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Reduced nicotinamide adenine dinu-
cleotide (NADH) and its oxidized

form play central roles in energy and
redox metabolisms. For many years,
researchers have relied on the weak
NADH endogenous fluorescence signal
to determine the NADH level in living
cells. We recently reported a series of
genetically encoded fluorescent sensors
highly specific for NADH. These sensors
allow real-time, quantitative measure-
ment of this significant molecule in
different subcellular compartments. In
this study, we provide a more detailed
discussion of the benefits and limitations
of these genetically encoded fluorescent
sensors. These sensors are utilized in
most laboratories without the need for
sophisticated instruments because of their
superior sensitivity and specificity. They
are also viable alternatives to existing
techniques for measuring the endogenous
fluorescence of intracellular NAD(P)H.

Introduction

For the past 20 years, biologists and
chemists have focused significant atten-
tion on the real-time tracking of particular
small molecules in living cells. Currently,
fluorescence detection is the most widely
used method in molecular imaging
because of its high sensitivity and selec-
tivity, sufficient temporal and spatial
resolutions, and low cost.1 In particular,
fluorescent proteins of different colors
have led to new revolutions in cell and
molecular biology research. Aside from
being widely used as indicators of protein
expression and location,2 these proteins

have been engineered into “genetically
encoded sensors” for monitoring various
cellular molecular species and events.3-6

These sensors are encoded by genes.
Hence, they can be targeted to different
cells and even in various subcellular
organelles, allowing spatiotemporal imag-
ing of cellular activities at an unpreced-
ented level.

Reduced nicotinamide adenine dinucleo-
tide (NADH) is one of the most important
coenzymes found in all living cells, playing
important roles in energy metabolism, redox
metabolism, and biosynthesis.7,8 For many
years, researchers have relied on the weak
NADH endogenous fluorescence signal to
determine the NADH level, which is
considered a fundamental metabolic and
signaling parameter.7-10 However, these
measurements are technically challenging
under physiological conditions. In our
previous study, we developed genetically
encoded fluorescent sensors for NADH,
which consist of circularly permuted yellow
fluorescent protein (cpYFP) inserted into
a tandem dimer of Bacillus subtilis Rex
protein, a bacterial NADH sensing pro-
tein.11 These sensors showed high sensiti-
vity and specificity to NADH and did
not respond to NADH analogs.11

Frex and FrexH Sensors for NADH

Crystallographic studies12 have shown that
NADH binding induces dramatic confor-
mational changes on the Rex dimer, which
shifts from an open to a closed form
(Fig. 1). By fusing the Rex protein and
cpYFP, we developed genetically encoded
fluorescent sensors for NADH named Frex
and FrexH, which have two excitation
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peaks at approximately 421 and 500 nm
and one emission peak at 518 nm.11 These
peaks allow for ratiometric imaging, i.e.,
the quantitative determination of the
NADH level by measuring the ratio of
fluorescence excited by 421 and 500 nm
light. We found that the fluorescence of a
Frex sensor is linearly correlated with its
concentration up to 40 mM and observed
the same large response of the ratio of
the fluorescence intensities (excitation at
485 nm divided by that at 420 nm) to
NADH (Fig. 2). These results suggest that
Frex fluorescence is not quenched or does
not lose its function at high concentra-
tions. These properties of Frex sensors
provides a significant advantage for intra-
cellular imaging and detection, as the
readout is irrelevant to the concentration
of the sensor expressed in the cells. Com-
pared with conventional measurements of
weak endogenous NAD(P)H autofluores-
cence, Frex and FrexH are brighter and

more specific and, therefore, superior for
real-time tracking of intracellular NADH
levels (Fig. 3). In practical benchwork,
Frex sensors in living cells can be detected
using various instruments common in
laboratories, including fluorescence micro-
plate readers, flow cytometers, wide-field
fluorescence microscopes and single photon
confocal microscopes.

