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Mitochondrial redox states provide important information about energy-linked biological pro-
cesses and signaling events in tissues for various disease phenotypes including cancer. The redox
scanning method developed at the Chance laboratory about 30 years ago has allowed 3D high-
resolution (~ 50 x 50 x 10 ym?®) imaging of mitochondrial redox state in tissue on the basis
of the fluorescence of NADH (reduced nicotinamide adenine dinucleotide) and Fp (oxidized
flavoproteins including flavin adenine dinucleotide, i.e., FAD). In this review, we illustrate its
basic principles, recent technical developments, and biomedical applications to cancer diag-
nostic and therapeutic studies in small animal models. Recently developed calibration proce-
dures for the redox imaging using reference standards allow quantification of nominal NADH
and Fp concentrations, and the concentration-based redox ratios, e.g., Fp/(Fp+NADH) and
NADH/(Fp+NADH) in tissues. This calibration facilitates the comparison of redox imaging
results acquired for different metabolic states at different times and/or with different instru-
mental settings. A redox imager using a CCD detector has been developed to acquire 3D images
faster and with a higher in-plane resolution down to 10 um. Ez vivo imaging and in vivo imaging
of tissue mitochondrial redox status have been demonstrated with the CCD imager. Applications
of tissue redox imaging in small animal cancer models include metabolic imaging of glioma and
myc-induced mouse mammary tumors, predicting the metastatic potentials of human melanoma
and breast cancer mouse xenografts, differentiating precancerous and normal tissues, and mon-
itoring the tumor treatment response to photodynamic therapy. Possible future directions for
the development of redox imaging are also discussed.

Keywords: Redox ratio; reduced nicotinamide adenine dinucleotide; NADH; flavoprotein; flavin
adenine dinucleotide; FAD; calibration.
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1. Introduction

Mitochondria are key organelles for cellular meta-
bolism and apoptosis.*? Mitochondrial functional
and genetic abnormalities have been linked to
various physiological conditions and disease phe-
notypes including cancer, diabetes, cardiovascu-
lar and neurodegenerative diseases, etc.’ ' Two
coenzymes NADH (reduced nicotinamide adenine
dinucleotide) and FADHs (reduced flavin adenine
dinucleotide) provide free energy and electrons
to the mitochondrial respiratory chain reaction,
building up the proton gradient across the mito-
chondrial inner membrane to drive the ATP syn-
thesis by ATP synthase. Apart from being regarded
as a universal currency of energy metabolism
and electron transfer, nicotinamide adenine din-
ucleotide (NAD) has been increasingly demon-
strated to play key roles in signaling events as well
for cell growth, apoptosis, calcium signaling and
so on.!?

Mitochondrial NAD-coupled redox state has
been found to be an important factor in mito-
chondrial functions. The NAD-coupled redox poten-
tial (NADT/NADH) mediates central biochemical
pathways such as in the Krebs cycle and can also
affect signal transduction pathways that are key for
cellular growth and survival directly or indirectly
by coupling to other oxidation-reduction couples
such as glutathione and thioreducxin.'3 Since 1950s,
Chance et al. have developed fluorometry-based
methods to probe the mitochondrial redox states
utilizing the intrinsic fluorescence of NADH ini-
tially and oxidized flavoproteins (Fp) such as FAD
later on.!*72* Different metabolic states (States
1-5) corresponding to various cellular physiolog-
ical conditions were linked to different fluores-
cence intensities of NADH and Fp and their
redox ratios, i.e., Fp/(Fp+NADH) and NADH/
(Fp+NADH).

As the only method that can image the in vivo
mitochondrial redox state in tissue with a sub-
millimeter spatial resolution, mitochondrial redox
imaging was first developed by Chance labora-
tory in late 1970s, and a 3D redox scanner has
been applied to the study of tissues such as brain,
muscle, and tumor. The early development and
application of cryogenic redox scanning have been
reviewed by Quistorff et al?® and Gu et al.?S
The review here will focus on its recent develop-
ments and applications in the field of cancer imag-
ing in small animal models. The following topics

will be included:

e Basic principles of mitochondrial redox imaging
e Recent technical developments of redox
imaging
(i) Calibration of the redox scanner to obtain
nominal concentrations of NADH and Fp in
tissues
(ii) CCD-based redox imaging
(iii) Redox imaging in vivo
e Biomedical applications in small animal cancer
imaging
(i) Metabolic imaging of tumors
(ii) Imaging of tumor aggressiveness
(iii) Imaging of tumor response to therapy

