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Abstract

Mitochondria play a pivotal role in energy metabolism, programmed cell death and oxidative stress.
Mutated mitochondrial DNA in diseased cells compromises the structure of key enzyme complexes
and, therefore, mitochondrial function, which leads to a myriad of health-related conditions such as
cancer, neurodegenerative diseases, diabetes and aging. Early detection of mitochondrial and
metabolic anomalies is an essential step towards effective diagnoses and therapeutic intervention.
Reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) play
important roles in a wide range of cellular oxidation—reduction reactions. Importantly, NADH and
FAD are naturally fluorescent, which allows noninvasive imaging of metabolic activities of living
cellsand tissues. Furthermore, NADH and FAD autofluorescence, which can be excited using distinct
wavelengths for complementary imaging methods and is sensitive to protein binding and local
environment. This article highlights recent developments concerning intracellular NADH and FAD
as potential biomarkers for metabolic and mitochondrial activities.
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Mitochondrial function is essential to the life of all eukaryotic cells and human health by
supporting the energy demands for all cellular processes [1]. In addition, mitochondria play a
key mechanistic role in programmed cell death (apoptosis), free radical generation and
oxidative stress (a hallmark of aging), and biomolecular sensing of glucose, oxygen and nitric
oxide. As aresult, itis not surprising that mitochondrial dysfunction is widely linked to a range
of diseases and health problems such as cancer, Alzheimer’s disease and other
neurodegenerative diseases [2-5]. Mitochondria have also been a target for developing
therapeutic drugs, due to their role in cell survival and health related conditions [6]. For
example, some anticancer agents are designed to stimulate proapoptotic mitochondrial events
in tumor cells [7-9]. Mitochondrial anomalies dysregulate energy production, which supports
many pathways of intermediary metabolism, and, therefore, have also attracted attention as
another target for drug discovery and clinical intervention [10]. Mitochondrial dysfunction and
oxidative stress have been associated with the majority of neurodegenerative diseases. As a
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result, the reduction of mitochondrial oxidative stress is another target for new therapeutic
drugs aimed at either preventing or slowing down the progression of neurodegenerative
disorders [11]. Uncoupling of the mitochondrial electron transport chain (ETC) has also been
a pharmacological target for treating obesity [12]. 2,4 dinitrophenol has been used to induce
some weight loss by enhancing energy expenditure via mitochondrial uncoupling. Efficient
biomarkers and noninvasive techniques that would allow for real time monitoring of
mitochondrial function would, therefore, provide a powerful tool towards effective diagnosis
of health problems and an opportunity for early therapeutic intervention.

Decades after the pioneering work by Chance and colleagues [13-21], there is a resurgent
interest in using intracellular coenzymes, such as reduced nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD) — see Figure 1 for chemical structure, as
intrinsic biomarkers for metabolic activities and mitochondrial anomalies. For example,
NADH and its oxidized form (NAD™) are involved in mitochondrial function, energy
metabolism, calcium homeostasis, gene expression, oxidative stress, aging and apoptosis.
Chance and Williams, in a series of seminal reports, demonstrated that the respiratory chain
activities of isolated in vitro mitochondria correlate with the redox coenzymes in the ETC
[17-20]. Mutated mitochondrial DNA in cancer, for example, results in an alteration of the
conformations (and function) of NADH dehydrogenase (complex 1) and cytochrome C
(complex I1) in the ETC, which leads to the generation of free radicals and apoptosis [22].
The reduced NADH phosphate (NAD[P]H) is involved in the reductive biosynthesis of fatty
acids and steroids, antioxidation and oxidative stress, and the oxidized form, NADP*,
participates in calcium homeostasis [23,24]. Some evidence suggests that intracellular NADH
concentration is greater (up to tenfold, by some estimates) than that of NAD(P)H [24,25]. The
sensitivity of the autofluorescence of these pyridine nucleotides to cell pathology remains
inconsistent and may depend on the experimental techniques, conditions and cell lines [26,
27]. Reduced FAD (FADH5) and FAD are another redox pair associated with respiration in all
eukaryotic cells. Some data suggest that flavoproteins, such as lipoamide dehydrogenase
(LipDH) and electron transfer flavoprotein, contribute significantly to the cellular
autofluorescence [28,29]. FAD is largely associated with mitochondria and the oxidative
phosphorylation pathway [30,31]. NAD(P)H, FADH, and their oxidized counterparts are
critical for a broad array of oxidation—reduction (redox) reactions in living cells [23,32,33]. In
particular, the redox ratio (NAD*:NADH) allows for real-time monitoring of the metabolic
state of a cell during pathophysiological changes.

Based on their functional role in cell biology, intracellular NADH and FAD have a diagnostic
potential as natural biomarkers for cellular redox reactions, energy metabolism and
mitochondrial anomalies under different pathophysiological conditions [34,35]. Importantly,
these coenzymes are naturally fluorescent and, therefore, genuine, noninvasive imaging of
metabolic activities can be carried out in living cells and tissues. The autofluorescence
properties of NADH and FAD eliminate potential toxicity, nonspecific binding and
interference with biomolecular functions that are associated with the use of exogenous dyes.
In addition, the autofluorescence of these coenzymes can be excited using distinct illumination
wavelengths, ranging from UV to infrared regions, for complementary imaging using one
photon (1P) - and two photon (2P)-fluorescence microscopy, respectively. Finally, the NADH
and FAD autofluorescence is sensitive to protein binding and local environment. When
combined, these properties are essential for a useful biomarker such as NADH and FAD.

The objective of this article is to highlight recent development of these intracellular co enzymes
as natural biomarkers for metabolic activities and mitochondrial anomalies. The structure and
spectroscopic properties of these coenzymes is reviewed as a guide for experimental design
and data interpretation. Recent studies on NADH and flavin are highlighted within the context
of their biological function in metabolic activities and mitochondrial function. In addition,
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fluorescence based methods for monitoring cellular coenzymes are compared with
conventional biochemical assays that require cell lysates. Finally, the potential and challenges
associated with using these coenzymes as biomarkers is discussed and compared with
conventional, exogenous markers for mitochondria. This article is not intended to be
comprehensive. Rather, it is written to serve as biological, biomedical and technical resource
for new researchers who may be interested in exploiting these natural biomarkers for diagnostic
and mechanistic studies.

Coenzymes as biomarkers for metabolic activities

Glycolysis

In the cytoplasm, glycolysis involves ten steps in the following overall reaction [36]:

glucose+2NAD* +2P;+2ADP — 2 pyruvate+2ATP+2NADH+2H*

In anaerobic glycolysis, NAD" is regenerated by pyruvate reduction to lactate, which is
catalyzed by lactate dehydrogenase [37]. Under aerobic conditions, however, the high energy
electrons from cytosolic NADH are shuttled, using the glycerol 3 phosphate and malate—
aspartate shuttles, to the respiratory chain in the inner mitochondrial membrane [1,23,38].
Glycolysis also provides an alternative pathway for ATP production in eukaryotic cells under
pathophysiological conditions caused by mitochondrial anomalies (as a result of cancer, for
example). Therefore, monitoring the changes in the cytosolic NADH concentration can indicate
the glycolytic rate under different physiological states. In addition, the correlation between
intracellular glucose uptake and the cytosolic NADH concentration could establish this
coenzyme as a natural biomarker for diabetes. Conventional biochemical methods have
provided most of the current information regarding NADH concentration in cell lysates.
However, these assays provide snap shots of the metabolic and redox state of cells and lack
information regarding the morpho logical context [25,39-41]. By contrast, fluorescence
microspectroscopy techniques are noninvasive, with the spatio—temporal resolution required
to differentiate between physiological states, as well as of NADH compartmentalization (e.g.,
cytoplasm, mitochondria or nucleus).

A number of studies have demonstrated the sensitivity of intrinsic NADH autofluorescence
(concentration) to cell physiology [42,43] and pathology [39]. Tilton etal. examined the effects
of elevated glucose levels on glycolysis, sorbitol pathway activity and the cytosolic redox state
of NADH:NAD™* [44]. In their model system of isolated blood free glomeruli from the kidneys
of male, Sprague-Dawley rats, they found support for the hypothesis that metabolic imbalances,
associated with a reduced ratio of cytosolic NADH:NAD™ (caused by increased glucose
metabolism), play an important role in mediating glucose- and diabetes induced glomerular
dysfunction. Following glucose metabolism by pancreatic p-cells, the increase in cytosolic
ATP is the key signal for initiating insulin secretion by causing a blockade of ATP-dependent
potassium channels.