Subcellular NADH Levels
and NADH Transport
in Mammalian Cells

Measuring NADH concentrations in
living cells is important to understand
the variation in the metabolic states of
different cells. We have shown that Frex
and FrexH can be used to determine the
free NADH level in different subcellular
compartments.11

Most previous reports focus on mito-
chondrial NADH levels.13 The free

NADH level in mitochondria is deter-
mined by the total NAD+-NADH pool,
the NAD+/NADH ratio, and the free/
bound NADH ratio. The total content of
NAD+-NADH within the matrix varies
depending on the cell type. In extremely
metabolically active cells such as cardio-
myocytes, the NAD+-NADH matrix con-
centration reaches 3.4 mM.14 On the
other hand, the NAD+ pool in isolated
liver mitochondria was reported to be
500 pmol/mg of protein, i.e., 350 mM
of NAD+.15 The mitochondrial NAD+-
NADH ratio also varies from 2 to 16 in
different reports.16-18 In recent years, an
increasing number of studies on free
NADH were largely focused on measure-
ments via time-resolved fluorescence,19,20

fluorescence anisotropy,21,22 and fluore-
scence spectral decomposition analysis.16

These techniques enable researchers to
distinguish between the protein-bound
and free NADH in the intracellular
environment. However, they require
sophisticated instruments and complex
mathematical signal processing, and their
capability and data interpretation in bio-
logical studies have yet to be validated.
The ratio of free/bound NADH varies
significantly from 1.5:120 to 1:4.21 For
example, Wakita et al.23 were unable to
detect free NADH in rat liver mitochon-
dria regardless of their respiratory state,
whereas Blinova et al.20 observed a high
proportion of free NADH in pig heart
mitochondria using a similar technique.

Figure 1. Conformation of Frex changes upon NADH binding. Electrostatic surface representation
of Rex dimer with ATP or with NADH based on Protein Data Bank files 2VT3 and 1XCB.

Figure 2. Linear Frex fluorescence in different protein levels. (A) Fluorescence intensities with excitation at 485 or 420 nm with different concentrations
of purified recombinant Frex proteins and 528 nm emission. (B) Ratio of fluorescence intensities with excitation at 485 nm divided by 420 nm with
different concentrations of purified recombinant Frex proteins and 528 nm emission. Error bars represent standard error of mean (SEM).

182 Bioengineered Bugs Volume 3 Issue 3



© 2012 Landes Bioscience.

Do not distribute.Interestingly, Kasimova et al. suggested
that the free NADH concentration in
plant mitochondria is kept constant under
different metabolic conditions.16 These
apparent discrepancies may reflect funda-
mental physiological differences between
the roles of free NADH in the mitochon-
dria of different species and tissues.16

These variations may also be due to the
limitations of the techniques used. In this
study, we isolated the mitochondria from

293FT cells according to a previously
described method,24 extracted NADH or
total NAD+ as described in previous
literature25-27 and estimated the total
NAD+-NADH pool using an enzymatic
cycling assay. The results showed that the
mitochondria of 293FT cells contain
345 ± 28 mM NAD+ and 91 ± 8 mM
NADH, assuming that 1.5 mL of mito-
chondria is associated with 1 mg of mito-
chondrial protein. If the mitochondrial

free/bound NADH ratio is 1:3, the mito-
chondrial matrix in 293FT cells would
have 23 mM of free NADH.

Mitochondrial FAD fluorescence,
whose excitation and emission frequencies
overlap with the Frex and FrexH sensors,
should be considered in calibrating
absolute subcellular NADH levels via
Frex fluorescence. This study showed that
cell autofluorescence had very little
contribution to the fluorescence data
measured using the microplate reader
(Fig. 4A). Furthermore, the confocal
microscopy images of the Frex-Nuc
expressing cells in both excitation channels
showed strong fluorescence signals in the
nuclei but near-zero fluorescence signals in
the cytosol, which includes the mitochon-
dria (Fig. 4B). Thus, mitochondrial FAD
fluorescence does not interfere with Frex
sensor fluorescence.

