase),
proline dehydrogenase and choline oxidase cannot
be monitored by °uorescence. The experiments by
Ragan and Garland21 corroborate this by showing
that, although the glycerol phosphate oxidase ac-
tivity of submitochondrial particles from Torulopsis
utilis is high, its substrate only causes a paradoxical
°avin °uorescence increase, although the con-
comitant absorbance decrease in the \°avin
through" region denotes °avin reduction. Aplausible
explanation is that the °uorescence increase was due
to a decrease in the internal ¯lter e®ect at the °avin
excitation band, revealing the °uorescence of other
(oxidized) °avoproteins.21 The rest of °avoproteins
are reducible with dithionite only.18–21 An additive
contribution of FpL and ETF on °avin °uorescence
is probably the cause of the extreme °avin °uo-
rescence decrease (by taking the anoxia response as
a reference) upon infusion on medium chain fatty
acid into an isolated perfused rat heart, because
�-oxidation will feed electrons both via the NADþ
pool and ETF.22,23

Free ribo°avin, FMN and FAD have three main
absorbance bands centered on 268, 374 and 449 nm,
and the °uorescence excitation spectrum is identical
to the absorbance spectrum. The widths of the
absorption bands allow ¯nding of proper lasers for
°uorescence excitation. The emission band is broad
with a maximum at 530 nm.24 The °uorescence
yields of ribo°avin and FMN are almost equal, but

the °uorescence intensity of FAD is only 15% of
that of ribo°avin.24 It must, however, be empha-
sized that the °uorescence of bound °avin pros-
thetic group in an enzyme is strongly dependent on
the apoenzyme. In most cases, FAD °uorescence is
quenched upon incorporation into a peptide, but
this is not the case for lipoamide dehydrogenase.25

For example, FMN in Complex I is practically
non°uorescent, whereas lipoamide dehydrogenase is
one of the enzymes, which increase FAD °uo-
rescence upon biding. The emission peak of lipoa-
mide dehydrogenase is red-shifted by 27 nm in
comparison with ETF,20 and on this basis ETF
°uorescence has been used to trace cellular fatty
acid oxidation.26 However, °uorescence quenching
of ETF plus fatty acyl-CoA dehydrogenase upon
reduction obtained by a fatty acyl carnitine ester in
liver mitochondria is only 5% of that of dihy-
drolipoyl dehydrogenase upon addition of an
NADþ-linked substrate, when expressed as �-°uo-
rescence/�-absorbance ratio.2 This may degrade
the speci¯city of °uorescence monitoring of ETF in
intact tissues.

3. Monitoring Fluorescence of Flavin
or NADH+NADPH or Both?

Flavoprotein °uorescence intensity in di®erent tis-
sues and organs is variable and depends on mito-
chondrial population density and metabolic pattern.
Moreover, converting the °uorescence reading to
absolute redox potential values is not trivial. Inmany
cases, the fully oxidized and fully reduced conditions
are used as calibration reference points, but as
emphasized by Bücher and coworkers,27 uncertainty
remains whether these conditions can be reached in
living cells. They introduced a method of double
reciprocal plotting of changes in °uorescence and
indicator metabolite ratio to extrapolate the fully
oxidized and fully reduced states.27

The calibration of °avoprotein °uorescence is
also hampered by background caused by the °uo-
rescence of lipofuscin, a mixture of debris contained
in lysosomes. The composition of lipofuscin has not
been resolved completely and appears to be depen-
dent on the tissue. In the retina, it has been shown
to be composed mainly of bisretinoids,28 but in the
liver it contains redox components originating from
lysosomal membranes, which contain even FAD and
ubiquinone.29 The lysosomes have been demonstrated
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also to contain FAD phosphohydrolase,30 which may
allow lysosomal accumulation of more °uorescent
°avin compounds. It remains to be established, whe-
ther this °uorescent debris is metabolically reactive.
In any case, lipofuscin produces a °uorescence back-
ground, which is challenging to remove without
organelle-speci¯c scanning and which in°uences the
redox calibration of °avoprotein °uorescence in tis-
sues containing lipofuscin.