e Summary and future directions

2. Basic Principles and Advantages
of Mitochondrial Redox Imaging

Mitochondrial redox imaging utilizes intrinsic flu-
orescence of NADH and oxidized flavoproteins
(Fp) and their ratios to indicate various redox
states of mitochondria. It has been shown that
these signals in cells/tissues mainly have origins in
mitochondria,%3%% and the measurement of NADH,
Fp and redox ratios, i.e., Fp/(Fp+NADH) or
NADH/(Fp+NADH) provides an index of mito-
chondrial metabolic states.!>16:27:28 The fluores-
cence spectra of NADH and oxidized flavoproteins
(Fp) in suspensions of isolated mitochondria are
shown in Fig. 1. When mitochondria are metaboli-
cally inactive or at rest (low ADP) (State 4), they
are mainly in a reduced state with high fluores-
cence from NADH and low fluorescence from Fp,
and a low Fp redox ratio Fp/(Fp+NADH). When
mitochondria are metabolically active (State 3),
e.g., when muscle cells are in exercise, mitochondria
become oxidized. NADH signal is low and Fp sig-
nal is high and Fp redox ratio is high. When mito-
chondria are starved of substrate (nutrition sup-
ply limited) (State 2), NADH becomes even lower
and Fp signal and Fp ratio higher than that in
State 3. State 1 corresponds to mitochondria hav-
ing adequate oxygen but low levels of both sub-
strate and ADP. The NADH is relatively high, and
Fp as well as the Fp redox ratio are relatively
low. State 5 corresponds to an anaerobic condition,
e.g., when the cells have no oxygen supply, with
NADH being 100% reduced exhibiting the strongest
fluorescence signal, and Fp signal reaching the
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Fig. 1. The relative fluorescence intensity of (a) NADH and
(b) oxidized flavoprotein (Fp) in a suspension of isolated
mitochondria under different metabolic states: State 4 —
resting state achieved by feeding with succinate or succinate
plus ATP; State 3 — active and fed with succinate and ADP;
State 2 — starvation of substrate, treated with ADP only
or no treatment. Excitation wavelength 330 pm for NADH
and 436 pm for Fp. Figures redrawn with copyright permis-
sion from Chance and Baltscheffsky (1958)16 and Chance and
Schoener (1966)27 with some modifications.

minimum. The hydroxybutyrate/acetoacetate ratio
is a direct measurement of mitochondrial NAD™-
coupled redox state.?? It has been shown that the
mitochondrial Fp/PN ratio in isolated mitochon-
dria and liver tissue significantly correlates with the
hydroxybutyrate/acetoacetate ratio.?*30
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Redox scanner is an instrument that can per-
form point-by-point surface scanning of a flat tis-
sue surface plane at different depths to obtain 3D
images of Fp, NADH, and redox ratio with a spa-
tial resolution of 50 x 50 x 10 um? (see a picture
of the instrument in Fig. 2).25 Proper excitation
and emission filters with narrow bandwidth were
used for NADH and Fp channels, with NADH exci-
tation filter set at about 365nm and emission at
about 425 nm, Fp excitation at about 430 nm and
emission at about 525 nm. Biological tissues were
snap-frozen in liquid nitrogen (or isopentane first
then liquid nitrogen to ensure faster freezing) so
that the in wvivo tissue metabolic states at the
moment of freezing can be measured by redox scan-
ning later. In addition, fluorescence of NADH under
the low temperature of liquid nitrogen is about
10-fold stronger than that under room tempera-
ture, and the Fp signal enhancement may be even
higher.?2:6%

Despite its invasiveness, redox scanning can
be applied to cryogenic biopsy tissue samples and
translated into clinical studies. The mitochondrial
redox state of tissue may change within a few sec-
onds once the tissue was removed from the body.
However, commercially available cryogenic biopsy
needle can be used to snap-freeze tissue in situ
at ~ —20°C with carbon dioxide, and the snap-
frozen tissue can then be removed and stored in lig-
uid nitrogen. The in situ freezing technique should
help to reduce greatly the disturbance of redox
state by tissue biopsy and handling procedure.
Redox scanning also has the following major advan-
tages:

(1) It can image the in wvivo tissue mitochondrial
redox state by simultaneous measurement of
NADH and Fp in snap-frozen tissue. Many
studies have employed fluorescence measure-
ment of NADH or FAD for studying tissue or
cellular metabolic state. However, not many
studies performed simultaneous measurement
of both fluorophores and obtained the redox
ratio, and even fewer studies performed snap-
freeze procedure for tissue sample preparation.
Both NADH and Fp signals may change within
seconds once an animal is dead under room tem-
perature. Snap-freezing live biological tissues in
liquid nitrogen for redox scanning and storage
ensures that the in vivo metabolic state is pre-
served at the moment of snap-freeze with no
further changes.
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Fig. 2.
with permission.

(2) It can image the in wvivo tissue mitochon-
drial redox state at sub-millimeter resolu-
tion. Multi-section redox scanning has an
in-plane high resolution of ~50 pum, and can
provide details of tissue heterogeneity that
may be important for understanding disease
pathology and developing diagnostic and ther-
apeutic methods. For example, intratumor
heterogeneity® 33 has been shown to be an
important factor in tumor metastasis, and high
image resolution is essential for characterizing
tumor heterogeneity. Our studies on human
melanoma and breast cancer mouse xenografts

(a) A photo and (b) a simplified schematic diagram of redox scanner. Diagram (b) reproduced from Quistorff et al.?’