Glucose metabolism in glycolysis is pivotal to glucose induced insulin secretion from
pancreatic p-cells [45-47]. Dukes etal. investigated NADH production during glycolysis and
its role in B-cell glucose signaling [45]. The induction of mitochondrial membrane
depolarization leads to an elevation in cytosolic calcium and insulin secretion. Dukes etal.
identified the critical metabolic step by which glucose initiates changes in ATP-sensitive
potassium channel activity, membrane potential and calcium concentration in B-cells. Eto
etal. also reported on the role of the NADH shuttle system in glucose induced activation of
mitochondrial metabolism and insulin secretion [38]. In addition to the pyruvate byproduct,
Eto etal. argued that additional glycolytic factors appear to be required for the generation of
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the mitochondrial signals that lead to insulin secretion. By inhibiting the NADH shuttles,
glucose-induced increases in NADH autofluorescence were observed, while the mitochondrial
membrane potential and ATP content were reduced along with the abolishment of
glucoseinduced insulin secretion. These results support the hypothesis that the NADH shuttle
couples glycolysis with the activation of mitochondrial energy metabolism to trigger insulin
secretion. In animal diabetes models, the increased ratio of free cytosolic NADH:NAD™ is
considered one of the earliest metabolic imbalances linked to increased blood flow in these
tissues [46].

Piston and coworkers studied the redox signal, as a function of pyruvate, in intact pancreatic
islets using flavoproteins and NAD(P)H autofluorescence microscopy [47,48]. As LipDH is
in direct equilibrium with mitochondrial NADH, the authors used LipDH and NAD(P)H
autofluorescence to assess the NAD(P)H production as a function of glucose dosage. They
observed that glucose dose response is consistent with an increase in NAD(P)H. By contrast,
the transient rise in NAD(P)H in response to pyruvate stimulation was not accompanied by a
significant change in LipDH, which indicates that pyruvate raises cellular NAD(P)H without
a significant increase in mitochondrial NADH and, therefore, fails to produce the ATP
necessary for stimulating insulin secretion [47].

Mitochondrial role in energy metabolism

Inside the mitochondrial matrix, the tricarboxylic acid (TCA) cycle (also known as the Krebs
cycle or citric acid cycle) eventually transforms acetyl-CoA, which is derived from glycolytic
pyruvate into carbon dioxide, as summarized by the following equation [1,49]:

acetyl — CoA+2P;+GDP+2NAD* +FAD — CoA — SH+2CO,+3NADH+FADH,+GTP

In addition to one ribonucleotide guanosine triphosphate, the TCA cycle produces three NADH
molecules and one FADH,, which feed into the respiratory chain. The ETC and ATP synthase
comprise the oxidative-phosphorylation pathway (Figure 2) in the impermeable inner
membrane of mitochondria, where the majority of ATP is synthesized [23,50]. The respiratory
chain consists of a series of coupled transmembrane enzymes, namely NADH dehydrogenase
(complex 1), succinate dehydrogenase (complex 1), ubiquinol cytochrome C reductase
(complex 11), and cytochrome C oxidase (complex 1V) [1,23,49], which serve as electron
carriers. The protein subunits of these enzyme complexes are genetically encoded by nuclear
(complex I1) and mitochondrial DNA (complex I, 111 and V). In the initial steps of the ETC,
NADH and FADH, are oxidized (i.e., oxidation reaction with NAD* + H* + 2e~ for each
NADH) triggering an electron transfer to complex | (or NADH-ubiquinone oxidoreductase),
complex Il (or succinate—ubiquinone oxidoreductase) and then complex 111 via coenzyme Q
(also known as ubisemiqui none) [23,32,33]. Complex I also includes flavin mononucleotide
(FMN) as an intermediate electron acceptor. The electron continues to complex 1V with the
help of cytochrome C as another electron carrier. Concomitant with the electron transfer
between complexes I, 111 and 1V is the formation of a proton gradient across the inner
membrane. In addition, two water molecules are generated by complex 1V for every oxygen
molecule (i.e., reduction reaction with 0.50, + 2H* + 2e~ for each water molecule produced).
The transmembrane proton gradient drives ADP phosphorylation via ATP synthase to produce
the majority of ATP. The same electrochemical potential also regulates the rate of respiratory-
chain activities and facilitates calcium ion transport across the inner membrane of
mitochondria. The newly synthesized ATP is then transported out of the mitochondrial matrix
via adenine nucleotide translocase with a concomitant, but opposite, migration of ADP [4].
Studies also demonstrated that accumulation of calcium into mitochondria regulates
mitochondrial metabolism and causes a transient depolarization of the mitochondrial
membrane potential, which causes a transient decline in ATP production [51,52].
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The pioneering work of Chance highlighted the potential of NADH and FAD autofluo rescence,
under UV excitation, as biomarkers for monitoring the respiratory chain activities [13,15,16].
Recently, Bird etal. investigated the functional response of the intracellular reduction:oxidation
ratio in normal human breast cells (MCF10A) to confluence, serum starvation and potassium
cyanide poisoning [43]. Using 2P fluorescence lifetime imaging (FLIM), the authors reported
a significant decrease in the fluorescence lifetime of both free and protein-bound NADH, as
well as the contribution of protein-bound NADH, as cells progress towards confluency. Bird
etal. demon strated that treating the cells with potassium cyanide treatment or serum starvation
yielded similar changes. Their results suggest that the ratio of free:protein bound NADH is
related to changes in the NADH:NAD™ ratio.

Care must be taken, however, in using only the fluorescence lifetime to quantify the free and
enzyme bound NADH in cells, since the fluorescence of both free and enzyme-bound NADH
in solution decays as a multiexponential, which makes the cellular data interpretation rather
challenging. By contrast, the rotational diffusion directly depends on the size of the rotating
biomolecule and its surroundings. Vishwasrao etal. demonstrated that the NADH
autofluorescence in brain slices isolated from the hippocampus of a young mouse, correlates
with the metabolic state transition from normoxia to hypoxia [42]. Using 2P fluorescence micro
spectroscopy techniques, the authors monitored the changes in NADH concentration,
conformation (free vs enzyme bound) and local environment as a function of oxygen content
in neuronal tissues. Similar measurements were carried out to examine the sensitivity of
intracellular NADH to cell pathophysiology and ETC enzymatic inhibition using potassium
cyanide in breast cancer and normal cells [53]. These studies demonstrated an increase in the
overall NADH autofluorescence (and, therefore, concentration) upon the interruption of the
respiratory-chain activities using either potassium cyanide or hypoxia.

Reduced FAD (nonfluorescent) and FAD (fluorescent) are coenzymes associated with the
respiratory activities in all eukaryotic cells. Recently, it was demonstrated that the autofluo
rescence intensity of flavin and flavoproteins is reduced after treatment with the mito chondrial
inhibitor cyanide in pancreatic islet [48], rat cardiac myocytes [29,54] and guinea pig
ventricular myocytes [55]. As a result, real-time monitoring of mitochondrial NADH and FAD
will provide a ratiometric measure of energy respiration as well as the redox state of a cell
under certain physiological conditions [29]. The ratiometric measure of both coenzymes also
requires a noninvasive technique with enough spatial resolution to distinguish between
cytosolic and mitochondrial NADH. Luckily, FAD and FMN are strictly localized within the
mitochondria. The compartmentalization of NADH and FAD makes these natural biomarkers
a more powerful means to monitor, in real time, the metabolic activities in cells and tissues.

Mitochondria-mediated oxidative stress & apoptosis

Oxidative stress—Under physiological conditions, effective antioxidant defense
mechanisms regulate the level of reactive oxygen species (ROS), which are highly reactive,
oxygen-containing molecules, such as hydrogen peroxide, nitric oxide and hydroxyl ions,
produced in small quantities during natural metabolic reactions. Under pathological conditions,
antioxidant defense mechanisms fail, which leads to an elevated level of ROS and, therefore,
oxidative stress. Mitochondria are a major source of ROS and free radicals even in the presence
of antioxidant defense mechanisms. The unpaired electrons generated in respiration Figure 2,
particularly by complex I and (to lesser degree) complex 111, produce superoxide ions after
reacting with oxygen. An elevated level of ROS and oxidative stress has harmful effects on
cells, caused by lipid peroxidation, DNA damage and inhibition of the mitochondrial
respiratory chain, leading to numerous health-related conditions such as aging. A common
pathogenic mechanism for neurodegenerative diseases, such as Alzheimer’ s disease and
Parkinson’ s disease, involve the aggregation and disposition of misfolded proteins, which
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leads to progressive degradation of the CNS [56]. Evidence suggests that brain amyloid  which
is commonly associated with Alzheimer’ s disease, is linked mechanisti cally to an increased
level of oxidative stress [57] and apoptosis. Oxidative stress also appears to provide a critical
link between environmental and genetic risk factors in the pathogenesis of Parkinson’ s disease
[58]. Epidemiologic studies suggest that pesticides and other environmental toxins that inhibit
complex | are involved in the pathogenesis of Parkinson’ s disease [59]. Fat induced increase
in oxidative stress is an important mechanism of obesity associated metabolic syndrome, both
in humans and mice [60], and may be a useful therapeutic target. Furukawa etal. demonstrated
that increased ROS production in the adipose tissue of obese mice is accompanied by an
elevated expression of NAD(P)H oxidase and a decreased expression of antioxidative enzymes
(e.g., superoxide dismutase, catalase and glutathione peroxidase) [60]. Elevated fatty acids
levels increased the oxidative stress via NAD(P)H oxidase activation, while oxidative stress
caused dysregulation of fat-derived hormone production in cultured adipocytes. Furukawa
etal. observed that inhibiting NAD(P)H oxidase reduced ROS production in adipose tissue and
improved diabetes, hyperlipidemia and hepatic steatosis in obese mice. The generation of ROS
also plays a role in the cytotoxicity of adaphostin, a potential anticancer drug undergoing
preclinical testing [61]. Alcohol also promotes ROS generation in human or animal models
through different mechanisms [62,63]. As aresult, ROS production and oxidative stress in liver
cells trigger the development of alcoholic liver disease [64,65].