Upon mitochondrial oxidation and reduction, the
°uorescence intensities of °avin and NADH swing
to opposite directions, so that the NADH/°avin
°uorescence ratio represents an ampli¯ed signal of
NADH/NADþ increase. However, this presumes
that the detectable °avin and NADH signals come
from the same intracellular compartment, which
actually holds in the case of heart muscle.15 The
cytosolic-free NADH concentration calculated from
the lactate dehydrogenase equilibrium constant has
been considered too low to be detected by surface
°uorometry of a perfused liver, and it has been
concluded that the [lactate]/[pyruvate] ratio re-
sponsive NADH °uorescence originates from cyto-
solic protein-bound nucleotide pool, because
binding generally enhances NADH °uorescence.27

This being the case, in liver the contribution of
cytosol to total NADH °uorescence is stronger than
in the heart muscle, where °uorescent °avoprotein
and NADH report mitochondrial redox state as
noted above.15,17

The low-temperature enhancement of °uo-
rescence quantum yield was ¯rst employed in
mitochondrial research by Chance and coworkers in
1979 and applied to the determination of NADH/
°avin °uorescence ratios in freeze-trapped mito-
chondrial suspensions.31 Since then, redox mapping
of freeze-trapped tissues in two and three dimen-
sions have been successfully applied to liver by
exposing consecutive layers of frozen tissue for
scanning.32,33 The NADH/°avin °uorescence has
gradually obtained more general use in biomedical
research, and \normalized optical redox ratio"
modi¯cations such as Flavin/(FlavinþNADH) or
NADH/(FlavinþNADH) have been proposed to be
less a®ected by hemodynamic changes or mito-
chondrial population density.11,34 These modi¯ed
ratios produce data which better obey the normal
distribution35 and also compress them to a zero-to-
one range. Also other means of normalizing the
°avin/NADH °uorescence ratio scans are in
use.36,37

The inventions of confocal38 laser scanning °uo-
rescence microscopy, and two-photon excitation
°uorometry39 or their combination have widened
the application range of redox scanning by means
of auto°uorescence of °avoproteins and reduced
nicotinamide nucleotides in cells and tissues. This
is particularly true with monitoring of NAD(P)H
°uorescence, because one-photon excitation necessi-
tates a near-UV light source, whereas two-photon
excitation can be accomplished with a near-IR
wavelength, which penetrates deeper in tissue. This
method also limits potential photodecomposition to
the focal point so that surrounding cells are less
a®ected. In contrast to confocal microscopy, no pin-
holes are necessary in two-photon excitation mi-
croscopy to remove the background. For °avin/NAD
(P)Hwork, two-photon excitation is often applied for
NAD(P)H and one-photon excitation of °avopro-
teins, although two-photon excitation is applicable
also to the °avins. These methods have been applied
for investigating mitochondrial subpopulations in
cardiomyocytes,40 mitochondrial regulation and or-
ganization in cells and skinned muscle ¯bers in°u-
enced by cytoskeletal proteins41,42 and research on
mitochondrial neuromuscular disorders.43

4. Conclusions

The Complex I °avin content study, which was
initiated in Johnson Foundation, Department of
Biochemistry and Biophysics in 1966–1967, led ¯rst
to an unorthodox interpretation of data, but further
investigations ended up in surprising ¯ndings,
which guided the way to utilization of the dihy-
drolipoamide dehydrogenase °avin as a practical
probe for the redox state of the free NADH/NADþ
couple in mitochondrial matrix space. This allows
nondestructive metabolic characterization of intact
tissues both in normal and pathological conditions
and is currently obtaining widening use also in
clinical applications, particularly by using the
NADH/°avin °uorescence ratio which gives an
ampli¯ed NADH-dependent redox signal compared
with the NADH or °avin °uorescence alone.
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