using redox scanning have demonstrated a sig-
nificant degree of tumor heterogeneity, particu-
larly the distinct difference between tumor core
and rim for more aggressive tumors,?8:34:35,41,42
As revealed by our studies on human melanoma
mouse xenografts, it was the mitochondrial
redox states in the more oxidized tumor core
region that differentiated tumors with differ-
ent metastatic potentials (see figures in follow-
ing sections). The size of the more oxidized
core area could be as small as 2-3mm for a
6-9 mm tumor. In comparison, positron emis-
sion tomography (PET) being very valuable in
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clinical research in staging/grading tumors, its
spatial resolution is limited to about 4-5 mm on
clinical scanners and 1.5-2 mm on animal scan-
ners. The structural MRI can reach a high spa-
tial resolution of 100-200 pum, however, the spa-
tial resolution achievable for function-related
MRI such as perfusion imaging is still on the
order of a few millimeters. The best resolution
of the visible light fluorescence imaging of deep
tissues in mouse models is also above two mil-
limeters. Thus, although these imaging meth-
ods have various advantages and are good for
different biomedical applications, they may not
be effective in differentiating the tumor core
from the tumor rim for a 1-cm tumor just from
the aspect of spatial resolution. Near-infrared
fluorescence tomography has been recently
developed with a sub-millimeter resolution (see
http://www.visenmedical.com/). However, this
method is currently unable to provide the tissue
mitochondrial metabolic information needed
for predicting tumor metastatic potential. The
high spatial resolution of redox scanning down
to 50 um for in-plane resolution allows us
to fully address tumor heterogeneity — the
distinct tumor core and rim difference —
that is essential for the differentiation of can-
cer metastatic potential in human melanoma
mouse xenografts.

(3) It is a ratiometric imaging approach. Many
other studies have evaluated the fluorescence
of either NADH or flavoproteins (such as
FAD) separately for gaining information on
metabolic state or activities.?0 40 Redox scan-
ning evaluates both NADH and Fp and the
ratios of Fp and NADH, i.e., Fp/PN, PN/Fp,
Fp/(Fp+NADH), or NADH/(Fp+NADH).
The measurement of redox ratio is indepen-
dent of mitochondrial density, avoids or mini-
mizes hemodynamic artifacts and the interfer-
ence from other fluorophores, and demands less
stringent instrumentation.

3. Recent Technical Developments
3.1. Calibration of redox scanner

Previously redox scanning provided relative fluores-
cence intensities of NADH and Fp, and the redox
ratio is obtained by taking the ratio of the inten-
sities of the fluorescence signals of NADH and Fp.
However, the relative fluorescence intensity usually
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relies on instrumental settings such as filters and
lamp conditions and may vary with instrument as
well. To facilitate the comparison of redox images
acquired at different times with different instrument
settings or by different instruments, we have devel-
oped a calibration procedure?’*2:65 for the redox
scanner and the newly developed CCD imager (see
Sec. 3.2) to obtain images of NADH and Fp nominal
concentrations and the concentration-based redox
ratios.

The calibration of the redox imager is accom-
plished by using two sets of snap-frozen NADH
and FAD solution standards with various known
concentrations. Figure 3 shows the calibration
curves of fluorescence intensities versus the con-
centrations of these standards. The slope yields
the relative sensitivity of NADH or Fp channels.
The ratio of the slopes indicated the sensitiv-
ity ratio of the NADH and Fp channels, which
can be used to correct signal-based redox ratio
images.
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Fig. 3. Calibrations curves of the redox scanner. Plots of
fluorescence intensities (arbitrary unit) versus the concen-
trations of fluorophores in snap-frozen solution standards.
Graphs show the linear fit of data and the results of linear
regression with correlation coefficients. Reproduced from Xu
et al.*! with permission from SPIE.
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Fig. 4. Typical redox scanning images of a snap-frozen tumor from a mouse xenograft of human breast cancer cell line
MCEF-7. Matrix size: 128x128, resolution 100 x 100 /un2. NADH and Fp are displayed in concentrations (uM). The grinding
depth of the tumor section was 1.4 mm from the tumor surface. The lower three graphs are the histograms of NADH, Fp,
and NADH redox ratio in the tumor section, respectively. The round spots outside the tumor are the reference standards

for the nominal calibration of the fluorophore concentration in the tissue. Reproduced from Xu et a

SPIE.

Quantification of the nominal fluorophore con-
centrations in the biological samples was made pos-
sible by imaging the tissue sample together with
the adjacent NADH and Fp reference standards
for redox scanner and CCD-imager (Fig. 4). Fig-
ure 4 also shows the NADH redox ratio image of
human breast cancer mouse xenografts obtained on
the basis of concentrations of Fp and NADH, which
are independent of instrument settings.

The reference standards were made from plain
buffer solutions of NADH or FAD with pH close
to 7. They may be different from tissues in terms
of the optical properties such as absorption and
scattering constant. Thus the quantification yields
only nominal concentrations of NADH and Fp,
which may deviate significantly from the true val-
ues in tissue. However, the merit of this cali-
bration procedure is to quantify the fluorescence
signal so that imaging scans taken under differ-
ent instrumental settings and/or at different times
can be compared. Moreover, the nominal NADH
and Fp concentrations determined in reference to
these standards seem to fall within the normal
range of physiology.?%%3 Nevertheless, an accu-
rate calibration of NADH and Fp concentrations
in tissues may be obtained by comparing with
the direct biochemical assay or mass spectrometry
measurement.