Changes inthe NAD*:NADH ratio, mitochondrial function and ATP production are associated
with oxidative stress, independent of the underlying mechanisms. Therefore, it would be
advantageous to monitor the oxidative stress state of a cell by using coenzymes such as NADH
and FAD as natural biomarkers. For example, the sensitivity of intracellular NADH
autofluorescence in yeast cells has recently been investigated as a function of hydrogen
peroxide and peroxonitrite treatment [66]. Different levels of hydrogen peroxide and
peroxonitrite have been demonstrated to initiate necrosis, apoptosis and reversible injury in
yeast cells. Concurrently, the level of intracellular NADH increased at the beginning of the
apoptotic process and then decreased continuously until cell death. The time course of these
intracellular NADH changes was attributed to the response of the mitochondrial redox state to
oxidative stress [66]. The results indicate that different pathways of oxidative injury in yeast
cells trigger different responses in the mitochondrial redox state. Yang etal. also investigated
the sensitivity of the FAD:NAD(P)H ratio and NAD(P)H conformation in HepG2 cells to ROS,
whichwas induced by cadmium chloride exposure [67]. Using confocal spectroscopy and time-
resolved fluorescence measurements, the results suggested that changes in NAD(P)H
metabolism precedes the increase in ROS production and cellular oxidative stress.

Programmed cell death—Natural programmed cell death (apoptosis), which is tightly
regulated by a cascade of bio chemical reactions, is an evolutionarily conserved suicide process
essential for embryonic development, homeostasis of adult tissues and organs, and the
destruction of virally infected, injured or DNA-damaged cells [68,69]. Cells undergoing
apoptosis would exhibit morphological characteristics, such as plasma membrane blebbing,
cell shrinking, fragmentation and nuclear chromatin condensation. Apoptosis is mediated by
extrinsic (or death receptor) pathways, which are beyond the scope of this article, and intrinsic
(or mitochondrial) pathways [70]. In the mito chondrial pathway for apoptosis, the inner
mitochondrial transmembrane potential (A%¥) [71] is usually lost and mitochondrial release
of cytochrome C, which activates apoptotic activating factor-1, eventually triggers caspase
activation. A potential mechanism for cytochrome C release from the mitochondria is the
swelling and rupture of the outer membrane of mitochondria upon the opening of the
mitochondrial permeability transition pores (mPTP), which include the adenine trans locator
(adenine nucleotide translocase) and the voltage-dependent anion channel at the inner and outer
membranes, respectively [65]. A number of effectors (e.g., calcium and ADP/ATP
concentrations and the membrane potential of mitochondria) influence the mPTP activation.
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Under pathological conditions of cellular calcium overload, particularly in association with
oxidative stress, mitochon drial calcium uptake may trigger events that lead to apoptosis [51,
52]. In the presence of ATP and cytochrome C, two different domains of apoptotic activating
factor-1 and procaspase-9 interact to form the apoptosome. The down stream caspases are, in
turn, activated by the apoptosome-associated caspase-9 (Figure 2). Mitochondria also regulate
apoptosis by releasing apoptosis promoting factors into the cytosol. Enhancement of the rate
of apoptosis is associated with viral and bacterial infections, neurodegenerative disorder and
toxin-induced diseases [72]. Some evidence suggests that cancer chemopreventive agents
might prevent cancer by suppressing growth or inducing apoptosis in precancerous cells [73,
74].

The concentration of intracellular NAD(P)H is sensitive to the onset of apoptosis in several
model systems [75-79]. For example, Petit etal. investigated the correlation between the
oxidation/depletion of NAD(P)H and apoptosis in Jurkat T cells [77]. High-performance liquid
chromatography and UV-excited NAD(P)H fluorescence measurements indicate oxidation and
depletion of NAD(P)H prior to the onset of apoptosis. In addition, cytofluorimetric multi
parameter ana lysis and cell sorting experiments indicate a close temporal relationship between
NAD(P)H oxidation/depletion and the dissipation of A¥,,. The observed NAD(P)H depletion
preceded other apoptosis induced changes, such as enhanced superoxide generation, loss of
cytosolic potassium, decreased cytoplasmic pH, nuclear DNA fragmentation, cell shrinkage
and loss of viability [77]. The authors also reported a correlation among the activation of
caspases (9 and 3), the appearance of superoxide anions in the mitochondria, and NAD(P)H
concentration. Their findings suggest a functional relationship between NAD(P)H depletion,
the membrane potential loss prior to caspase 3 activation and changes in the redox state of the
cell. Other studies have demonstrated that calcium- and superoxide induced mitochondrial
swelling triggered the release of cytochrome C and increased caspase activity from isolated
mitochondria [79]. 1P autofluorescence of NAD(P)H, FAD and their redox ratio in primary
human foreskin keratinocytes is also sensitive to the early stages of cisplatin treatment (an
apoptosis promoting agent) [80]. Recently, Wang etal. also demonstrated that the 2P-
autofluorescence lifetime imaging of NADH can be used to monitor mitochondria mediated
apoptosis after staurosporine treatment and hydrogen peroxide-induced necrosis in live HelLa
cells and 143B osteosarcoma [81].

Transcriptional role of nuclear NADH

Carboxyl terminal binding protein (CtBP) is a corepressor that is involved in the transcription
pathways during development, cell cycle regulation and transformation [82,83]. Zhang et al.
observed that binding of CtBP to cellular and viral transcriptional repressors is regulated by
nuclear NAD* and NADH [82]. Comparing the total 2P-autofluorescence intensity to a
standard curve of free NAD(P)H in solution, Zhang etal. estimated there to be 113 uM of NAD
(P)H in the nucleus of cultured Cos-7 cells. Agents capable of increasing NADH levels
stimulate binding of CtBP to its partners in vivo and potentiate CtBP mediated repression. The
results of this study support the hypothesis that monitoring changes in the nuclear
NAD*:NADH ratio would allow CtBP to serve as a redoxsensor for transcription [82].
NAD™ has also emerged as a putative metabolic regulator of transcription. A possible
mechanism involves silent information regulator 2, which is a family of protein deacetylases
(sirtuins) that play an important role in regulating transcription in a NAD* dependent manner
[84,85]. NAD* metabolism and sirtuins are also involved in the mechanisms associated with
cell survival under conditions of oxidative stress and toxicity [86].

Mitochondria dysfunction in human diseases

It is well established that mitochondrial anomalies correlate with a wide range of health
problems, such as cancer, neurodegenerative diseases, diabetes, cardiomyopathy and aging
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[5,32,87-90]. As a result, biomarkers that are sensitive to mitochondrial activities would
enhance early diagnosis of potential health problems and, therefore, therapeutic intervention
[89].

In addition to the six known hallmarks of cancer (self sufficiency in growth signals,
insensitivity to growth-inhibitory [antigrowth] signals, evasion of programmed cell death, limit
less replicative potential, sustained angiogenesis and metastasis [91]), bioenergetics is another
feature of cancer cells that was first discovered by Otto Warburg [37,92]. Warburg
hypothesized that cancer development may originate from the impairment of mitochondrial
respiration with a parallel increase in the cellular glycolysis [92]. Mitochondria in cancer cells
exhibit both phenotypic and genotypic differences, compared with normal cells [32,93].
Studies have also demonstrated that mitochondrial DNA, cholesterol content and lipid types
in the inner membrane, and protein activities (especially the cytochrome C oxidase) are usually
skewed in cancer cells [88,94]. High levels of free radicals generated by mitochondria are also
found in cancer cells [95].

