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Abstract

Purpose: Fluorescence of co-enzyme reduced nicotinamide adenine dinucleotide (NADH) and
oxidized flavoproteins (Fp) provides a sensitive measure of the mitochondrial redox state and
cellular metabolism. By imaging NADH and Fp, we investigated the utility of optical redox
imaging (ORI) to monitor cellular metabolism and detect early metabolic response to cancer
drugs.

Procedures: We performed ORI of human melanoma DB-1 cells in culture and DB-1
mouse xenografts to detect the redox response to lonidamine (LND) treatment.

Results: For cultured cells, LND treatment for 45 min significantly lowered NADH levels with no
significant change in Fp, resulting in a significant increase in the Fp redox ratio (Fp/(NADH+Fp));
3-h prolonged treatment led to a decrease in NADH and an increase in Fp and a more oxidized
redox state compared to control. Significant decrease in the mitochondrial redox capacity of
LND-treated cells was observed for the first time. For xenografts, 45-min LND treatment resulted
in a significant reduction of NADH content, no significant changes in Fp content, and a trend of
increase in the Fp redox ratio. Intratumor redox heterogeneity was observed in both control and
LND-treated groups.

Conclusion: Our results support the utility of ORI for evaluating cellular metabolism and
monitoring early metabolic response to cancer drugs.

Keywords: NADH, Flavoproteins, FAD, Optical imaging, Redox ratio, Early detection,
Mitochondria, DMSO

Introduction

Altered metabolism including enhanced glycolysis and
- glutaminolysis is a hall mark of cancer [1]. Tumor
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Intracellular redox state is an important and sensitive
metabolic indicator [2]. Nicotinamide adenine dinucleotide
(NAD") (its reduced form NADH) is a redox co-enzyme.
NAD-coupled redox potential, NAD'/NADH, plays a
critical role in the mitochondrial electron transfer chain
(ETC), and the NADH level as measured by its florescence
intensity can be used to monitor cellular metabolism. Since
NAD" does not fluoresce upon excitation but FAD (oxidized
flavin adenine dinucleotide) does, alternatively, FAD/NADH
ratio or (normalized redox ratio, FAD/(NADH+FAD)) can
serve as a surrogate indicator for the mitochondrial redox
state [3—11] and has been shown to correlate linearly with
NAD/NADH determined by biochemical assays [12, 13]. In
this report, Fp (oxidized flavoproteins containing FAD) and
FAD are used interchangeably.

Optical redox imaging (ORI) techniques, pioneered by
Chance et al. [2, 10, 14, 15], have increasing applications in
cancer research, such as discrimination between cancer and
normal tissues [16, 17], differentiation among cancer
aggressiveness [18-21], distinguishing among receptor
status of breast cancer [22], discerning genetic mutation
[23, 24], and monitoring therapeutic effects [25-30]. For
example, Walsh et al. reported that NADH/FAD ratio
normalized by percentage of mitotic cells correlates with a
cellular glycolytic index across a panel of human breast cell
lines, and the redox ratio and the fluorescence life-times of
both NADH and FAD could be sensitive to herceptin-
induced early metabolic changes, whereas 2-deoxy-2-
[ISF]ﬂuoro—D-glucose positron emission tomography did
not resolve the early changes in xenograft models [28].
Cannon et al. reported the development of high-throughput
measurements of the optical redox ratio using a commercial
microplate reader to differentiate drug responder from non-
responder in breast cancer cell line models [31].

Lonidamine (LND) as an anti-tumor drug inhibits both
mitochondrial respiration and glycolysis, leading to a decrease in
cellular ATP and selectively acidifying tumors thereby sensitiz-
ing them to other anti-tumor drugs [32, 33]. LND has differential
effects on cancer and normal tissues. For example, per our NMR
measurements, LND acidifies tumor only, not the muscle, brain,
or liver [34, 35]. ORI has not been employed to study the effects
of LND on cancer. Here we report ORI studies of the effects of
LND on the mitochondrial redox state of human melanoma DB-
1 both in cell culture and in tumor xenografts implanted in
immunosuppressed mice.