14! with permission from

3.2. CCD-based redoxr imaging

The point-by-point redox scanning is comparatively
time consuming, and it usually takes redox scanner
about 40 minutes or so to obtain a 128 x 128 image
with a decent signal-to-noise ratio. To reduce the
imaging acquisition time, a charge coupled device
(CCD)-based redox imager has been developed
recently to acquire higher-resolution images within
seconds.?? This new redox imager can acquire both
3D high resolution images of snap-frozen tissues
using a grinder for tissue sectioning and surface
images of tissues in vivo with minimum invasive
procedures. A schematic drawing of the instrument
is shown in Fig. 5. The major difference between the
CCD imager and the redox scanner is using a high
performance monochrome CCD camera instead of
a PMT and a fiberoptic light guide for acquiring
snap-shot images of samples. A diffusive quartz is
placed between the sample and the excitation for a
uniform illumination of the sample imaging plane
at an angle of about 45°-75°.

This newly developed CCD-based redox imager
has a good linear dynamic range (Fig. 6) and can
acquire redox images of a tissue section submerged
in liquid nitrogen within half a minute with a com-
parable quality as redox scanner (Figs. 7 and 8).
The typical difference between tumor core and rim
is clearly seen, which is one of the characteristics of
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Fig. 5. Schematic diagram of the ez vivo/in vivo CCD-based
redox imager. CCD model: COHU 4912-5010. Excitation fil-
ters: 365BP20 for NADH and 436DF10 for Fp; Emission
filters: 450DF10 for NADH and 546DF10 for Fp. The cold
chamber of liquid nitrogen is only necessary for ex vivo imag-
ing to hold snap-frozen samples. It is replaced with a support-
ing frame on which a small animal lies for in vivo imaging.
Grinder is not shown. Reproduced from Xu et al.*? with per-
mission from SPIE.
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Fig. 6. Calibrations of a CCD imager. Plots of fluorescence
intensities (arbitrary unit) versus the concentrations of fluo-
rophores in snap-frozen solution standards. Graphs show the
linear fit of data and the results of linear regression with
correlation coefficients. Reproduced from Xu et al.*? with
permission from SPIE.

a more aggressive human melanoma that has been
observed by redox scanner (see section below).34
Compared to redox scanning, the speed of image
acquisition has been improved by about 80 times.
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Fig. 7. CCD images of a human melanoma (A375P5) sub-
cutaneously xenografted in a mouse under the temperature
of liquid nitrogen. From left to right are images of Fp, NADH
(top row); Fp/(Fp+NADH) and NADH/(Fp+NADH) (bot-
tom row). The field of view of the CCD camera is about
0.5x 0.7 cm?, allowing half of the tumor section to be imaged
for each acquisition. Reproduced from Xu et al.*? with per-
mission from SPIE.
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Fig. 8. CCD redox images of an aggressive human breast
cancer (MDA-MB-231) xenografted in mouse. From left to
right are images of Fp, NADH (top row); Fp/(Fp+NADH)
and NADH/(Fp+NADH) (bottom row). The field of view of
the CCD camera is about 0.5 x 0.7cm?. The images were
taken with 64 acquisitions. Images of the adjacent reference
standards were taken separately (not shown) due to the lim-
itation of field of view. The color bars of both Fp and NADH
images indicate the fluorophore nominal concentration in M.
The redox ratio images were obtained with the correction of
sensitivity ratio of the two channels. Reproduced from Xu
et al.*? with permission from SPIE.

The image resolution is also improved down to
about 9 pm with a CCD matrix size of 768 x 576. It
is possible to achieve a resolution of less than 5 pum
with a higher magnification lens.
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3.3. Redox imaging in vivo

The feasibility of performing in vivo mitochondrial
redox imaging in an ischemic mouse colon tissue
model at room temperature has been demonstrated
recently with the CCD-based redox imager.** Open-
abdomen surgeries were performed on anesthetized
adult mice to expose colons in the abdominal cavity.
The mouse was placed on the optical stage beneath
the CCD redox camera to capture live redox images
of colons. The mouse was then sacrificed by the i.p.
injection of pentobarbital sodium (50 ug/g of body
weight), and redox images of NADH and Fp were
taken to detect the hypoxic ischemic effects during
the suppression of breathing. The possible signal
contamination due to hemoglobin absorption, blood
volume change and motion artifacts was corrected
or reduced by taking the ratio of the NADH/Fp
channel fluorescence signals to the reflected signals
in each channel. It was observed that NADH fluores-
cence intensity increased as the Fp signal decreased
versus the time after the animal was dead. Actu-
ally significant fluorescence changes were observed
within one minute [Fig. 9(a)]. This result demon-
strates significant change in tissue redox state after
the death of the animal, and the tissue snap-freezing
procedure is necessary to preserve the in vivo mito-
chondrial metabolic state. Figure 9(b) displays Fp,
NADH and the NADH redox ratio in live (top
row) and dead (bottom row) mouse colons. The
NADH redox ratio at death is much higher (mean
value 0.92 4+ 0.03) than normal tissue (mean value
0.51 &+ 0.10) due to ischemia and reduction of the
fluorophores. The high NADH redox ratio of the
dead tissue is indicative of State 5 (death with zero
oxygen supply) in the tissue. In vivo redox images
of an animal tumor were also acquired by utilizing
this CCD-redox imager as shown in Fig. 9(c).