We measured subcellular NADH levels
in mammalian cells through Frex and
FrexH using a microplate reader and
found extremely low cytosolic NADH
levels ranging from 120 nM to 130 nM
(Table 1). These results are consistent
with a previous estimation of the NADH
level in the nucleus.19 However, the mea-
surements obtained by the microplate
reader were not appropriate for mito-
chondrial free NADH determination.
The mitochondrial pH value is higher
than that of the cytosol. Therefore, the
fluorescence of the Frex-Mit sensor is
excited at a much lower degree, i.e., at
410 nm instead of 500 nm. However, the

Figure 3. The Frex image is superior to the autofluorescence image. (A) Two photon confocal
microscopy images of NAD(P)H endogenous fluorescence in 293FT cells. Imaging was performed
on a Zeiss 510 META LSCM system equipped with chameleon-XR (coherent) laser power focused
through a Plan-neofluor 40 � 1.3 NA oil immersion objective. Cells were kept at 37°C using a
temperature-controlled stage (PECON). Sequential images of endogenous NAD(P)H fluorescence
were collected through a 435 nm to 485 nm filter using 710 nm laser (two-photon) excitation,
256 � 256 format, 2 � zoom, and 12-bit depth. (Left panel) Data of two photons in the original
submission with laser power of 8%. (Right panel) Images acquired with laser power of 16.9%.
(Upper panel) First image frame. (Bottom panel) Tenth image frame. High laser power leads to
significant quenching of endogenous NAD(P)H fluorescence. (B) Enlarged confocal microscopy
images of Frex-Mit expressing cells excited at 405 and 488 nm.

Figure 4. Cell autofluorescence from FAD did not interfere with Frex fluorescence assay. (A) Typical value of the fluorescence of Frex-expressing living
cells. Frex was expressed in different subcellular compartments. (B) Confocal microscopy images of Frex-Nuc-expressing cells excited at 405 and 488 nm.
Both excitation channels showed very strong fluorescence signals in the nuclei, whereas the fluorescence signals in the cytosol (including mitochondria)
were close to zero. Scale bar = 10 mm.
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fluorescence at 500 nm can be robustly
measured, whereas the fluorescence excited
at 410 nm cannot (Fig. 4A). A small error
in the fluorescence excited at 410 nm may
produce large errors in the estimation of
free NADH levels. Therefore, we mea-
sured the mitochondrial free NADH using
ratiometric fluorescence imaging or by
comparing the Frex fluorescence excited
at 485 nm in living cells with that of
cell lysates in 0.3% digitonin and 0.3%
digitonin with NADH. These two
approaches yielded very similar results,
suggesting that 70% to 75% of the Frex-
Mit sensors were bound to NADH in
the mitochondrial matrix of 293FT cells.
The two approaches determined the free
NADH level in the mitochondrial matrix
as 33 ± 9 and 26 ± 7 mM, respectively.
When the fluorescence of a low-affinity
sensor, C3L194K, was measured, the free
NADH level in the mitochondrial matrix
was determined as 27 ± 5 mM. Moreover,
the mitochondrial free NADH level is
approximately 30 mM when measured
using the Frex and C3L194K sensors
(Table 1). These results are similar to a
recent report,16 as well as to the above
estimation. Thus, the free concentration
of NADH in the mitochondria is several
hundredfold higher than that in the
cytosol. Considering that the mitochon-
drial volume in a cell ranges from 5% to
50%, most intracellular NADH is loca-
lized in the mitochondria. Therefore, weak
endogenous fluorescence alone reflects
the mitochondrial NADH level. Tracing
NADH level fluctuations in the cytosol
using traditional methods would be quite
challenging. Genetically encoded NADH
sensors, such as Frex and Peredox, are
more suitable for NADH detection in
subcellular compartments other than in
the mitochondria.

Previous studies indicated that NAD+

and NADH cannot be transported across

plasma membranes of any cell type.28

However, a recent study showed that
P2X7 receptors mediated the transport
of millimolar concentrations of NADH
across the plasma membrane in astro-
cytes.29 In this study, intracellular levels of
NADH were measured via cell lysis,
NADH extraction and cycling assays.
However, when intracellular NADH was
detected using Frex probes,11 even micro-
molar concentrations of exogenous NADH
induced an immediate, dose-dependent
and saturable increase in intracellular
NADH in different cells, including the
P2X7R-deficient HEK293 cells. Further-
more, the P2X7R inhibitor PPADS did
not affect the entry of NADH into
cells. Collectively, Frex displayed superior
specificity and sensitivity for NADH
translocation studies in living cells.