Materials and Methods
Live Cell Preparation for Redox Imaging

Oliomycin (Olg), carbonyl cyanide-p-tri-fluoro-methoxy-
phenylhydrazone (FCCP), rotenone (Rot), and antimycin A
(Ant) were purchased from Sigma-Aldrich and LND from
Santa Cruz Biotechnology. Ant and Olg in powder form were
reconstituted with ethanol, aliquoted and stored in a —20 °C
freezer. FCCP and Rot in powder form were reconstituted with

427

DMSO, aliquoted and stored in a — 80 °C freezer. LND for cell
culture treatment with a final concentration of 150 uM was
freshly prepared with DMSO.

For testing LND treatment response of cultured cells,
DB-1 cells were expanded in phenol-red free RPMI 1640
complete medium. Suspended DB-1 cells (4 x 10%, 200 pl)
were transferred to a 35-mm glass bottom dish (MatTek,
MA) and incubated for 4 h to allow cells to attach to the
glass surface. Fresh medium (1 ml) was then added, and the
dish was incubated for 20 h. Approximately 1 h before
imaging, the medium was removed and the dish were rinsed
twice with PBS (with Ca*" and Mg®") followed by adding
I ml live cell imaging solution (LCIS, Life Technology)
spiked with 11 mM glucose and 2 mM glutamine. For the
LND-treated group, the cells were treated with 150 uM LND
for 45 min (0.8 % or 0.2 % DMSO in the glucose and
glutamine-spiked LCIS). The control group was treated with
0.8 % or 0.2 % DMSO for 45 min.

For the mitochondrial redox capacity experiments, we
adopted the scheme commonly used for cell
metabolism measurements, ie., sequentially adding the
metabolic perturbation drugs to cell culture in the following
order: Olg (2 pg/ml) — FCCP (8 uM) — Rot (1 pM) + Ant
(1.25 pg/ml). ORI images were taken approximately 5 min
after each drug administration. Once images were acquired,
the next drug was immediately administered to the dish.

A DeltaVision wide field microscope (objective x 40/
0.95NA, image size 512 x 512 pixels, bin 2 x 2, pixel size
0.32 um) was utilized for collecting NADH and Fp
fluorescence signals in cultured cells. The excitation band-
pass filters for NADH and Fp channels were 360/40 nm and
470/40 nm, respectively; the emission filters of NADH and
FAD channels were 455/50 nm and 520/40 nm, respectively.
Exposure time was 3 s for both channels. At least five fields
of view (FOV) were imaged for each dish. Five to eight
dishes of each culture were imaged. Imaging was performed
on at least two different days.

Live Cell Imaging Data Analysis

A customized Matlab® program was used to extract NADH
and Fp signals. Light source intensity fluctuations in both
channels were monitored for each acquisition by a photo-
sensor and were taken into account for the signal intensities
of each channel by factoring in the ratio of the photosensor
reading to a constant. To remove inhomogeneous illumina-
tion, each image was first flattened with a third-degree
polynomial surface fit followed by thresholding. The mean
value of a region of interest (ROI) where no cells were
present was treated as background and subtracted from each
image. The signal-to-noise (SNR) ratio was quantified by
dividing the net signal by the standard deviation of the
background. Pixels with SNR <3 were excluded from
further processing. The net intensities of NADH and Fp of
each field of view (FOV) were then averaged. The Fp redox
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ratios computed pixel-by-pixel based on the net pixel values
of NADH and Fp were averaged as the mean value for that
FOV. Fp, NADH, and the Fp redox ratio for all FOVs were
then averaged for each dish. The mean values of each group
obtained by averaging across the dishes in the group were
reported. In accordance with our experimental design,
unpaired Student ¢ test, or unpaired Student ¢ test with
Bonferroni adjustment or one-way ANOVA with Bonferroni
adjustment was performed for statistical analysis and
p<0.05 was taken as statistically significant.