Although a number of studies have
demonstrated the in wvivo imaging of NADH
and/or flavoproteins using single photon excitation
methods,383945747 these studies did not generate or
report redox ratio images. Ratiometric method has
the advantages of independence of mitochondrial
density, as well as less sensitivity to hemodynamic
artifacts and the influence of different instrumental
settings.

One of the major obstacles for the biomedical
applications of redox imaging in wivo is the shal-
low tissue penetration depth of UV /blue excitation
light. Two-photon confocal imaging can improve the
tissue penetration depth to about 0.5 mm and has

been utilized to image NADH and Fp (or FAD) in
tissue ex vivo and in vivo.*8 %2 However, the snap-
freezing method, which is important to preserve the
i vivo metabolic status, was often not used for tis-
sue sample preparation in ez vivo studies.*849:51,52
Without the snap-freezing procedure, redox states
exr vivo may deviate significantly from the true redox
states in vivo after sample preparation. Therefore,
we choose only to review the ex vivo studies with the
proper snap-freezing procedure and in vivo imaging
studies in the following section.

4. Biomedical Applications of
Redox Imaging in Small Animal
Cancer Imaging

Since the fluorescence properties of the intrinsic
fluorophores, NADH and Fp, are sensitive indica-
tors of mitochondrial redox state, mitochondrial
redox imaging has been applied to studying the
energy-linked processes in biological tissues. Abnor-
mal metabolism is a hallmark of many cancers that
can be detected by redox imaging. Here we will sum-
marize some of the recent advancements in the field
of cancer detection, diagnosis, and treatment using
small animal tumor models.

4.1. Tumor metabolic imaging

One key diagnostic question in the initial stage
of clinical cancer management is to detect a
lesion and decide whether the lesion is cancer
or normal/benign tissue. Enhanced glycolysis is
considered as one of the biochemical hallmarks in
malignant tumors. It is primarily caused by the
over-expressed glucose transporters (GLUTSs) and
the exceptionally high level of hexokinase bound to
mitochondria of highly glycolytic tumor cells.
Zhang et al.®® synthesized an NIR fluorescent
GLUT-targeted photosensitizer, pyropheophorbide
conjugate of 2-deoxyglucose (Pyro-2DG), and uti-
lized mitochondrial redox ratio imaging to eval-
uate the in vivo uptake of Pyro-2DG by cancer
tissues to establish a correlation of mitochondrial
redox status with glucose metabolism. Two animal
models were tested in their study, one being 9L
glioma rat xenografts model and the other being
a transgenic mouse model: c-MYC-induced mam-
mary tumor in mouse. The mice were snap-frozen
in pre-cooled isopentane (—160°C) and then trans-
ferred to liquid nitrogen to preserve the tissue
metabolic state in vivo. The redox scanner was uti-
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NADH/(Fp+NADH) Tumor

Fig. 9. In vivo redox images (Fp, NADH, and NADH redox ratio), field of view ~0.5 x 0.7 cm? under room temperature
with the animal’s skin flapped. (a) Unprocessed fluorescence images of NADH and Fp of a colon before death, as well as at
one and two minutes after death. (b) A mouse colon (top row: live; bottom row: dead and ischemic) with artifacts corrected
with tissue absorptions. (¢) A tumor in vivo. Also shown in (c) is a black-and-white picture of the skin-flapped tumor being
imaged. Figures (a) and (b) reproduced with permission from Ranji et al.**
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Fig. 10. Images of c-MYC-induced mammary tumor at the depth of 900 pm below the surface. (A), (B) and (C) are the
fluorescent images of Fp, PN (i.e., NADH), and Pryo-2DG, respectively. (D) and (E) are redox ratio images of the tumor
region. (F) is the usual picture with the digital camera. (G) is the histopathological image. The histograms of tumor region
are shown on the right side of each redox image. The size of each image is 1.024 cm x 1.024 cm. Reproduced with permission

from Zhang et al.”>®

lized to acquire the fluorescence images of Pyro-
2DG and Fp as well as NADH and to obtain the
fluorescence intensity—based Fp and NADH redox
ratios. Histopathological analysis (H&E) was per-
formed for co-registration of tissue zones. Figure 10
shows the results from the transgenic mouse model.
They observed that the in vivo uptake of Pyro-2DG
selectively accumulated in the tumor tissues com-
pared with the surrounding normal muscle tissues
at a ratio of about 10:1. They also observed that
NADH redox ratio NADH/(Fp+NADH) highly cor-
related with the Pyro-2DG uptake and poorly cor-
related with the Pyro-acid uptake, suggesting that
Pyro-2DG could be an index of the mitochondrial
status of a tumor. If we regard the uptake of Pyro-
acid as an indicator of blood transfer rate, these
results appear to indicate that cancer cell’s mito-
chondrial metabolic state is insensitive to blood
perfusion and/or vessel permeability that deter-
mine the blood transfer rate, and low respira-
tion rate (high NADH redox ratio) may correlate
with the high rate of glucose metabolim, which
is in agreement with Warburg effect in these two
tumor models, but not necessarily true in all cancer
models.