Some studies have demonstrated an elevated autofluorescence of intracellular NADH in
different cancer cell lines under UV illumination [39,96]. Skala etal. investigated the sensitivity
of intracellular NADH in hamster cheek pouch epithelial cells to treatment with dimethylbenz
[o] anthracene as a model of oral carcinogenesis [97]. Using 2P FLIM, the fast and slow
autofluorescence lifetime components were assigned to free and protein bound NADH,
respectively. Skala etal. concluded that the decrease in protein bound NADH fluorescence
lifetime with dysplasia is caused by a shift from oxidative phosphorylation to glycolysis, which
is consistent with the predictions of neoplastic metabolism [98]. They also demonstrated that
both low- and high-grade precancers could be discriminated from normal tissue based on the
lifetime of protein-bound NADH. In another report [98], the same group monitored the cellular
NADH and FAD autofluorescence lifetime to identify metabolic fingerprints of living cells at
the earliest stages of cancer development. The redox ratio was significantly decreased in the
less differentiated basal epithelial cells compared with the more mature cells in the superficial
layer of the normal stratified squamous epithelium, indicating an increase in metabolic activity
in cells with an increased nuclear:cytoplasmic ratio.

Yu and Heikal developed an autofluorescence dynamics imaging assay to quantify the
concentration and conformation of NADH in normal breast (Hs578Bst) and cancer (Hs578T)
cell lines [53]. The authors estimated the intracellular NADH level in the breast cancer cell
model to be almost twice that of their nontransformed counterpart. For the first time, Yu and
Heikal observed a 2P-autofluorescence associated anisotropy of intracellular NADH at the
single-cell level, which directly indicates the presence of free and enzyme-bound NADH at
equilibrium with distinct fluorescence properties and molecular sizes [53]. Chemotherapeutic
agents have been demonstrated to enhance apoptosis by disrupting the inner membrane
potential of mitochondria, enhancing the release of cytochrome C and activating caspases
[72]. Kirkpatrick etal. used endogenous NADH, FAD and tryptophan fluorescence
spectroscopy to measure metabolic changes in response to treatment with cancer
chemopreventive agents (namely, N 4 [hydroxyphenyl]retinamide) in ovarian and bladder
cancer cell lines [74]. Their results suggest that the NADH signal changed in a similar dose
dependent manner, in all cells, but started at different baseline levels. Toxic doses of
photodynamic therapy have been demonstrated to cause in vitro and in vivo damage, which is
concomitant with a reduction of intracellular NADH autofluorescence and mitochondrial
activities relative to that of controls.
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Neurodegenerative diseases

Diabetes

Mitochondria are critical regulators of programmed cell death, mitochondrial DNA mutations
and the level of free radicals, which are key features of age related neurodegenerative diseases
such as Alzheimer’ s, Parkinson’ s and Huntington s disease [99,100]. Mitochondrial
dysfunction, amyloid | mediated processes, transition metal accumulation and genetic factors
are major sources of free radicals. A better understanding of the redox imbalance will lead to
a better understanding of the pathogenesis of neurodegenerative diseases and, ultimately, novel
therapeutic approaches.

The concentrations of intracellular NADH and flavin are good biomarkers of mitochondrial
function and mitochondrial anomalies. As a result, these coenzymes have a diagnostic potential
for neurodegenerative diseases. For example, in Alzheimer s disease, amyloid-p peptide
aggregates in the extracellular space to form senile plaques. Recently, Webb and coworkers
used 2P-autofluorescence and second-harmonic generation to characterize the intrinsic
emissions in ex vivo acute brain slices from transgenic mouse models with Alzheimer’ s disease
[101]. Their results demonstrated that senile plaques exhibit autofluorescence with a distinct
emission spectrum, as well as weakly generated second harmonic from the dendritic
microtubule arrays near senile plaques.

Diabetes is a leading cause of specific microvascular diseases, such as blindness, renal failure,
nerve damage and diabetes-accelerated athero sclerosis [102]. Glycolysis and mitochondria
mediated glucose metabolism are essential for glucose induced insulin secretion by pancreatic
B-cells [103,104]. The high energy electrons from the glycolysis generated NADH are
transferred to mitochondria through the NADH shuttles. Inhibition of these shuttles leads to
an increase in the NADH autofluorescence level. Concomitantly, the mitochondrial membrane
potential and ATP content were reduced when glucose-induced insulin secretion was
abrogated. Molecular mechanisms that are implicated in glucose mediated vascular damage
involve hyperglycemia-induced overproduction of superoxide by the mitochondrial ETC
[102].

As a result, quantitative imaging of cytosolic and mitochondrial NADH can be used as a
biomarker of glycolytic rate, mitochondrial function and insulin secretion. For example, Noda
etal. demonstrated the connection between the metabolic activities of ETC and TCA enzymes
and their impact on insulin secretion using a murine, pancreatic B-cell line model with
suppressed transcription of mitochondrial DNA [105]. The authors evaluated 2P-
autofluorescence of NADH, insulin secretion, the membrane potential and the ATP and ADP
content in this B-cell model as a function of ethidium bromide, an inhibitor of mito chondrial
DNA transcription. The results of the study by Noda etal. suggest that reduced expression of
the mitochondrial ETC enzymes causes NADH accumulation in the p-cells while facilitating
anaerobic glucose metabolism. Glucose induced insulin secretion and membrane potential
were also lost upon treatment with ethidium bromide.

Experimental approaches to interrogate intracellular coenzymes

Conventional biochemical methods

Traditional biochemical techniques have been useful for estimating cellular levels of NADH
[106,107] and flavin [108]. For example, enzymatic methods [39], cycling assays [109,110]
and high performance liquid chromatography analyses [111] have been used to determine the
concentration of NADH in cells and tissues. A NAD*:NADH assay kit that is commercially
available, with a sensitivity of approximately 0.2 uM, is based on an alcohol-dehydrogenase
cycling reaction. Umemura and Kimura developed a single extraction procedure and a
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spectrophotometric assay (an enzymatic cycling assay using a fluorescent marker) to determine
the concentration of oxidized and reduced NAD in cell monolayers [112]. Recently, a capillary
electro phoresis method was developed, using an enzymatic cycling reaction to determine
levels of both NAD™ and NADH at the single cell level and with a single run [113]. Another
assay, using bacterial luciferase with a liquid scintillation spectrometer, has also been used to
determine subpico molar concentrations of NADH and FMN [114]. These conventional
biochemical assays provide an accurate and sensitive measure of the intrinsic metabolic co
factors. In addition, some of these methods are capable of distinguishing between NAD(P)H
and NADH, which is not possible using spectro scopic techniques owing to the similarity in
their spectral properties. However, despite these advantages these methods require destroying
the cells or tissues and, therefore, only provide snapshots of the metabolic activities in the
absence of any morphological context.

Steady state, 1P spectroscopy

Absorption—Free NADH and NAD* absorb a maximum of approximately 260 and 340 nm,
respectively, in an aqueous buffer (pH 7.1), with an extinction coefficient of approximately
6.22 x 103 cm~1 M1 at 340-nm absorption for the reduced form. These absorption properties
are similar to those of free NAD(P)H and NAD(P)*, a disadvantage for spectroscopy-based
assays used to differentiate between the metabolic activities associated with either NADH or
NAD(P)H. The corresponding FAD absorption (Figure 3) is red shifted with two bands at 376
and 450 nm (with an extinction coefficient of approximately 11,300 cm™1 M1 at 450 nm
absorption) in addition to the 270-nm band assigned for adenine absorption [115]. While the
absorption spectrum of NADH is insensitive to enzyme (e.g., mitochondria malate dehydro
genase) titration, the FAD moiety in LipDH reveals a slight red shift of the absorption bands
(362 and 456 nm). With knowledge of the extinction coefficient (g), the relative NADH:FAD
concentration (c) can be calculated (A = «cl) using the measured absorbance (A) of NADH (at
~340 nm) and FAD (at ~450 nm) in a cuvette (length [I]). Chance was the first to use a double
beam spectro photometer to monitor intra cellular NADH in the absorption spectrum [116].
However, such UV-visible absorption spectra are usually broad with some degree of
overlapping, which may undermine the specificity of the absorbing biomolecule identity. In
addition, absorption spectroscopy would require the knowledge of the sample thickness and
the influence of cellular environment on the extinction coefficient of a given biomolecule.