Tumor Preparation and Redox Imaging

The animal protocol utilized in the study was approved by
the Institutional Animal Care and Use Committee of the
University of Pennsylvania. DB-1 xenografts were grown
subcutaneously in athymic nude mice as reported previously
[36]. Ten mice bearing DB-1 tumors (volume <200 mm®)
were included in the study. Five animals were randomly
selected and treated by intraperitoneal injection with LND at
a dose of 100 mg/kg (freshly prepared in Tris/glycine buffer
at pH 8.3) 45 min prior to tumor harvest (LND group), and
the other five animals were sham treated with Tris/glycine
buffer for 45 min with tumors being harvested as controls
(control group). The control and treated tumor groups were
similar in average size. Tumors were excised from the
anesthetized mice within 1 min and were immediately
immersed and stored in liquid nitrogen. The snap-frozen
tumors were then embedded adjacent to NADH and FAD
frozen solution standards following the procedures described
in detail elsewhere [19]. The embedded samples were then
imaged using the Chance redox scanner, i.e., the 3D
cryogenic NADH/Fp fluorescence imager [10, 37, 38]. First,
the sample was milled flat to expose the embedded tumor
tissue with a size of ~2 x 2 mm?® This section is the top
section. Tissue depth is defined as the distance between the
top section and a specific section down below. Three tissue
sections spacing 400 um were then raster-scanned for each
tumor with a planar spatial resolution of 200 pm. Matlab®
routines were used to compute the nominal concentrations of
NADH and Fp by referencing their fluorescence intensities
to that of the frozen solution standards of NADH and FAD,
respectively. Images of the nominal concentration-based Fp,
NADH, and the Fp redox ratio Fp/(NADH + Fp) were
produced. Note that the true concentrations of NADH and
Fp in tissues may be different from the nominal concen-
trations due to the difference in optical properties of frozen
standard solution and frozen tissue. The nominal concen-
trations here only serve as a basis for the relative quantitative
comparisons.

Xenograft Imaging Data Analysis

The imaging data were analyzed with two independent
methods, the global averaging method, and an analysis of

repeated measures with linear mixed-effects model (LMM).
By global averaging method, for each tumor, the data were
first averaged for each tissue section/layer, then further
averaged across the sections of a tumor to obtain the
average value of each of the redox indices (Fp, NADH,
and Fp/(NADH+Fp)) for that tumor. The average values of
each tumor were then futher averaged to obtain the mean
value for each group. The mean values were compared
between the treated and control groups using unpaired
Student ¢ test. In order to statistically control the possible
dependence of redox indices on tissue depth and tumor
volume [23, 39, 40], we performed LMM analysis of the
redox indices for individual tumor sections at different
depths. In LMM analysis, we set the dependent variable to
be one of the redox indices, such as NADH, the repeated
measure to be section, the fixed effect to be treatment, both
depth and tumor volume to be covariates. P <0.05 was taken
as statistically significant.

For tissue redox heterogeneity analysis, two Gaussian
functions were fit to the histograms of the redox indices
(Fp, NADH, and Fp redox ratio) to extract subpopulation
information. Specifically, the section histogram data were
first summed across multiple sections of each tumor and the
summed histograms were then smoothed with a moving
average filter (n =5) and fitted with two Gaussian functions
(details can be found in Fig. S1 of Supplementary
Material). The peak positions of two Gaussian curves
obtained for each redox index were used for further
analysis.

Results

Optical Redox Imaging Is Sensitive to
Mitochondrial Metabolism in DB-1 Cells

To confirm that the ORI technique is sensitive to
mitochondrial metabolism in DB-1, we administered Olg
followed by FCCP to observe the changes in NADH and
Fp signals [41, 42]. Oligomycin is an ATP synthase
inhibitor that inhibits complex V and causes buildup of
NADH. Per our experimental design, we were interested
in knowing the effect of Olg and FCCP. Therefore, we
performed unpaired ¢ test with Bonferroni adjustment to
compare the means between control and Olg groups and
the means between Olg and FCCP groups. As expected,
we observed an appreciable increase in NADH caused by
Olg (Fig. 1). FCCP is a mitochondrial oxidative phos-
phorylation uncoupler which destroys the linkage between
the ETC and the phosphorylation system, resulting in
unregulated oxidation of NADH without generating ATP
and an accumulation of Fp as well. We observed that
8 uM FCCP led to a decrease in NADH and increase in
Fp and the Fp redox ratio, i.e., a more oxidized redox
state.
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Fig. 1 The redox indices (Fp, NADH, and Fp redox ratio) of
cultured DB-1 melanoma cells under sequential treatment of
0.2 % DMSO (Ctrl), oligomycin (Olg), and FCCP. Unpaired
Student’s t test with Bonferroni correction was used to
compare the differences between Ctrl and Olg and between
Olg and FCCP. *p <0.05, **p <0.001. N =3 dishes.