4.2. Imaging tumor aggressiveness

Clinical knowledge on tumor malignancy or
metastatic potential using reliable biomarkers can
help physicians to select proper treatment strat-
egy against cancer while avoiding unnecessary side
effects. In addition to facilitating the treatment
strategy, biomarkers of tumor aggressiveness can

also contribute useful information to the devel-
opment of new therapeutic approaches. Imaging
biomarkers with spatial distribution information
can be particularly useful because of intrinsic tumor
heterogeneity.

Mitochondrial redox imaging ez vivo has been
employed by Glickson and Chance groups to char-
acterize mouse xenografts of five human melanoma
cell lines with different levels of aggressiveness.?®34
Two of these melanoma cell lines originated from
patients® that were either most metastatic
(C8161) or least metastatic/most indolent (A375P)
among all five lines. A375P5 and A375P10 were
lines selected after passing A375P cells through a
Matrigel-coated membrane five or ten times, respec-
tively. A375M was derived from the lung metas-
tases of A375P in mouse xenografts. Their invasive
potentials have been evaluated by using an in vitro
Boyden chamber method, and are found to be in
the following order: A375P(3%) < A375M(7%) <
A375P10(9.5%) < A375P5(11%) < C8161(13.5%).
The metastatic potentials of these five lines have
been ranked as A375P < A375P5 < A375P10 <
A375M < C8161 on the basis of counting lung
metastases after intravenous injection into mice.
The amount of metastases in distant organs ranks as
A375P < A375M < (8161 for these three lines in
subcutaneous mouse xenograft models. These cell
lines were subcutaneously implanted into athymic
nude mice, and tumors grew to 0.1-1 cm? (6-13 mm
in diameter) before the mice were sacrificed for
redox scanning.

Tumor heterogeneity in mitochondrial redox
images has been observed in all five melanomas.
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Typical melanoma Fp redox ratio images and corresponding histograms: (a) C8161, (b) A375P5, (c) A375P10, (d)

A375M, (e) A375P, following the decreasing rank of invasive potential in wvitro. Distinct differences were detected between
the tumor cores and rims for all aggressive melanomas (a)—(d). The tumor cores were more oxidized with higher redox ratios
than the rims. This is also evident in the bimodal distribution of the histograms showing the number of image pixels (y-axis)
for specific redox ratios (z-axis). The least metastatic A375P melanoma is largely reduced with a single histogram peak of a
relatively low redox ratio. Duplicated from Refs. 28 and 34 with permission from the publisher.

Apart from the indolent A375P melanoma, a dis-
tinct difference between tumor core and rim was
observed in all other metastatic melanomas, with
the core having higher Fp redox ratios (more oxi-
dized) than the rim (Fig. 11). This tumor core-rim
difference corresponds to a bimodal distribution or
a double-peak in the histograms of Fp redox ratios.
The peak with a higher Fp redox ratio corresponds
to the more oxidized tumor core, whereas the peak
with a lower Fp redox ratio corresponds to the rela-
tively more reduced tumor rim. The mean Fp redox
ratio in the oxidized region distinguished between
these five melanoma lines with high significance
(ANOVA, p = 7 x 1078), but there was no signif-
icant difference in average tumor size among these
lines (p = 0.7). Figure 12 shows an excellent corre-
lation between the mean Fp redox ratios of the oxi-
dized regions and the invasive potentials of all the
melanoma lines (R? = 0.97; p = 0.002). Less cor-
relation (R? = 0.63) was found between the global
averages of Fp redox ratios across the whole tumor
sections and the invasive potentials across the five
lines. This result again supports the importance
of having sub-millimeter high-resolution imaging to
differentiate signals from tumor core and rim or dif-
ferent regions.

The investigators also performed dynamic
contrast-enhancement magnetic resonance imaging
(DCE-MRI) on the most metastatic C8161 and
least metastatic A375P. C8161 tumor had less
blood transfer constant (Kirans) than A375P in the
tumor core, and also C8161 tumor core had less
Kirans than the C8161 tumor rim. Since Kirang
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Fig. 12.  Correlation of the mean Fp redox ratios in oxidized

tumor regions with the invasive potentials of five melanoma
lines measured by the Boyden chamber method. For more
aggressive melanomas with bimodal distributions in the his-
tograms of redox ratios, the Fp redox ratios of the right peaks
were taken as the mean value for corresponding tumor sec-
tions. The mean value of Fp redox ratio of the most indolent
melanoma (A375P) was estimated from the redox ratios cor-
responding to the shoulder on the right side of the peak in the
histograms (Fig. 11). The mean Fp redox ratios were aver-
aged in the oxidized tumor areas across all tumor sections
(total number of sections 12-29) pooled together from 3-5
tumors for each xenograft line. Linear regression, R? = 0.97,
p = 0.002. Reproduced with permission from Ref. 28.

