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ABSTRACT
Through the monitoring of the auto-fluorescent mitochondrial metabolic coenzymes, NADH (Nicotinamide Adenine
Dinucleotide) and FAD (Flavoprotein Adenine Dinucleotide), the redox state of metabolism can be probed in real time in
many intact organs, but its use has not been fully developed in lungs. The ratio of these fluorophores, (NADH/FAD),
referred to as the mitochondrial redox ratio (RR), can be used as a quantitative metabolic marker of tissue. We have
designed a fluorometer that can be used to monitor lung surface NADH and FAD fluorescence in isolated perfused
lungs. Surface fluorescence NADH and FAD signals were acquired in the absence (control) and presence of
pentachlorophenol (PCP), rotenone, and potassium cyanide (KCN). Rotenone, an inhibitor of complex I, increased RR
by 18%, predominantly due to an increase in NADH signal. KCN, an inhibitor of complex IV reduced the chain and
resulted in an increase of 33% in RR, as a result of 23% increase in NADH and 8% in FAD . PCP, an uncoupler which
oxidizes the respiratory chain, decreased RR by 18% as a result of 14% decrease in NADH signal and 4% increase in
FAD signal. These results demonstrate the ability of surface fluorometry to detect changes in lung tissue mitochondrial
redox state in isolated perfused lungs.
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1. INTRODUCTION
Optical fluorescence techniques have the potential to diagnose tissue metabolic status in real time in a noninvasive manner in intact organs and in vivo 1-7. These techniques are widely used in biomedical applications to acquire
functional information of the tissue redox state. The mitochondrial metabolic coenzymes NADH and FAD, which are
the primary electron carriers in oxidative phosphorylation are auto-fluorescent and can be monitored using optical
techniques 4. The fluorescence signals of these intrinsic fluorophores have been used as indicators of tissue metabolism
in injuries due to hypoxia, ischemia, and cell death 1. We have demonstrated that the normalized ratio of these
fluorophores, FAD/(NADH + FAD), termed the normalized mitochondrial redox ratio , is a marker of the mitochondrial
redox and metabolic state of myocardial tissue in intact hearts and in vivo 1-3. There is more than one definition for redox
ratio of these flurophores 1; the one used in this study (NADH/FAD), referred to as the redox ratio (RR), was chosen
since the FAD signal in lung tissue, as compared to the NADH signal, is significantly smaller than in other organ tissues
such as the heart. Thus, the normalized ratio would be less sensitive to a change in mitochondrial redox state than
NADH/FAD.
The above optical techniques are widely used to probe tissue redox state and energy homeostasis in organs such
as the heart 5, kidney 6, brain 7, liver 8, skeletal muscles 9, cervix 10, and colon11, but have been used infrequently in lungs
12
. Thus, the objective of the study was to demonstrate the utility of these techniques to evaluate lung tissue
mitochondrial redox state in intact rat lungs.
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2. MATERIALS AND METHODS
2.1 Isolated perfused rat lung:
Male Sprague-Dawley rats (275-350 g; Charles River) were used for this study. The isolated perfused rat lung
preparation has been previously described 13. Briefly, each rat was anesthetized with pentobarbital sodium (40 mg/kg
body wt i.p.), after which the trachea was clamped and the chest opened. Heparin (0.7 IU/g body wt.) was injected into
the right ventricle. Cannulas were placed in the pulmonary artery and the trachea, and the pulmonary venous outflow was
accessed via a cannula in the left atrium. The lungs were removed from the chest and attached to a ventilation and
perfusion system. The perfusate was Krebs-Ringer bicarbonate solution containing 3% dextran [14]. The ventilation gas
mixture was 15% O2, 6% CO2 in N2. The perfusate was pumped (at 10 ml/min) through the lung until it was clear of
blood, after which surface NADH and FAD fluorescence signals were acquired by placing the fiber optic probe against
the pleural surface of the right lobe. Signals were collected before and after lung perfusion with perfusate containing
rotenone (mitochondrial complex I inhibitor, 20 µM), potassium cyanide (KCN; mitochondrial complex IV inhibitor, 1
mM), or Pentachlorophenol (PCP; mitochondrial uncoupler, 1mM) for five minutes.
2.2 Fluorometer:
The fluorometer that we designed for this study (Fig. 1a) is equipped with two synchronized filter wheels, one to
accommodate 10 excitation wavelengths, the other one to house 10 emission filters, a bifurcated fiber optic bundle, and
one photomultiplier tubes (PMT) for signal detection in the two desired channels. The filter wheels communication with
the computer is through a control box (Lambda- 3, Sutter instrument, CA). To control PMT gain, wheel synchronization,
and data acquisition, a LabView program was developed. The bifurcated fiber bundle consists of high grade fused silica
fibers for UV transmission (Newport instrument, NJ) with distal end of 3 mm inner diameter. For fluorescence
spectroscopy, the peak energy of the NADH and FAD excitation spectrum occurs at 365 nm and 436 nm respectively.
The emission filters for NADH and FAD fluorescence are 455nm and 525nm, respectively. The fluorometer was used in
a dark room to minimize stray-light effects and to acquire lung surface NADH and FAD fluorescence signals by placing
the fiber optic probe against the pleural surface of the right lobe (Fig. 1b.). At the beginning of each tissue experiment,
the fluorescence from the surface of a standard block with fluorescent paper was measured with the light guide at a fixed
position and distance from the block. The measurement from the standard was used for normalizing the corresponding
measurements from lung surface to account for day-to-day variations in light intensity and PMT gain settings.