LND Treatment Effects on the Redox State of
DB-1 Melanoma Cells

Redox Indices Changed by LND Treatment In this study,
we were interested in the early metabolic/redox response to LND
treatment. Thus, we imaged the treatment effect at 45-min and
3-h time points instead of the long-term effect. These time points
were chosen based on our previous MRI study on tumor
acidification results that showed 40-min LND treatment already
caused significant decreases of intracellular bioenergetics and
pH [34]. The pH stayed at the same low level until ~90 min
followed by a gradual increase. At 3 h, the intracellular pH level
went back to the level of 20-min treatment. However, cellular
bioenergetics kept decreasing with time and stabilized by 3 h.
Fig. 2 shows typical redox images of DB-1 cells in
culture. We quantified Fp, NADH, and the Fp redox ratio as
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summarized in Table 1 and Fig. 3. In comparison with
control, LND treatment for 45 min caused a 52 % decrease
in NADH (p<0.0001) without a significant change in Fp,
resulting in a more oxidized redox state of cells with a 60 %
increase in the Fp redox ratio (p<0.0001). A 3-h LND
treatment resulted in 60 % decrease in NADH (p <0.0001),
26 % increase in Fp (p <0.05), and 97 % increase in the Fp
redox ratio (p <0.0001).

Differential Redox Response to ETC Inhibitors and Mito-
chondrial Uncoupler We performed mitochondrial redox
capacity measurement by investigating how the redox indices
of DB-1 cells respond to various perturbations of mitochondrial
metabolism. As shown in Fig. 4, we quantified Fp, NADH, and
the redox ratios at each stage after sequential addition of Olg,
FCCP, and Rot+Ant to both LND-treated and control groups.
Both groups exhibit similar patterns of change in the redox
indices. Fp increased, NADH decreased, and the Fp redox ratio
increased significantly due to the uncoupling effects of 8 uM
FCCP. Rot and Ant inhibit complexes I and III of the ETC,
respectively. As a result, NADH cannot be oxidized, leading to
NADH buildup. As expected, we observed that 1 uM Rot and
1.25 pg/ml Ant markedly raised the NADH level to its
maximum and decreased redox ratios significantly for both
the LND-treated and control groups.

However, the control and LND-treated group exhibited a
differential response to the ETC inhibitors and the mito-
chondrial uncoupler. NADH increase caused by Rot+Ant
was much larger in the control group than that in the LND-
treated group. By subtracting the minimum NADH (after
FCCP addition) from this maximum NADH, we obtain the
mitochondrial NADH pool size (mtNADH pool) [42]. For
the control group, the mtNADH pool is 120 a.u. (arbitrary

. i i o
100 200 300 400 500

Fig. 2 Typical redox images of the control (0.8 % DMSO): a Fp, b NADH, and ¢ Fp/(NADH+Fp) and the treated (150 uM LND):
d Fp, e NADH, and f Fp/(NADH-+Fp). The image matrices were 512 x 512 (pixel size: 0.32 x 0.32 x 0.2 ym® and binning: 2 x 2).
The color bars of the Fp and NADH images indicate the signal intensity in arbitrary unit. The color bar of the Fp redox ratio

image indicates the ratio range from 0 to 1.
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Fig. 3 Lonidamine treatment effects on the ORI redox
indices (mean + SD) of DB-1 melanoma cells in culture. Two
treatment time windows: 45 min and 3 h for either lonidamine
(LND, 150 pM) or control (Ctrl, 0.8% DMSQO). One-way
ANOVA with Bonferroni correction was used to compare
the redox indices between LND and Ctirl for each time
window. *p <0.05, ***p <0.0001.

unit), whereas it is 55 a.u. for the LND-treated group
(~ 100 min treatment time). Thus, LND treatment decreased
mitochondrial NADH pool size by 65 units, approximately
55 % decrease (p =0.046, Fig. 4c). Note that this analysis is
based on the working assumption that mitochondrial NADH
contributes to the majority of signal (as demonstrated
previously [11, 43, 44]), and these inhibitors are relatively
specific for perturbing mitochondrial pathways. However,
considering that the redox shuttles couple NADH between
mitochondria and cytosol [45, 46], the latter might contrib-
ute to NADH fluorescence changes as well. This remains to
be investigated in the future.