is dependent on blood perfusion and blood ves-
sel permeability, the authors suggested that the
more aggressive C8161 tumor core might have insuf-
ficient blood/nutrition supply and the cells were
presumably under starvation (mitochondrial State
2). Limited nutrition supply was further supported
by histology measurement of the microvasculature
density using anti-CD31 marker and the microvas-
culature patency using the perfusion of Hoechst dye
33342. Although the more aggressive tumor had
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higher mean blood vessel density (probably due to
angiogenesis), the patency seemed to be lower so
that the tumors were more poorly perfused with
an overall decrease in functional blood exchange.
The mitochondria under starvation should exhibit
strong Fp signals and low NADH as well as high
Fp redox ratios, in consistence with the results
of redox scanning. Therefore DCE-MRI and redox
scanning suggested that harsh environment such as
limited nutrition supply may correlate with the high
metastatic potential of a tumor, i.e., the stress-
ful environment favors the survival of cancer cells
with a strong ability to migrate to a more favorable
environment.

Similar observation has been obtained on breast
cancer mouse xenografts (Fig. 8).42 CCD-based
redox imaging showed that tumors from a more
metastatic line MDA-MB-231 exhibited a more oxi-
dized core and a relatively reduced rim. Tumors of
a less metastatic line MCF-7 were more reduced
in the central region without significant core-rim
difference (Fig. 4). More details on redox scan-
ning of these two breast cancer xenografts will be
reported separately. Although mitochondrial func-
tional abnormalities have been linked to tumori-
genesis and malignancy, more studies are needed
to understand the underlying mechanisms for the
connection between mitochondrial redox states and
tumor metastatic potential.

Mitochondrial redox imaging has also been
applied to precancerous tissues ex wvivo and in
vivo by Ramanujam et al.’%°% The redox states of
freeze-trapped human biopsy cervical tissue sam-
ples (including normal, inflammatory, and dysplas-
tic tissues) were studied utilizing low-temperature
NADH/Fp fluorescence imaging.’ These biopsy
samples were first transferred to an OCT medium
on ice and oriented properly in the medium within
the first 30 seconds, and then transferred to liquid
nitrogen for snap-freezing within another 30 seconds
and maintained in liquid nitrogen until the fluo-
rescence imaging measurement. This study showed
significant heterogeneity in redox states within the
tissue samples. The samples typically consisted of
two tissue regions, i.e., epithelium and stroma, with
significant NADH and Fp signal variations between
the two regions. The Fp fluorescence in the stro-
mal region of severely dysplastic tissue had more
variation as a function of the tissue depth com-
pared to the normal or inflammatory tissues. A sig-
nificant decrease in the average Fp redox ratio in
the epithelia of dysplastic tissues was also observed
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Fig. 13. Low temperature redox imaging of human cer-
vical tissues (normal, inflammatory, mildly dysplastic,
and severely dysplastic). (a) Average redox ratio indices
[Fp/(Fp+NADH)] in epithelia. (b) Average NADH (blank)
and Fp (grey) signal intensities in stroma. Reproduced from
Figs. 4 and 5 in Ref. 56 with permission.

compared with normal, inflammatory and mildly
dysplastic tissues [Fig. 13(a)]. The redox ratios in
stroma were not reported because the authors were
concerned about possible collagen contamination of
the NADH fluorescence signal. The excitation filter
for NADH channel in that study was centered at
365 nm with a width of 40 nm, whereas the colla-
gen fibers had excitation and emission maxima at
325 nm and 390 nm, respectively. Nevertheless, their
published data [Fig. 13(b)] appeared to indicate a
higher, possibly with statistical significance, mean
Fp redox ratio in the stroma of tissues with severe
dysplasia compared to the normal tissue and the tis-
sue with inflammation or mild dysplasia. Regarding
the question of whether the one-minute time delay
in the sample preparation procedure before snap-
freezing could cause any changes in tissue redox
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state, the authors demonstrated that there was no
difference in the average redox ratios in a liver
biopsy sample undergoing a similar procedure com-
pared with another liver sample obtained with an
in situ snap-freezing procedure. However, it is not
certain if the cervical tissue would respond to the
time delay in a similar way as the liver tissue did.
In fact significant redox ratio change was observed
in mouse colons within one minute of tissue death
induced by pentobarbital injection.*

In vivo redox imaging of the mucosa of cheek
pouch was achieved by two-photon excitation
(800nm for NADH and 890nm for Fp or FAD)
at a sub-micron resolution on a hamster model of
oral cancer.’Y One advantage of this study is the
combination of redox imaging with fluorescence life-
time imaging, which provided additional informa-
tion about the lifetimes of free and bound states of
NADH and Fp. Increased intracellular variability in
the redox ratio index (Fp/NADH) and the bound
NADH and Fp fluorescence lifetimes were observed
in precancerous than in normal epithelial tissues.
Redox ratios within the normal epithelium were
shown to decrease significantly in basal epithelial
cells compared with the cells in more superficial lay-
ers of epithelium. No significant difference in redox
ratios was found between the basal and the super-
ficial cells in precancerous tissues. Although it was
not reported whether the average redox ratio was
higher in precancerous tissue than in normal tissue,
the increased heterogeneity in cellular redox state
in precancerous tissue compared with normal tissue
is consistent with aforementioned higher intratumor
heterogeneity observed in metastatic melanoma and
breast cancer mouse models compared with indolent
ones.