Glycolysis and NADH

Increasing glucose concentration increases
cellular NADH levels,8,9 as also observed
in this study. However, more spatiotem-
poral resolved data can be obtained when
intracellular NADH is monitored using
Frex probes. We observed a temporal
separation of cytosolic and mitochondrial
NADH levels induced by glucose supple-
ments. Furthermore, the K0.5 value for
mitochondrial NADH levels (0.16 mM)
vs. extracellular glucose concentration is
less than that of cytosolic NADH levels
(1.5 mM). Compared with mitochondrial
NADH, cytosolic NADH responds to
more physiologically and pathologically
relevant fluctuations of glucose levels in
the range of 1 mM to 25 mM. Further-
more, the pyruvate and lactate levels in
the cytosol are equal to the free NAD+ and
NADH levels. Using FrexH, we tracked
such equilibrium in real time. Pyruvate
addition rapidly decreased the cytosolic
NADH level, which then recovered within

30 min, whereas lactate addition rapidly
increased the cytosolic NADH. In com-
parison, the changes in the mitochondrial
NADH are slower and more complicated.
Upon adding pyruvate into the media,
mitochondrial NADH levels decreased,
recovered and then further increased.
The delayed increase indicates that pyr-
uvate can enter the mitochondria and can
be utilized via the tricarboxylic acid (TCA)
cycle. In comparison, lactate addition
induced a more rapid and significant
increase in mitochondrial NADH levels.
However, the effects of pyruvate or lactate
on mitochondria were diminished when
physiologically relevant concentrations of
glucose were present. These results may be
helpful in our understanding of glucose
homeostasis, as cytosolic NADH levels
correctly reflect cellular metabolic states
under physiological settings.

Glycolysis-generated NADH may be
transported into the mitochondria, thereby
increasing mitochondrial NADH levels.
Upon administering aminooxyacetate, a
well-characterized inhibitor of the malate-
aspartate shuttle, we found that the
malate-aspartate shuttle blockage decreased
the mitochondrial NADH levels and
increased the cytosolic NADH levels.
Such decrease in mitochondrial NADH
levels during malate-aspartate shuttle
inhibition is widely common in different
mammalian cells. However, we were not
able to observe these phenomena when
measuring NAD(P)H autofluorescence.
We further demonstrated that, in 293FT
cells, mitochondrial NADH levels mainly
depended on NADH transport through
the malate-aspartate shuttle rather than
on pyruvate metabolism via the TCA
cycle during glucose metabolism.

In the temporal measurement of cellular
free NADH using Frex sensors, excessive
amounts of sensors in the cell may
contribute to the temporal buffering of
NADH. Cells have several “buffering”
systems for NADH, including several
NADH binding proteins in the cytosol
and mitochondria. Furthermore, NADH
and NAD+ are buffered by pyruvate and
lactate via lactate dehydrogenase in the
cytosol and by oxoglutarate and glutamate
via β-hydroxybutyrate dehydrogenase in
the mitochondria. The concentrations of
these metabolites are in the millimolar

Table 1. Subcellular NADH levels in 293FT cells

Sensors Sensor occupancy (%) Subcellular NADH levels

FrexH-Cyt (Microplate) ~76 ~130 nM

Frex-Cyt (Digit) ~3.3 ~120 nM

Frex-Mit (Imaging) ~70–75% 33 ± 9 mM

Frex-Mit (Digit) ~70–75% 26 ± 7 mM

C3L194K-Mit (Imaging) ~35% 27 ± 5 mM
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range.18 The exogenous NADH binding
protein expression, i.e., the Frex sensor,
contributes to the buffering systems for
NADH. We have measured Frex concen-
tration in the cytosol and mitochondria by
quantifying Frex and cell/mitochondria
volume. Frex was quantified via cell lysis,
in which its fluorescence in the presence
of NADH was measured and the signal
was compared with that of the purified
recombinant Frex protein. The Frex
protein concentration expressed in the
cytosol ranges from 4 mM to 13 mM,
depending on cell type and transfection
efficiency. This value is higher than the
free cytosolic NADH concentration.
However, the fluorescence of Frex expres-
sed in the cytosol responds immediately to
exogenous NADH, lactate, and glucose,
suggesting that the Frex sensor induced
minimal temporal buffering effects. The
Frex protein concentration expressed in
the mitochondria was estimated to be
within 10 mM to 30 mM, although only
70% was bound with NADH. We estim-
ated that the Frex-Mit-bound NADH is
less than 12% of the total mitochondrial
NADH in resting cells. According to these
calculations, the Frex sensors are unlikely
to have a major impact on the total
NADH concentration and the metabolic
status of the cells. Indeed, we found that
glucose induced a slight increase in
NADH fluorescence within 10 min