Emission—The fluorescence emission of free NADH in aqueous buffer with pH 7.4 is
maximal at approximately 458 nm, which is sensitive to both viscosity and enzyme titration.
For example, NADH emission peaks at approximately 436 nm (i.e., 22 nm blue shift) when
fully bound with mitochondria malate dehydrogenase. In contrast to NADH, NAD™ is not
fluorescent. These fluorescence properties also mimic those of NAD(P)H and NADP* in
aqueous solution. By comparison, free FAD emits around 528 nm in buffer at room temperature
with a slight blue shift in protein environment [117], as well as in the presence of 80% (by
volume) of glycerol. For example, the fluorescence emission of LipDH is blue shifted by
approximately 13 nm with respect to that of free FAD emission [115]. As a result, the
autofluorescence of NAD(P)H (458 nm) and FAD (~528 nm) can be detected independently
following selective 1P excitation at 340 and 450 nm, respectively (Figure 3A).

Fluorescence spectrophotometry has been used for over half a century to monitor in vitro and
in vivo autofluorescence both for basic research and in a clinical setting. Duysens and Amesz
were the first to report the autofluorescence spectra of NADH in intact cells using fluorescence
spectrophotometry [118]. Similar measurements followed on various biological systems, such
as human blood sample [119], human breast normal and cancer cell lines [26], Chinese hamster
ovary cells, rat neurons, normal- and SV-40-transformed human keratinocytes [120], bovine

oligodendroglia, mink and murine fibroblast [121], and isolated rat hepatocytes [122] under
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different metabolic conditions. The relative levels of the metabolic cofactors in these models
were assessed under different physiological and pathophysiological conditions. In addition, in
vivo autofluorescence spectrophotometry has also been developed to detect intrinsic NADH
and/or flavoprotein signals in rabbit models [123], the brain and kidney of rats [14], murine
muscle tissues [124] and squamous cell carcinoma [96]. Furthermore, NADH fluorescence has
already been used clinically [125]. Fluorescence spectrophotometry is cost effective, easy to
perform and can be performed in intact live cells and tissues. However, an absolute
concentration cannot be obtained from this assay owing to the sensitivity of these cofactors to
the local cellular environment. In addition, these measurements are usually conducted on cell
ensembles in a cuvette and, therefore, lack the spatial resolution to determine the concentration
of intra cellular coenzymes in different compartments of living cells.

1P-autofluorescence microscopy

In conventional 1P-microscopy, the sample is usually illuminated by UV light to excite
intracellular NADH or FAD, based on their absorption spectra, and an autofluorescence image
is captured under a physiological condition. This approach has been used for imaging
intracellular coenzymes in a variety of biological models, such as contracting xenopus skeletal
muscle fibers [126], hippocampal slices [127] and pancreatic islet B-cells [48]. Mitochondrial
activities, reflected by changes in cellular autofluorescence, were monitored upon
manipulation of physiological conditions such as response to oxygen availability, electrical
stimulation and glucose application. For example, NAD(P)H and FAD autofluorescence as a
marker of neuronal activation in CA1 of murine hippocampal slices under different electrical,
glutamate iontophoresis, bath-applied kainate stimuli [127]. The results demonstrate that the
NAD(P)H transients in mature slices do not reflect neuronal calcium dynamics. Furthermore,
the study demonstrates that NADH and FAD signals are sensitive indicators of both the spatial
and temporal characteristics of postsynaptic neuronal activation [127].

Reinert etal. exploited NADH and flavoproteins autofluorescence, excited by UV light from
a 100-W mercury—xenon lamp, to directly monitor the in vivo neuronal activity in the cere
bellar cortex of the ketamine/xylazine anesthetized mouse under electrical surface stimulation
[128,129]. The authors demonstrated that the majority of the autofluorescence signal is
attributed to activating the postsynaptic targets of the parallel fibers. Blocking mitochondrial
respiration with sodium cyanide or inactivation of flavoproteins with diphenyleneiodonium
substantially reduced the autofluorescence signal, which was attributed to the oxidation—
reduction of flavoproteins. Reinert etal. also ruled out the effects of changes in hemoglobin
oxygenation or blood flow. However, traditional UV excitation of NADH and flavoproteins
suffers from problems such as scattering, extended photobleaching, smaller penetration depth
and possible photodamage to samples [130,131]. In addition, the UV light used for intrinsic
NADH imaging may cause photodamage to cellular DNA [132].

2P-autofluorescence microscopy

Two photon microscopy is based on nonlinear excitation of molecules using a high numerical
aperture objective to tightly focus infrared laser pulses [133-137], which overcome some of
the previously mentioned challenges associated with UV excitation. For example, 2P-
microscopy provides high spatial resolution owing to the nonlinear excitation and, thus, the
confocal pinhole (descanning) is not required, which minimizes the loss of fluorescence
photons. Such inherent resolution also reduces the overall phototoxicity (or photodamage),
especially when used properly, and allows for localized photochemistry. The infrared laser
pulses used in 2P microscopy also enhance the penetration depth into biological tissues while
reducing laser scattering detection. The 2P excitation cross section spectra of NADH [29,
138,139] and flavin [29] in phosphate buffered saline (pH 7.5) are demonstrated in Figure 3
[29,140]. Based on these spectral profiles, selective 2P-excitation of NAD(P)H and FAD
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becomes possible using 730 nm (Figure 4A) [29,140] and 900 nm (Figure 4B), respectively
[29]. Nichols etal. assessed the extent of 2P-induced photodamage and its effect on DNA
synthesis in rat basophilic leukemia cells during NADH imaging [141].

Two-photon fluorescence microscopy of intrinsic NADH has been used to monitor energy
metabolism in macrophages, pancreatic islet cells, skeletal muscle cells [142-144], brain slices
[42,139], cardiomyocytes [29], human breast normal and cancer cells [53], cochlea [145] and
murine skeletal muscle in vivo [146]. In addition, the redox and metabolic states of a cell can
be determined using ratiometric measure of FAD and NADH autofluorescence [29,98].
Rocheleau etal. used 2P-excitation of NADH and 1P-excitation of intrinsic flavin to measure
the B-cell redox potential (i.e., NADH:LipDH ratio) in pancreatic islets [48]. Kasischke etal.
resolved metabolic signatures in astrocyte processes and neurons deep in brain tissue slices
using 2P-autofluorescence functional imaging of NADH [139]. The results support the
hypothesis for neurometabolic coupling in which early oxidative metabolism in neurons is
eventually sustained by late activation of the astrocyte—neuron-lactate shuttle. Christie etal.
developed a thinned skull preparation in the Alzheimer’ s disease mouse model that allows for
imaging of senile plaques over several months using 2P-microscopy imaging of thioflavine S
stained senile plaques in the Tg2576 transgenic mouse model of Alzheimer’ s disease [147].
Their results indicate that thioflavine S-positive plaques appear and then stabilize, supporting
a dynamic feedback model of plaque growth in this Alzheimer” s in vivo model.

The 2P autofluorescence of single cardiac cells has been assigned to intrinsic flavoproteins
based on excitation (750, 800 and 900 nm), inhibition of oxidative phosphorylation [29] and
a spectral unmixing algorithm [54]. The limited number of publications on 2P-microscopy
imaging of cellular flavin reflect its experimental limitations, namely a low excitation cross-
section and an abysmal fluorescence quantum yield (0.03) [148], which is attributed to dynamic
quenching by adenine [148,149], van der Waals interactions with tryptophan residues and/or
the sulfur atoms in cysteine residues [150,151]. The actual concentrations and distribution of
FAD in live cells remains uncertain, especially under different physiological conditions. Using
fluorescence assays, Brolin and Agren reported concentrations of FAD (113-291 umol/kg dry
weight) and FMN (9-139 umol/kg dry weight) in pancreatic islets and other organs from obese
hyperglycemic mice [152].