Since FCCP allows only mitochondrial FAD (mtFAD) to
increase, and Rot+Ant triggers only mtFAD to decrease due
to the inhibition of respiration [42], the mtFAD pool size
obtained from the Fp signal difference under these two
conditions is 16 and 21 a.u. for the control and treated groups,
respectively, differing by ~30 % (p=0.032, Fig. 4c). Thus,
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LND treatment significantly increased the mitochondrial FAD
pool size.

By subtracting the Fp redox ratio after Rot+Ant addition
from that after FCCP addition, we obtained the Fp redox
ratio difference, which we herein define as the mitochondrial
redox capacity (mtRedoxCap). LND-treated cells had ~35%
lower mtRedoxCap (p =0.033), indicating LND significantly
decreased the mtRedoxCap of DB-1 cells (Fig. 4c).

In summary, LND treatment affected DB-1 cell’s mitochon-
drial function of maintaining redox balance by decreasing its
reducing agent mitochondrial NADH pool size and increasing its
oxidizing agent mitochondrial FAD pool size, accompanied with
a decreased mitochondrial redox capacity.

LND Treatment Effects on DB-1 Xenografts

We examined how LND affects the DB-1 tumor redox state.
Fig. 5 displays typical redox images (Fp and NADH
nominal concentrations and redox ratio Fp/(Fp+NADH))
and the white light images of a tissue section from a control
and a treated xenograft at a similar tissue depth.

By global averaging over multiple sections of individual
tumors, we obtained the mean Fp, NADH and redox ratio
before and after the treatment (Table 2). We found a 31 %
decrease in NADH due to LND treatment (p = 0.005). Fig. 6
shows the dotted boxplots of 45-min LND treatment effects
on the redox state of DB-1 tumors.

We also analyzed the section image data using LMM
analysis with repeated measures (the tissue section depth and
tumor volume were set as covariates). As shown in Table S1
in Supplementary Material, the LMM analysis shows that
LND treatment significantly lowered NADH level (p=
0.022), consistent with the global averaging analysis. The
LMM analysis also shows that LND-treated tumors had
higher Fp redox ratio with a marginal significance (p=
0.096), i.e., the treated tumors were likely to be more

FAD pool size NADH pool size Redox capacity

Fig. 4 Results from redox capacity measurement on cultured DB-1 melanoma cells pretreated with either DMSO or LND. a
and b Differential redox indices (mean + SD) under sequential treatment of (i) oligomycin (Olg), (i) mitochondrial uncoupler
FCCP, (jii) rotenone plus antimycin (Rot+Ant) for a control group (0.2 % DMSO) and b LND group; one-way ANOVA with
Bonferroni adjustment was used to compare the differences between Olg and FCCP and between Rot+Ant and FCCP. ¢
Mitochondrial FAD and NADH pool sizes and the mitochondrial redox capacities (mean + SD) for the LND and control groups;
unpaired Student’s t test was used to compare the difference between LND and control groups. *p <0.05, **p<0.005,

***p<0.001, **p <0.0001, N =3 dishes.
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Table 1. LND treatment effects on DB-1 melanoma cells in culture (mean + SD)
Fp NADH Fp/(NADH+Fp)
Control 45 min (0.8 % DMSO, N=15) 58+15 15817 0.27+0.06
LND 45 min (N=5) 60+4 76+9 0.44+0.04
Change % 4% -52% 60 %
P >0.05 <0.0001 <0.0001
Control 3 h (0.8 % DMSO, N=6) 38+6 153+33 0.22+0.03
LND 3 h (N=28) 48+4 62+12 0.44+0.04
Change % 26 % —60 % 97 %
P <0.05 <0.0001 <0.0001

oxidized. Additionally, it shows that LND treatment did not
cause a significant change in Fp when comparing to control.