(Fig. 5), which agrees with the results
of Frex-Mit fluorescence in transfected
cells.11 In summary, the effects of Frex
sensors on intracellular NADH are of
marginal importance.

Oxidative Phosphorylation
and NADH

The NADH produced from the glycolysis
and TCA cycle was oxidized to generate
ATP through oxidative phosphorylation.
Using different respiratory chain complex
inhibitors, we found that complex I, III,
IV and V inhibitions increased the mito-
chondrial NADH. On the other hand,
both the mitochondrial uncoupler and the
complex II inhibitor decreased mitochon-
drial NADH levels. Such decreases in the
mitochondrial NADH could be blocked
by rotenone, a complex I inhibitor.

Under complete hypoxia conditions,
the lack of O2 in the mitochondria inhibits
oxidative phosphorylation and terminates
ATP production.30 Hypoxia tends to
increase intracellular NADH fluorescence
or the NADH/NAD+ ratio, as shown by
NAD(P)H autofluorescence or pyruvate/
lactate assay.31-33 To better understand the
mitochondrial NADH levels, we used
the glucose oxidase(GO)/catalase(CAT)
system to induce hypoxia. The oxygen
consumptions of GO/CAT were deter-
mined using the BD Oxygen Biosensor

System (Fig. 6A). We found that hypoxia
increased the mitochondrial free NADH
levels in the 293FT cells (Figs. 6B and
6C). In contrast, GO alone induced a
rapid decrease of mitochondrial NADH
because of hydrogen peroxide production.
These results were consistent with our
previous observation that mitochondrial
NADH is sensitive to hydrogen peroxide.
In addition, hypoxia could essentially
block 3-NP-induced mitochondrial
NADH oxidation (Fig. 6D), similar to
the complex I inhibitor, rotenone.11

Frex, Peredox and Perspectives

NADH plays a central role in cellular
metabolism (Fig. 7). We demonstrated
that Frex can be used in monitoring
changes in the NADH levels in mam-
malian cells, as well as in the subcellular
organelles, as affected by NADH trans-
port, glucose metabolism, electron trans-
port, and redox regulation.11 In the same
issue of Cell Metabolism, where we
reported on Frex sensors, Hung et al.34

reported yet another elegant genetically
encoded sensor, Peredox, for NADH. Frex
and Peredox are based on a similar design,
i.e., circular permuted fluorescent proteins
between the Rex protein dimers. Fluo-
rescence of both sensors increase in the
presence of NADH. However, Frex is a
fusion of B. subtilis Rex and cpYFP,
whereas Peredox is based on Thermus
aquaticus Rex and circularly permuted
green fluorescent protein (cpGFP)
T-Sapphire. Slight differences in the
domain structure between these sensors
were also observed. For instance, the DNA
binding domain of the second Rex was
deleted in the Frex sensors.11 We also
used the same design in Peredox using
B. subtilis Rex. However, interestingly,
the fluorescent protein obtained did not
respond to NADH (data not shown).
Similarly, the fluorescent protein did not
respond to NADH when T. aquaticus Rex
was used for the Frex design. Both sensors
should facilitate better understanding of
cellular and subcellular NADH-related
multiple biological processes.