Autofluorescence lifetime imaging microscopy

In contrast to intensity-based microscopy, the excited state fluorescence lifetime is extremely
sensitive to both the molecular conformation and surrounding environment of a fluorophore.
Moreover, the fluorescence lifetime is also independent of the fluorophore concentration under
typical physiological conditions. Time-correlated single photon counting (TCSPC) technique
is routinely used for time-domain measurements of fluorescence lifetime [153,154]. For
example, the fluorescence of free NADH in a pH7.4 buffer decays as a biexponential (Figure
3B, curve 1) with an average lifetime of 395 + 20 ps at room temperature [42,53]. In the
presence of enzymes, the NADH fluorescence decay remains multi exponential (Figure 3B,
curve 2), but the average lifetime increases significantly upon binding [42,53]. By comparison,
the fluorescence of free FAD in a pH7.4 buffer decays as a biexponential (Figure 3B, curve 3)
with 11 = 2.57 ns (a3 = 0.71) and 1, = 4.42 ns (ap = 0.29), with an average lifetime of 3.13 ns
[Yu Q, Heikal AA, Unpublished Data]. When bound to LipDH, the flavin fluo rescence decays
as a triple exponential (Figure 3B, curve 4) with t1 = 268 ps (a; =0.34), 1o =2.17 ns (ap =
0.26), 13 = 5.3 ns (ag = 0.39), with an estimate average lifetime of 2.75 ns [Yu Q, Heikal AA,
Unpublished Data]. The distinctive fluorescence-decay parameters of intracellular NADH and
flavin allow for a facile separation of these coenzymes and their conformational states (e.g.,
free vs enzyme bound) in cellular environment.
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The FLIM technique implements the TCSPC principle in imaging mode [155], and is becoming
a powerful tool for biological and biomedical studies. Recently, Yu and Heikal used an
integrated fluorescence microspectroscopy approach to measure the NADH content in breast
cancer and normal cells [53]. Representative 2P-autofluorescence intensity and lifetime images
of intrinsic NADH (Figures 4A & C, excited at 730 nm) are distinct from those of flavin
autofluorescence (Figures 4B & D, excited at 900 nm) in normal breast cells (HTB125). The
2P-autofluorescence intensity (Figure 4A) depends on the concentration of coenzymes
throughout the cell as compared with the autofluorescence lifetime, which is sensitive to their
conformation and microenvironment. On average, the autofluorescence lifetime of intracellular
flavin is longer than that of NADH through out the cell. In addition, pixel to pixel analyses of
high spatial resolution FLIM images yield a quantitative measure of mitochondrial, cytosolic
and nuclear population of native NADH (Figure 5A). Comparative analyses of FAD images
also reveal dominant compartmentalization of flavin in the mitocondria (Figure 5B). A number
of FLIM studies of intracellular NAD(P)H autofluorescence have been reported on a range of
cell lines such as dermal fibroblasts from artificial skin constructs [156]

Recently, the in vivo 2P-FLIM measurements of FAD were reported in normal and
precancerous epithelial mucosa tissues in hamsters [98]. In the study by Skala etal., FAD
fluorescence lifetime under 890-nm excitation was fit with two species, with the longer lifetime
component assigned to free FAD and the shorter component attributed to protein bound FAD
[98]. The authors observed a decreased contribution of protein-bound FAD in the high-grade
precancer epithelia as estimated by changes in the autofluorescence lifetime [98]. By contrast,
flavin exists predominantly in mitochondria (Figure 6B) with negligible concentration in the
cytosol and nucleus. Using these 2P-autofluorescence intensity and lifetime images, an imaging
processing algorithm [157] was developed to convert the intracellular autofluorescence into
NADH concentration in living cells [53]. The analyses of these measurements, carried out on
a calibrated microscope, indicate that the concentration of intracellular flavin (144 + 3.8 puM,
n=6)[YuQ, Heikal AA, Unpublished Data] is relatively lower than that of NADH [53]. Since
the 2P-excitation cross section of LipDH bound FAD is approximately ten times larger than
that of free FAD [29], used as a reference, the average concentration of flavin is approximately
14 uM in HTB125 cells.

Owing to the multiexponential decay of the fluorescence of free NADH, FAD and their enzyme
bound complexes in buffer, care must be taken during data interpretation of the
autofluorescence lifetime measurements in living cells and tissues. It is not an easy task to
assign different fluorescence decay components in a FLIM image to specific molecular
conformation (e.g., free vs enzyme bound), excited state processes (e.g., charge transfer, energy
transfer or isomerization) or environmental effects.

2P-autofluorescence polarization anisotropy

Using the same TCSPC principle as FLI1M, time resolved fluorescence anisotropy
measurements can be carried out to directly quantify the rotation dynamics of a fluorophore,
which depend on the molecular size, binding with macro molecules, energy transfer and the
viscosity of the surrounding environment [153]. Following the excitation of a fluorophore,
using polarized laser pulses, molecules in their excited state tumble (or rotate), causing
fluorescence depolarization. The parallel and perpendicular polarizations (with respect to the
excitation laser polarization) of fluorescence intensity decays are then used to calculate the
anisotropy decay constant (or rotational time). As a result, the anisotropy based approach offers
the most direct and sensitive discrimination between free and enzyme bound NADH [42,53].

Vishwasrao etal. reported a global ana lysis of associated anisotropy decays of intrinsic NADH
autofluorescence in brain hippocampal tissue, isolated from Sprague Dawley rats, in response
to the metabolic transition from normoxia and hypoxia [42]. Using this sensitive and
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noninvasive approach, the authors were able to directly quantify the free and enzyme-bound
population fractions of intracellular NADH in neural tissue for the first time. Their results also
indicate that the NADH response to hypoxic inhibition of energy metabolism is more
complicated than a simple increase in NADH concentration. In sub sequent studies on cultured
cells, Yu and Heikal, using a similar flourescence anisotropy approach, observed, for the first
time, that intracellular NADH autofluorescence also exhibits an associated anisotropy (Figure
4e, curve 1) at the single cell level [53]. Their results provided direct evidence for the
equilibrated existence of free and enzyme bound populations of cellular NADH, since each
conformation exhibits distinct fluorescence and rotational dynamics. By contrast, time-
resolved autofluorescence anisotropy of intracellular flavin exhibits biexponential anisotropy
(Figure 4F, curve 1) with a dominant slow rotational component that indicates a mostly
enzyme-bound coenzyme [Yu Q, Heikal AA, Unpublished Data]. The rotational time of flavin
in cells is much slower than that of free FAD in buffer at room temperature (Figure 4F, curve
2). The fluorescence based assay of the concentration of coenzymes and their conformation
will enhance our ability to precisely quantify the role of NADH and FAD in vivo in metabolic
activities, and to develop an accurate picture of their biochemistry and, ultimately, cellular
energy metabolism.

Commercially available, extrinsic markers

Conventional labels are chemically designed to maximize their fluorescence quantum yield
and to minimize their spectral (absorption and emission) overlap with the endogenous bio
molecules, such as tryptophan, collagen, NADH and FAD, in biological samples. Using simple
labeling protocols, these fluorescent markers allow for monitoring the spatial and temporal
changes of mitochondrial structure, function and membrane potential under different
pathophysiological conditions [158,159].

Rhodamine-123 is a lipophilic, photostable fluorophore with a high affinity for mitochondria
and with minimal cell toxicity. Rhodamine-123 has been used for membrane potential studies
[71,159-161] owing to its its high extinction coefficient (¢ ~7.5 x 104 cm™1 mol™1) and
fluorescence (~525 nm) quantum yield (~0.9) [71,162]. MitoTracker© derivatives (Invitrogen)
are another class of mitochondrial markers, which contain a thiol reactive chloromethyl moiety
that appears to be responsible for their high affinity for mitochondria. These mitochondrial
markers exhibit a wide range of spectral properties (e.g., absorption: 490-644 nm and emission:
516-665 nm) that allows for experimental design flexibility and avoids the natural
autofluorescence of cells. The fluorescence of another mitochondria label, JC 1 (5,5',6,6’
tetrachloro 1,1',3,3’ tetraethylbenzimidazolylcarbocyanine iodide), is sensitive to both its
concentration and the mitochondrial membrane potential [163]. The JC 1 emission, which is
green (529 nm) for a monomeric confor mation and at low membrane potential, becomes red
(~590 nm) at a high membrane potential due to aggregate formation. JC-1 has also been used
to monitor mitochondrial changes upon poisoning, uncoupling, anoxia [164] and apoptosis
[165,166]. Tetramethylrhodamine methylester has been used to assess the concentration of
mitochondria in neurons as a function of ATP demands and/or calcium buffering [167]. The
results led to the hypothesis that neurons locally regulate the mitochondrial metabolic state.
Genetically encoded fluorescent proteins also provide labeling specificity, large extinction
coefficients, high fluorescent quantum yield, pH sensitivity and a wide range of mutations for
multicolor labeling [168-173]. Mahajan etal., used Forster resonance energy transfer to
demonstrate a direct interaction between Bcl 2 and Bax in individual mitochondria, labeled
with green and blue fluorescent proteins, respectively [174], and their role in regulating
apoptosis. Llopis etal., also used green fluorescent protein mutants to measure the local pH in
the mitochondrial matrix and other cellular compartments [175] in both HeLa cells (pH 7.98)
and rat neonatal cardiomyocytes (pH 7.91). Partikian etal. measured the diffusion of green
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fluorescent proteins in the mitochondrial matrix of fibroblast, liver, skeletal muscle and
epithelial cell lines [176], which is three- to four times slower than its diffusion in water.

In oxidative stress studies, reduced dichlorofluorescein (DCFH)-diacetate has typically been
used as a substrate for fluorescence based assays that measure the relative amounts of
intracellular ROS [177]. This nonfluorescent substrate is taken up by the cell via passive
diffusion and hydrolyzed by intracellular esterases to form DCFH, which is nonfluorescent.
Upon encountering oxidants (e.g., hydrogen peroxide, nitric oxide and peroxynitrite oxidation),
DCFH is oxidized to DCF, which is fluorescent. Oxidative stress in the cells can then be
estimated by quantifying the DCF fluorescence intensity.