In summary, significant tissue heterogeneities in
mitochondrial redox state have been demonstrated
in cancerous and precancerous tissues by aforemen-
tioned studies, and should be taken into serious
consideration for the diagnosis of (pre)malignancy.
The high Fp redox ratios in some local regions
may be more effective in predicting levels of
(pre)malignancy than the average redox ratio. More
work is needed to better characterize the tissue het-
erogeneity to achieve this objective.

4.3. Tumor response to therapy

Mitochondrial redox imaging has also been applied
to study tumor response to therapies. For exam-
ple, Zhang et al®7 studied the effect of pho-
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todynamic therapy (PDT) on the metabolic
state of tumor via monitoring the fluorescence
signals of tumor mitochondrial redox states
and the synthesized photosensitizer pyropheop-
horbide-2-deoxyglucosamide (Pyro-2DG), which
was imported into cytoplasm by the glucose
transporters.’” Pyro-2DG is a photosensitizer for
PDT with an excitation peak at 664 nm, and an
emission peak at 672nm. Since the far-red or near
infrared light in the 600-900 nm wavelength range
can penetrate into tissue deeper than visible light
with shorter wavelength, using Pyro-2DG as a pho-
tosensitizer is advantageous for deep tissue pene-
tration. PDT was conducted by a point treatment
procedure clamping a cut end fiber with a 1-mm
core touching the skin top of the tumor. The intrin-
sic and extrinsic fluorescent signals were acquired
with the 3D cryo-scanner from the snap-frozen
9L glioma rat xenografts post PDT treatment.
Their results (Fig. 14) showed that the Pyro-2DG—
induced PDT corresponded to a highly oxidized
state of mitochondria in tumor cells. Increased Fp
and decreased NADH signals indicated that flavo-
proteins and NADH were oxidized by singlet oxy-
gen generated in the photosensitization process.
They also observed high Fp/(Fp+PN) ratio in
the surrounding area about 0.5cm from the cen-
ter of the irradiated zone, possibly due to the dif-
fusive nature of light propagation. The correlation
between the high Fp redox ratio and PDT response
was confirmed by performing three sets of control
experiments, i.e., tumors receiving pyro-2DG only,
PDT treatment only, and neither PDT nor Pyro-
2DG. Their study indicated that the redox ratio
was a sensitive indicator of PDT-induced tissue
damage.

5. Summary and Future Directions

We have reviewed the basic principles and advan-
tages of mitochondrial redox imaging for biomedical
applications including high-resolution NADH/Fp
fluorescence imaging of n wvivo mitochondrial
metabolic state and the ratiometric approach
that is independent of mitochondrial density
and insensitive to hemodynamic artifacts. We
have also included some recent developments and
applications of redox imaging since 2001. A cali-
bration procedure has been implemented to facil-
itate the comparison of NADH, Fp and redox
ratios obtained at different times points and/or with
different instrument settings. A newly developed
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Fig. 14. Redox images at a series of depths of 9L glioma treated with Pyro-2DG-based PDT. Top row: the images of Pyro-
2DG; middle row: the images of Fp redox ratio; bottom row: the photographic images taken by a digital camera. The -
and y- axes of the images represent the number of the pixels scanned (128 x 128 pixels for each image corresponding to
1.024 x 1.024 cm) and the color indicates the fluorescence intensity or redox ratio of the tissues. Reproduced with permission

from Ref. 57.

CCD-based redox imager can achieve imaging much
faster with higher resolution down to about 10 pum
and has been applied to biological tissues snap-
frozen or in wvivo in real time at ambient temper-
ature. Redox imaging of tissues at different times
after the animal death indicates that NADH and
Fp signals change significantly within a minute,
and snap-freezing method for tissues that are either
alive or within seconds after the animal death or
detachment from the body is recommended to pre-
serve the true in vivo tissue metabolic state.
Redox imaging has been applied to investigate
mitochondrial metabolic states in cancer animal
models, and redox ratios have been shown to cor-
relate with tumor glucose metabolism, metastatic
potential, and responses to photodynamic therapy.
Redox imaging has also revealed significant het-
erogeneity in tissue redox state, which should be
taken into account for more accurate characteriza-
tion of cancer tissues to develop better diagnostic
and therapeutic approaches for clinical applications.
It is possible to translate redox imaging into clinical
use with cryogenic biopsy specimens. Redox imag-
ing can also be combined with two-photon opti-
cal imaging and/or endoscopy techniques®’:52:58 61

to achieve redox imaging ez wivo/in vivo with
potentially more clinical applications. It may
be of research interest to compare or correlate
mitochondrial redox imaging techniques with the
NADH/FAD fluorescence lifetime imaging of tis-
sue. It may also be useful to compare redox imag-
ing with the measurement of GSSH/GSSG-coupled
redox potential using redox-sensitive GFP probes
developed by Tsien and co-workers.%?
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