From Fig. 5, it is apparent that both control and treated
tumors showed pronounced intratumor redox heterogeneity
in all three indices. These heterogeneity patterns are not
random and reproducible by repeatedly scanning the same
tissue section or sections nearby. Previously, we have
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employed two-subpopulation model and Gaussian fitting to
differentiate between aggressive and indolent tumors and
between premalignancy and control [18, 19, 24]. Thus,
although the true number of subpopulations may be more
than two, here we investigate the treatment effects by using a
working assumption of two subpopulations. By fitting the
histograms of the globally averaged redox indices (Fp,
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Fig. 5 Redox images and their corresponding histograms of typical sections in DB-1 melanoma xenografts. a—c A section of a
control DB-1 tumor at 1100 um depth. a White light photo and b images of Fp, NADH, and Fp/(Fp+NADH) corresponding to the
section. The image matrices were 64 x 64, and the step size was 200 um. The color bars of the Fp and NADH images indicate
the nominal concentrations in micromolar referenced to the corresponding snap-frozen solution standards. The color bar of the
Fp redox ratio image indicates the ratio range from 0 to 1. ¢ The x-axes of the histograms represent the nominal concentration
of Fp or NADH or the Fp redox ratio in that section. The y-axes of the histograms represent the number of pixels having a
specific value of Fp or NADH or the Fp redox ratio. d—f A section of a LND-treated DB-1 tumor at 1200 um depth. d—f as

described for a—c.
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Table 2. 45-min LND treatment effects on DB-1 melanoma tumors (mean + SD)

Fp (uM) NADH (uM) Fp/(NADH+Fp) Vol (mm?)
Control (n=15) 58+15 185+26 0.25+0.04 174+ 67
Treated (n=15) 44+6 127+22 0.29+0.05 162 +84
Change % due to treatment —24 % -31% 16 % —-6.9 %
p value (unpaired Student ¢ test) 0.11 0.0051 0.17 0.82

NADH, and Fp redox ratio) with two Gaussian functions for
each tumor, we identified two redox sub-populations for
each redox index within the individual DB-1 tumors for both
groups. Paired ¢ tests showed that these two redox
subpopulations had significant differences in their Fp,
NADH, and Fp redox ratio as summarized in Table 3. The
difference in the mean NADH or mean Fp between the two
redox subpopulations is ~50 % or higher, which is larger
than the measurement variability (<20 %). These results
indicate the existence of distinct redox subpopulations
within individual tumors for both control and treated groups.

Discussion

We adopted ORI techniques to examine LND treatment
effects on the redox state of DB-1 melanoma cells and
tumors of matched sizes. Our results showed that 45-min
LND treatment lowered NADH level at both the cellular and
tissue levels. The observed responses to a single dose of
drug within a short-time period support the utility of ORI as
a suitable assay for early detection of therapeutic effects in
cancer.

It is known that LND sensitizes tumor cells including
DB-1 cells to chemo- and radio-therapies by targeting the
metabolic pathways in cancer cells [47]. The mechanistic
studies showed that LND inhibits the MCT1 and MCT4 to
impede L-lactic acid efflux and blocks the mitochondrial
pyruvate carrier (MPC) to limit pyruvate export from the
cytosol into the mitochondria, thus resulting in cytosolic
acidification [47, 48]. Our observation of decreased NADH
after LND treatment is consistent with the results of limited
pyruvate uptake by the mitochondria resulting in decreased
NADH production. Furthermore, LND suppresses the
pentose phosphate pathway [48, 49], reducing NADPH
production. Since both NADH and NADPH have essentially

the same fluorescence spectrum, the ORI techniques we
employed for this investigation do not differentiate them.
Therefore, NADPH decrease might also contribute to the
observation of decreased blue fluorescence. Additionally,
LND treatment increases glutaminolysis and reductive
carboxylation flux from alpha-ketoglutarate to isocitrate in
the TCA cycle [48]. Since this reversal flux from alpha-
ketoglutarate to isocitrate consumes NAD(P)H, increased
reductive carboxylation by LND may also contribute to the
observation of a decreased NADH level. The dosage of
150 uM we used for cell culture study is an optimized dose
based on our previous studies [48, 49]. Mitochondrial
complex II has the lowest affinity for LND (~50 pM),
among the key targets of LND, such as monocarboxylate
transporters, mitochondrial pyruvate carrier, and mitochon-
drial complex II. Therefore, 150 pM (3 x50 puM) was
adopted in these studies as conventionally done. In future
studies, we may perform the dose-dependent curve of
the redox indices vs LND in cells.