Conventional fluorescent labels are designed to report primarily on a specific aspect of
mitochondria (e.g., structure or membrane potential), from which other physiological processes
might be extrapolated. Nonspecific binding of these markers may also undermine the potential
significance for a given observable readout. In addition, these extrinsic markers may interfere
with the biological function of their cellular targets and must be controlled for. Finally, the
fluorescence properties of some of these extrinsic labels can be less sensitive to changes in
their intermolecular interactions and local environment.

Conclusion & future perspective

The intracellular coenzymes NAD(P)H and FAD are integral to a complex network of
oxidation-reduction reactions and metabolic activities essential for the survival of mammalian
cells and human health. Mitochondrial anomalies or mutations of the catalytic enzymes
participating in these functions can have deleterious effects on cellular processes, which would
lead to numerous health problems. These coenzymes are naturally fluorescent and, therefore,
allow for true, noninvasive, imaging of metabolic activities in living cells and tissues. By
contrast, exogenous fluorescence dyes can be toxic and may suffer from nonspecific binding
as well as interference with biomolecular functions. In addition, the fluorescence of these
coenzymes can be excited using different illumination wavelengths, ranging from UV to
infrared regions, for complementary imaging using 1P- and 2P-fluorescence microscopy,
respectively. Importantly, the fluorescence properties of NADH and FAD are sensitive to
protein binding and local environment.

The concentrations and distributions of these naturally fluorescent coenzymes correlate with
the metabolic and physiological states of cells and tissues, both in vitro as well as in vivo.
Unlike extrinsic fluorescent markers, which must be added to cells or tissues, cellular co
enzymes are nontoxic and unlikely to interfere with the diagnostic readout because they are
natural participants in redox reactions and cellular metabolic activities. Flavin, which is almost
exclusively associated with mitochondria and the oxidative phosphorylation pathway [30,31],
exhibits a relatively higher fluorescence quantum efficiency than NADH. Based on the 2P-
excitation cross-section, flavin can be selectively excited at approx imately 900 nm, which is
suitable for deep-tissue imaging without the excitation spectral overlap. Ratiometric
monitoring of metabolic activities can be achieved with simultaneous detection of intracellular
NAD(P)H and flavin autofluorescence. The main challenge with flavin autofluorescence,
however, is the relatively low cellular concentration of flavin and flavoproteins compared with
NAD(P)H [148,149]. Collectively, the fluorescence properties and functional roles of NAD
(P)H and FAD are the trademarks of a good biomarker.

Conventional biochemical methods are very useful in quantifying the cellular contents of
biomolecules, such as NADH and FAD. These methods inherently require the destruction of
cells (or tissues) and, therefore, yield snapshots of the metabolic and redox state of cells without
the morphological context. By contrast, fluorescence microspectroscopy techniques are
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noninvasive with the spatiotemporal resolution required to differentiate between physiological
states using NADH and flavin autofluorescence. Traditional cuvette based studies of these
cellular coenzymes lack both the spatial information and real time monitoring of cellular
response to metabolic state modulation. As aresult, integrated fluorescence microspectroscopy
and multiparametric approaches hold great potential for biological and biomedical research
using intracellular coenzymes as natural biomarkers. When combined with these noninvasive
experimental approaches, these natural biomarkers can report, in real time, on the
spatiotemporal changes of the cell physiology.

Despite the advantages of these natural biomarkers for biological research and biomedical/
clinical applications, some inherent challenges remain. First, the spatial distribution of NADH
concentration requires noninvasive, quantitative techniques with high spatial resolution to
differentiate between cytosolic (glycolysis), mitochondrial (oxidative phosphorylation and
TCA cycle) and nuclear (transcription) coenzymes. Second, an ability to selectively monitor
the concentration of these coenzymes is essential for a meaningful readout without bias caused
by possible photodamage. Third, the fact that these coenzymes are involved in a range of
metabolic activities and biochemical reactions can complicate data interpretation. Fourth, the
concentration of these coenzymes is sensitive to many physiological conditions, such as
oxygen, in vivo blood flow, enzymatic mutations, the presence of other metabolites and
chemical stimulation. As a result, a multiparameteric approach [92] becomes critical in
monitoring one pathophysiological readout while fixing the others. Figure 6 illustrates this
multi parametric approach from the autofluorescence microspectroscopy perspective of
intracellular NAD(P)H and FAD. Fifth, in vivo imaging is essential for clinical diagnostics to
realize the full potential of these coenzymes as natural biomarkers for numerous health
problems including cancer, neurodegenerative diseases, diabetes and aging [178,179]. Recent
developments in multi photon microscopy [136,180-184] and endo scopy [183,185] makes
these very promising techniques for such clinical applications. The infrared laser pulses used
in multiphoton microscopy can penetrate deeper into tissues than UV or visible lasers owing
to the inherent tissue scattering and absorption associated with linear excitation. (By
comparison with mammalian cell studies, there are limited studies on intracellular coenzymes
in plant cells [186,187], which should be considered as an opportunity to exploit their
characteristics as biomarkers.) To date, studies have mainly been qualitative with a focus on
the diagnostic potential of these intracellular coenzymes. It is time to shift our effort towards
more quantitative and mechanistic information for further advancement of cell biology,
biomedicine and therapeutic targets, especially with the development of sophisticated
microspectroscopic techniques.

Executive summary
Coenzymes as biomarkers for metabolic activities

e The ratio of cytosolic reduced nicotinamide adenine dinucleotide
(NADH):oxidized nicotinamide adenine dinucleotide (NAD*) plays an important
role in mediating glucose- and diabetes-induced glomerular dysfunction.

¢ Inhibiting the NADH shuttles leads to glucose-induced increases in NADH
autofluorescence and a reduction in A¥y,, ATP content and glucose-induced
insulin secretion.

e Pyruvate stimulation increases cytosolic NADH phosphate without significant
changes in mitochondrial NADH and ATP production needed for stimulating
insulin secretion.

¢ NADH and flavin autofluorescence (concentration) are sensitive to the respiratory-
chain response to inhibitors (e.g., hypoxia and potassium cyanide), uncoupling
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(carbonyl cyanide-p-trifluoromethoxyphenylhydrazone), serum starvation and
cell confluency.

» Inthe absence of effective antioxidant defense mechanisms, elevated levels of
reactive oxygen species and oxidative stress trigger changes in energy respiration,
redox imbalance, elevated expression of NADH phosphate oxidase and a reduced
expression of antioxidative enzymes.

» The concentration of NADH is sensitive to the onset of mitochondria-mediated
apoptosis and the dissipation of AWp,.

»  Nuclear NAD* and NADH regulate carboxyl-terminal binding protein binding to
cellular and viral transcription repressors.

Mitochondrial dysfunction in human diseases

»  Mitochondrial anomalies are associated with numerous health problems such as
cancer, neurodegenerative diseases, Type 2 diabetes and aging.

e  Cancer cells exhibit an elevated level of NADH and a much reduced intracellular
flavin concentration.

» Low (mild-to-moderate dysplasia) and high (severe dysplasia and carcinoma in
situ) grade precancers can be discriminated from normal tissues using NADH
conformation (free vs enzyme bound).

* Intracellular NADH phosphate autofluorescence in both normal and cancerous
breast cells exhibits, associated anisotropy decays, which is direct evidence for the
equilibrated presence of free and protein-bound NADH.

»  Senile plagues exhibit autofluorescence with a distinct emission spectrum in ex
vivo and acute brain slices from Alzheimer’s diseased transgenic mouse model.

* Inhibition of mitochondrial DNA transcription causes an increase in NADH
autofluorescence and a reduction of the glucose-induced insulin secretion and
AW, in murine pancreatic B-cells.

Experimental approaches for interrogating intracellular coenzymes

»  Biochemical assays provide an accurate measure of intracellular coenzymes.
Owing to their requirement for cell destruction, these assays provide snapshots of
the metabolic activities without the morphological context.

»  Absorption-based concentration estimates are hindered by the spectral overlap and
the knowledge of environmental effects on the extinction coefficient, the sample
thickness and averaging over cell ensemble.

*  Fluorescence (one- or two-photon) microscopy allow for noninvasive monitoring
of intracellular distribution of coenzymes and, therefore, the metabolic activities
in living cells and tissues.

»  Fluorescence lifetime and polarization imaging microscopy allows for a
noninvasive approach for quantifying the concentration and free-to-protein-bound
fraction of intracellular coenzymes in living cells and tissues.