Frex and Peredox have their corres-
ponding advantages and disadvantages.
Frex exhibited a 900% increase in fluore-
scence NADH binding, making them the

Figure 5. Kinetics of NAD(P)H endogenous fluorescence response after glucose supplementation.
Fluorescence excited at 360 nm was measured using the Synergy 2 Multi-Mode Microplate Reader
with excitation filter 360 BP 40 nm and emission filter 450 BP 65 nm. NAD(P)H endogenous
fluorescence was measured in 384-well black microplates (Greiner). Fluorescence intensity was
measured immediately.
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most responsive genetic sensor currently
available. On the other hand, Peredox
exhibited 150% increase. The higher
responsiveness of Frex sensors resolves
more subtle differences in NADH levels
among different cells during biological
processes. Frex sensors are intrinsically
ratiometric with two excitation wave-
lengths. Thus, their readouts are irrelevant
to the sensor concentration in the cells. In
comparison, Peredox has only one excita-
tion wavelength. Ratiometric imaging of
Peredox can be achieved by tagging the
sensor with mCherry, a red fluorescent
protein, which increases the overall size
of the sensor and sometimes causes the
aggregation of the fusion protein.34 The
affinity of Frex was fine-tuned to measure
both cytosolic and mitochondrial NADH
levels. However, the affinity of Peredox

was apparently too high, thereby pro-
hibiting its usage in the mitochondria,
which have much higher NADH concen-
trations than the cytosol. The high affinity
of Peredox may also complicate the cyto-
solic NADH measurement. The cytosol-
or nucleus-targeted Peredox sensors were
largely saturated under normal physiolo-
gical conditions, i.e., with 3 mM to 5 mM
glucose supplement in the medium or
in vivo. Therefore, the sensor should be
calibrated with pyruvate and lactate,
without glucose, during each measure-
ment.34 However, Frex sensors are sensi-
tive to pH level, and the fluorescence
must be corrected using a cpYFP mea-
sured in parallel. Peredox sensors are
relatively resistant to pH levels. There-
fore, they are more suitable for condi-
tions with fluctuating intracellular pH

levels. Finally, Frex sensors are specific
for NADH. Thus, they are not suitable
for measuring the critical NADH/NAD
ratio, although the NADH/NAD+ ratio
usually depends only on the NADH
level. In addition, the well-separated
cytosol and mitochondria NADH/NAD+

pools are unlikely to change during a
short period. Peredox sensor are known
to sense the cytosolic NADH/NAD+

redox state, as NAD+ competes with
NADH during sensor binding. Unlike
the ATP/ADP sensor that determines
only the ATP/ADP ratio,35 Peredox
has a fluorescent response that signifi-
cantly varies under different NAD+ con-
centrations, even when the NADH/
NAD+ ratio remained constant. There-
fore, Peredox sensors only partially reflect
the NADH/NAD+ ratio and should be

Figure 6. Hypoxia increased mitochondrial NADH levels. (A) GO/ CAT system induced hypoxia in vitro. Oxygen level was measured with BD Oxygen
Biosensor System. (B) Effect of GO/CAT system on the fluorescence of Frex-Mit and cpYFP-Mit excited at 485 nm in 293FT cells. Cells were treated with
the GO/CAT system for 13 min. (C) Frex-Mit fluorescence was corrected for pH effect by normalization with cpYFP-Mit fluorescence measured in parallel
experiments. (D) Hypoxia can rescue mitochondrial NADH oxidation from 3-NP-caused complex II inhibition. Cells were treated with the GO/CAT system
or 3-NP for 13 min. Error bars represent SEM.
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calibrated using pyruvate and lactate.
We are currently working on the
improved version of Frex sensors.
Ideally, a highly responsive, low-affinity,
and purely NADH/NAD+ ratio-specific
sensor is desirable for the comparison
of the redox potentials of different cells
and long-term living cell monitoring.
Furthermore, these sensors may be
used together with Frex probes to
measure all three critical parameters

simultaneously, i.e., NADH, NAD+ and
their ratio.
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Figure 7. Schematic model of intracellular NADH/NAD+ metabolism. NADH was produced during glycolysis in the cytosol and via the TCA cycle
in the mitochondria. It was then oxidized by the mitochondrial respiratory chain complex I. NADH can be transported across the plasma membrane and
diffused freely into the nucleus, whereas cytosolic NADH lacks direct access to the mitochondria. However, it can enter the mitochondria via the malate-
aspartate and glycerol phosphate shuttles. Subcellular concentrations also depend on the transportation of glucose, pyruvate, and lactate.
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