We observed that in the presence of FCCP, NADH level
is higher in LND-treated cells compared to that of control
cells (93 vs 65 units, p=0.02). It was reported that in
isolated mitochondria, LND inhibits NAD-linked electron
flow and when FCCP is present, LND produces much
stronger respiratory inhibition compared to that in the
absence of FCCP [33]. Thus, in our case, when FCCP is
present in LND-treated cells, the observed NADH level is
the balance between two actions of LND. On the one hand,
LND causes a NADH decrease in the TCA cycle by
inhibiting MPC; on the other hand, it increases NADH level
by its enhanced inhibitory effect on the ETC. The final result
is an increase in NADH in LND-treated cells compared to
control cells when both cells are under FCCP treatment.

We did not observe a significant change in Fp after the
45-min treatment with LND. It has been shown that Fp
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Fig. 6 Effects of 45-min LND treatment on the redox indices a Fp, b NADH, and ¢ Fp/(NADH+Fp) of DB-1 melanoma tumors
shown in dotted box plots, which indicate the lower adjacent value, first quartile, median, third quartile, and upper adjacent
value for the control (Ctrl) and treated (LND) groups with the numbers indicating individual tumors.
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Table 3. Two intratumor redox subpopulations in DB-1 melanoma xenografts (mean+ SD)

Group Redox indices Sub-population 1 Sub-population 2 Sub-population Difference % P

Control (N=5) Fp (uM) 51+9 82 +£22 60 % 0.008
NADH (uM) 142 + 53 209 + 47 47 % 0.003
Fp redox ratio 0.18 £ 0.05 0.27 £ 0.05 46 % 0.0006

LND-treated (N=15) Fp (uM) 30+ 11 64 £21 111 % 0.005
NADH (uM) 101 + 15 187 + 61 86 % 0.021
Fp redox ratio 0.20 + 0.06 0.32 +0.08 66 % 0.015

signals originate mainly from three components isolated in
the mitochondria [7, 9, 50]: o-lipoamide dehydrogenase
flavin, electron transfer flavoprotein of the fatty-acid-
oxidizing system, and dithionite-reducible flavoproteins that
are not involved in the flavoprotein fluorescence changes
associated with the ETC. Other mitochondrial flavoproteins,
such as succinate dehydrogenase (SDH), NADH dehydro-
genase, o-glycerophosphate dehydrogenase, proline dehy-
drogenase, and choline oxidase, have a negligible effect on
the overall Fp signals. It was recently demonstrated that
LND affects mitochondrial complex II by inhibiting
succinate-ubiquinone reductase activity without completely
blocking the activity of SDH [48]. Although the FAD/
FADH, pair is involved in the SDH-catalyzed interconver-
sion of fumarate and succinate, this FAD does not contribute
significantly to the total Fp signals [9]. This may partially
explain why we did not observe a change in Fp fluorescence
after a 45-min LND treatment. However, with 3-h prolonged
treatment, Fp increased by 26 % compared to that of 3-h
control, which suggests a time-dependent effect of LND
treatment on Fp.

The observed higher mtFAD pool size and lower
mtNADH pool size following LND treatment indicate that
mitochondria partially lost their reducing capacity and redox
power. Since LND decreased the mtNADH pool size, the
treated cells had a compromised reducing capacity to
balance the effects of ROS. Decreased mitochondrial redox
capacity (mtRedoxCap) might indicate that the treated
cancer cells had a compromised capability to survive
therapeutic treatment. This is in line with the reported
effects of LND on sensitizing cancer to anti-tumor drugs.
LND treatment shifted DB-1 cells to a more oxidized state,
which might indicate more ROS, apoptosis, or suppressed
proliferation [51].