Commercially available, extrinsic markers

e There are several commercially available markers for mitochondria (e.g.,
rhodamine-123, MitoTrackers©, JC-1, TMRM and green fluorescent protein) and
oxidative stress (e.g., dichlorofluorescin-diacetate).
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e These markers allow for monitoring different aspects of mitochondria, such as
shape and membrane potential.

e However, these dyes may cause problems, such as nonspecific binding, toxicity
and possible interference with the function of biological targets.

Conclusion

¢ NADH and reduced flavin adenine dinucleotide play important roles in a wide
range of cellular oxidation—reduction reactions.

¢ NADH and flavin adenine dinucleotide are naturally fluorescent with distinct
excitation and detection wavelengths.

«  The autoflourescence of these coenzymes is sensitive to protein binding and the
local environment.

¢ Fluorescence methods are not applicable to nonfluorescent species, such as NAD
(P)* and reduced flavin adenine dinucleotide.

¢ When combined with noninvasive, quantitative methodologies, intracellular
coenzymes can serve as natural biomarkers for a myriad of metabolic activities
and mitochondrial anomalies.
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Figure 1. The chemical structure of NAD(P)H, FADH> and their oxidized forms

(A) The chemical structure of NAD(P)H is shown along with the corresponding nicotinamide
ring of oxidized NAD(P)* (right), which constitutes the reactive moiety that accepts a hydrogen
ion and two electrons. (B) The chemical structure of FADHj5 is also shown. The isoalloxazine
ring is the reactive part of FAD (right) that is responsible for light absorption in the UV region
with visible emission. Flavin mononucleotide has a similar chemical structure to FAD but it
does not contain the ribose and adenine moieties (not shown). NAD(P)H and FAD are
fluorescent while NAD(P)* and FADH2 are not.FAD: Flavin adenine dinucleotide; FADH,:
Reduced flavin adenine dinucleotide; NAD(P)*: Oxidized nicotinamide adenine dinucleotide
phosphate; NAD(P)H: Reduced nicotinamide adenine dinucleotide phosphate.
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Figure 2. Mitochondrial role in energy metabolism, apoptosis and oxidative stress in eukaryotic
cells

In glycolysis, an alternative pathway for producing ATP under mitochondrial dysfunction, two
ATP, two NAD* and two pyruvate molecules are generated for each glucose molecule
consumed via a series of ten catalyzed reactions. The high-energy electrons of glycolytic
NAD* are shuttled (via the malate—aspirate and glycerol-3-phosphate shuttles) into the
mitochondria, while the final destination of the pyruvate molecules is the tricarboxylic acid
cycle in the mitochondrial matrix. Oxidative phosphorylation involves a series of coupled
enzyme complexes (I-1V) in the electron transport chain to generate a proton gradient across
the inner mitochondrial membrane that activates the ATP synthase (complex V), which provide
the majority of cellular ATP. In addition, the free electrons in the electron transport chain
(especially from complex I and 111) generate singlet oxygen species, which cause oxidative
stress and the loss of AP, in the absence of antioxidant defense mechanisms. The release of
CytC from the inner mitochondrial membrane triggers apoptosis ANT: Adenine nucleotide
translocator; CoQ: Coenzyme Q; CytC: Cytochrome C; FAD: Flavin adenine dinucleotide;
FADH>: Reduced flavin adenine dinucleotide; IMM: Inner mitochondrial membrane; mPTP:
Mitochondrial permeability transition pore; NADH: Reduced nicotinamide adenine
dinucleotide; OMM: Outer mitochondrial membrane; TCA: Tricarboxylic acid; VDAC:
Voltage-dependent anion channel; VDCC: Voltage-dependent calcium channel.
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Figure 3. Fluorescence lifetime, two-photon excitation cross-section and emission spectra of NADH
and FAD

(A) The one-photon-fluorescence spectrum of NADH (1) peaks at approximately 458 nm as
compared with approximately 528 nm emission of FAD in a buffered solution. Two-photon-
excitation crosssection spectra of NADH (3) and FAD (4) are shown in GM units (1 GM =
10799 cm*.s.photon~1.molecule™) [29]. These results indicate that both NADH and FAD can
be excited nonlinearly using 730 nm, but only FAD can be excited when A is approximately
850-950 nm (4). As a result, the two photon-excitation wavelength, as well as the detection
filters, can be used to separate the contribution of intracellular NADH and FAD
autofluorescence. (B) Time-resolved fluorescence NADH (1) and FAD (3) decays as
multiexponential with distinct time constants [29,42,53] and sensitivity to protein binding
(mitochondria malate dehydrogenase (2); lipoamide dehydrogenase (4)). As a result,
fluorescence lifetime can be used as a contrasting observable to differentiate between these
two coenzymes using fluorescence lifetime imaging techniques.FAD: Flavin adenine
dinucleotide; NADH: Reduced nicotinamide adenine dinucleotide.
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Figure 4. Two-photon autofluorescence intensity, lifetime and anisotropy of intracellular NADH
and flavin in living cells

The 2P-autofluorescence intensity imaging of endogenous NADH (A) and FAD (B) inHTB125
cells were recorded using 740 and 900 nm excitations, respectively, under different
magnifications to examine their distribution throughout a single cell. The corresponding 2P-
autofluorescence lifetime imaging reveals that the average autofluorescence lifetime of NADH
(C) is relatively faster than that of FAD (D), as shown in the color bar. Furthermore, these
intensity and lifetime images indicate a heterogeneous concentration, conformation and
surrounding environment of these coenzymes. Time-resolved associated anisotropy of
intracellular NADH (E), curve (1), provides direct evidence of the presence of two populations
of free and enzyme-bound species at equilibrium [42,53]. Associate anisotropy decays are
indicative of two species with distinctive sizes and autofluorescence properties (e.g., quantum
yield or lifetime). As a point of reference, the anisotropy of free NADH in a buffer exhibits
simple decay (E), curve (1), with a fast rotational time. By contrast, time-resolved
autofluorescence anisotropy of intracellular FAD (F), curve (1), indicates a mostly enzyme-
bound with a much slower rotational time than free FAD in a buffer (F), curve (2). These
combined results demonstrate the potential of an integrated experimental approach [53,157]
towards conducting biochemical analyses on living cells and tissues, without the need for their
destruction as required with conventional biochemical techniques. 2P: Two-photon; FAD:
Flavin adenine dinucleotide; FLIM: Fluorescence lifetime imaging; NADH: Reduced
nicotinamide adenine dinucleotide.
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Figure 5. Pixel-to-pixel analysis of intracellular NADH and FAD two-photon autofluorescence
intensity at the single-cell level

(A) Under 730-nm excitation, pixel-to-pixel ana lysis (binning: 3) reveals that approximately
61% of intracellular NADH is localized in mitochondria (oxidative phosphorylation and
tricarboxylic acid cycle), while 19% of the population could be found in the cytoplasm
(glycolysis). In addition, approximately 17% of native NADH seems to exist in the nucleus
(transcriptional pathways [82]), after the background signal was subtracted from the real
autofluorescence signal. (B) Intracellular flavin, however, is localized mainly in the
mitochondria (>95%) when monitored at 900-nm excitation. 2P: Two-photon; FAD: Flavin
adenine dinucleotide; NADH: Reduced nicotinamide adenine dinucleotide.
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Figure 6. Multiparametric approach for noninvasive imaging of intracellular coenzymes
autofluorescence in living cells or tissues

From the sample perspective, a range of physiological parameters (e.g., oxygen, glucose
content, temperature, culture medium, reactive oxygen species and apoptotic agents for in
vitro studies as compared with blood flow associated with in vivo imaging) has to be controlled
for meaningful interpretation. The coenzyme of choice will be determined by the biological
and medical hypothesis to be tested and will dictate the experimental design, such as excitation
wavelength (1), readout fluorescence (Af) variables and information to be gained. Confocal
one-photon (blue) or two-photon (red) microscopy are used to selectively excite reduced
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide with high spatial
(x,y) and temporal resolution of their autofluorescence intensity. Spectral resolution of the
autofluorescence emission, using a microscope-compatible spectrofluorimeter, can be used as
a coenzyme fingerprint for their identification and protein binding state. Autofluorescence
lifetime imaging enables us to assess the conformation (free vs protein bound) and
environmental heterogeneity of intracellular NADH and flavin (i.e., how the cellular
environment may influence their fluorescence quantum yield). In addition, these fluorescence
lifetime and intensity images, recorded simultaneously on a calibrated microscope, can be used
to construct concentration images of endogenous NADH and flavin at the single-cell level
[53,157]. For a direct assessment of the size, conformation and environmental restriction of
these coenzymes, time-resolved fluorescence anisotropy images can be used at the single-cell
[53] or tissue level [42]. Simultaneous differential interference contrast imaging (not shown)
also allow for monitoring changes in cell morphology.ROS: Reactive oxygen species.

Biomark Med. Author manuscript; available in PMC 2011 February 1.