(a)

(b)

Figure 1. a) Schematic of Fluorometer. b) The tip of the probe is acquiring surface NADH and FAD fluorescence.

2.3 Data Processing:
The fluorometry data contain time shared sequence of NADH and FAD pulses collected from the surface of the lung.
The trend of the data was first calculated using the maximum value of each pulse. This trend signal from each channel
was then smoothed out using a fourth order median filter followed by a fourth order moving average) filter. The results
were then used to determine the mitochondrial redox ratio RR = NADH/FAD.
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3. RESULTS
Figure 2 shows a representative surface fluorescence data (NADH, FAD and NADH redox signals) from ex vivo lung
tissue from each group, in control and after perfusing with metabolic inhibitors. The data show that PCP, which uncouple
the chain and as result oxidizes NADH and FADH2 decreased NADH by 14% and increased FAD by 4%, and a result
decreased RR by 18%. Rotenone, which inhibits complex I, increased NADH signal by 18%, with no effect on FAD
signal, and as a result increased RR by 18%. KCN, which inhibits complex IV and hence reduces the chain, increased
NADH by 23% and decreased FAD signal by 8% an increased RR by 33%.

(a)
(b)
(c)
Figure 2. Lung surface NADH (top panel), FAD (middle panel), and mitochondrial redox ratio (RR) (bottom panel)
signals for (a) baseline, lung perfusion with PCP, (b) baseline, lung perfusion with rotenone, (c) baseline followed
by perfusion with KCN.

The baseline data (control perfusate) shows that lung ventilation added noise to both NADH and FAD data, but the effect
was smaller on RR. The response of both NADH and FAD to adding metabolic inhibitors to perfusate was relatively
rapid. The effect of these metabolic on lung surface NADH and FAD fluorescence was almost completely reversible by
perfusing the lung with control perfusate (data not shown).

4. DISCUSSION AND CONCLUSION
The surface fluorometry results are consistent with the expected effects of lung treatment with metabolic inhibitors and
uncouplers used in the experiments. The fluorometry results demonstrate KCN (which inhibits cytochrome c oxidase and
reduces the respiratory chain) caused an increase in tissue NADH signal, a decrease in tissue FAD signal, and an
increase in tissue RR. The 23% change in lung surface NADH fluorescence signal in response to KCN treatment is larger
than the 7% change reported by Fisher et al. 12 in 1976 in rat lungs, reflecting the improvement in our fluorometer design
with more sensitive detectors, and higher fiber optic light collection efficiency.
rotenone interferes with the electron transport chain in mitochondria by inhibiting the transfer of electrons from
iron-sulfur centers in complex I to ubiquinone, which results in a higher NADH concentration. The fluorometry results
agree with this effect since rotenone increased the NADH signal, with no effect on the FAD signal. The 18% increase in
NADH signal in this study is much higher than the 5% increase in NADH signal reported by Fisher et al. in the presence
of amytal (complex I inhibitor).
PCP, a proton ionophore, uncouples electron transport chain from oxidative phosphorylation by dissipating the proton
gradient across the inner mitochondrial membrane. This results in an increase in O2 consumption and oxidation of the
electron transport chain. Thus, as expected, PCP decreased NADH and increased FAD signals and consequently
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decreased RR. Again, the 14% decrease in NADH signal in the presence of PCP is much larger than the 4.3% decrease
reported by Fisher et al12.
The results of this study demonstrate the utility of fluorometry for measuring lung tissue NADH and FAD redox
state, and lung tissue mitochondrial redox state (NADH/FAD) in intact lungs, and suggest that lung surface RR
measurements are representative of mean lung tissue RR. These data will be important for future studies designed to
evaluate the effect of pulmonary oxidative stress (e.g. chronic hyperoxia, ischemia-reperfusion) on lung tissue
mitochondrial redox state 13. We are currently modifying our fluorometer to measure NADH and FAD reflectance and
use this information to compensate for the quenching effect of blood on NADH and FAD signals 14.
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