Diverse effects of DMSO have been reported, and even
very low doses of DMSO affect cells profoundly, ranging
from change of cell morphology, attachment, and viability,
as well as alteration in gene expression and protein content
and functionality [52-54]. In our study, DMSO was used as
a solvent for LND (and some other chemical agents such as
Rot and FCCP). With use of DMSO, we observed
immediate morphological changes. NADH levels were
significantly raised with 0.8 % of DMSO but 0.2 % DMSO
(the lowest level limited by LND solubility) did not have a
significant effect on the NADH level (p=0.8). Despite its
effects on cells, DMSO should not significantly affect the

main results of LND treatment in our experiments since
sham treatment using the same amount of DMSO was
applied to the control group. To confirm this, we also used
0.2 % DMSO and observed similar results of LND treatment
compared to 0.8 % DMSO (data not shown). However, 0.2 %
or lower is recommended for future redox imaging
experiments.

The Chance redox scanner is capable of scanning frozen
tissue immersed in liquid nitrogen and revealing treatment
effects of redox changes at various tissue depths. Previously,
we reported that ORI of deep tissue using the Chance redox
scanner [37, 38] was able to detect CHOP (Cyclophospha-
mide + Hydroxydoxorubicin + Oncovin + Prednisone)
treatment effects on lymphoma xenografts [25]. We ob-
served a significant decrease in global Fp content and a more
reduced redox state of lymphoma following CHOP treat-
ment. In this study, LND treatment decreased NADH
content and caused an opposite trend of change for the
mitochondrial redox state of melanoma with increased Fp
redox ratio, which are consistent with those obtained with
cells. Whether cancer cells become more reduced or more
oxidized upon drug exposure depends on how the drug
targets the cells. Tumors are complex with inter- and
intratumor heterogeneity and may respond differently to
different drugs and even to the same drug. Also different
drugs have different targets and mechanisms which may
involve different signaling/metabolic pathways. Therefore, it
appears to be difficult to have a unified redox response for
different treatments.

In this study, there is a significant increase in Fp level in
cultured cells after 3 h prolonged treatment, which was not
observed in the 45-min window. Similarly, we did not observe
a significant change of Fp in tumors treated for 45 min (3 h
treatment not performed) although Fp mean value of the treated
group was slightly higher than that of control group. It should
be noted that the microenvironment is very different between
2D culture and tissue. Stromal cells also likely play significant
roles. It would not be surprising even if there was a discrepancy
in Fp results between these two models.

It is known that intratumor heterogeneity contributes to
drug resistance [55, 56]. In this study, ORI of DB-1
xenografts revealed high levels of intratumor redox hetero-
geneity. Two distinct redox sub-populations have been
identified for both the control and treated melanomas. In
our previous publications, we have reported intratumor
redox heterogeneity and that two-subpopulation modeling
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of the redox ratio histogram could differentiate tumor
aggressiveness [18, 19], and differentiate between premalig-
nant and control pancreases [24]. Although with the current
study design, it is not possible to determine how individual
redox sub-populations were affected by LND, it is clear that
LND did not diminish the redox heterogeneity (no signifi-
cant difference in the mean values of the standard deviations
for all redox indices shown in Table 2). In the future, it
would be of interest to investigate how these redox
subpopulations respond to LND treatment specifically.

Conclusions

We demonstrated the utility of ORI for evaluating LND
effects on the redox state of human melanoma DB-1 cells at
both cellular and tissue levels. We found that, within a 45-
min treatment window, LND significantly decreased NADH
levels of both cultured cells and tumors without significantly
affecting Fp level. LND shifted cultured cells to a more
oxidized redox state; the Fp redox ratio of xenografts also
had a trend of increase. Three-hour prolonged treatment of
cell cultures had similar effects on NADH and the redox
ratio except that a significant increase of Fp was observed.
These results are consistent with the known activities of
LND. We also found for the first time that LND decreased
the mitochondrial reducing capacity and redox capacity
in vitro, which contributes to the current knowledge on the
action of LND. Our investigations support the utility of ORI
as metabolic biomarkers for early therapeutic effects of anti-
cancer drugs and for functional impairment in mitochondria.
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