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Abstract

The invasive/metastatic potential of cancer cells is an important factor in tumor progression. The 

redox ratios obtained from ratios of the endogenous fluorescent signals of NADH and FAD, can 

effectively respond to the alteration of cancer cells in its mitochondrial energy metabolism. It has 

been shown previously that the redox ratios may predict the metastatic potential of cancer mouse 

xenografts. In this report, we aimed to investigate the metabolic state represented by the redox 

ratios of cancer cells in vitro. Fluorescence microscopic imaging technology was used to observe 

the changes of the endogenous fluorescence signals of NADH and FAD in the energy metabolism 

pathways. We measured the redox ratios (FAD/NADH) of breast cancer cell lines MDA-MB-231, 

MDA-MB-468, MCF-7, and SKBR3. We found that the more invasive cancer cells have higher 
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FAD/NADH ratios, largely consistent with previous studies on breast cancer xenografts. 

Furthermore, by comparing the fluorescence signals of the breast cancer cells under different 

nutritional environments, including starvation and addition of glutamine, pyruvate and lactate, we 

found that the redox ratios still effectively distinguished the highly invasive MDA-MB-231 cells 

from less invasive MCF-7 cells. These preliminary data suggest that the redox ratio may 

potentially provide a new index to stratefy breast cancer with different degrees of aggressiveness, 

which could have significance for the diagnosis and treatment of breast cancer.
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1 Introduction

Although in the past few decades, the 5-year survival rate of breast cancer patient has 

increased significantly in the USA, about 23% of the surviving patients have a metastatic 

disease that will kill about 40,000 people each year [1,2]. It is estimated that 20–30% of 

patients with node-negative breast cancer will eventually develop a metastatic disease [3]. 

Thus, cancer metastasis is the key determinant of cancer prognosis. The invasion of 

surrounding tissue is the first step of the metastasis and the highly metastatic cancer cells 

generally have a higher invasive potential. Studying the invasive potential of cancer cells 

may help us understand cancer metastasis and develop methods to inhibit it and reduce the 

mortality rate of cancer patients.

NADH and FAD are two coenzymes with endogenous fluorescence and play key roles in the 

mitochondrial bioenergetics. NADH and FADH2 pass their hydrogen atoms to oxygen to 

generate ATP and water in the electron transport chain. NADH and FADH2 are oxidized to 

NAD+ and FAD, respectively. Chance et al. demonstrated that the redox ratio, calculated by 

the fluorescence intensities of NADH and FAD, could be used to represent the metabolic 

redox state of mitochondria [4, 5].

In this study, we used the endogenous fluorescence signals from NADH and FAD, to study 

the energy states of breast cancer cells. Previously, our group has used the low-temperature 

fluorescence imaging method, i.e., the Chance redox scanner, to study the metabolic state of 

the melanoma xenografts in nude mice [6]. It was found that the tumors with different 

degrees of metastatic potential exhibited different redox ratios and their normalized FAD 

redox ratios, FAD/(FAD+NADH), correlate positively with the increase of invasive potential 

of cell lines. It has also been found that MDA-MB-231 xenografts with a higher metastatic 

potential presented a more oxidized state in the localized tumor regions than MCF-7 

xenografts, which have a lower metastatic potential [7]. Based on these results, we aimed to 

investigate the correlation between the redox state and the invasive potential of cultured 

breast cancer cells in vitro. We also measured the redox state of breast cancer cell lines after 

adding nutrients (e.g. glucose, glutamine, pyruvate and lactate) to cell culture environment, 

in order to test whether cellular environment may affect the relationship between redox state 

and invasive potential.
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2 Methods

NADH and FAD fluorescence signals were obtained by DeltaVision Deconvolution 

Microscope System which has a xenon lamp as an excitation light source, a 12-bit CCD, and 

an objective of 40X/0.95 NA. The imaging system (except the eyepiece) is covered by a 

thermally controlled chamber to maintain the samples at 37 °C. The excitation wavelengths 

of NADH and FAD channels are 360/40 nm and 470/40 nm, respectively. The emission 

wavelengths of NADH and FAD channels are 455/50 nm and 520/40 nm, respectively. 

Typically for each cell culture dish, three to five fields of views (FOVs) were alternatively 

taken with an exposure time of 3 s for each channel. In order to decrease the fluorescence 

background, the culture medium RPMI 1640 was replaced with Live Cell Imaging Solution 

(LCIS, Life Technologies) 1 h before imaging. LCIS can keep cells healthy for up to 4 hours 

at ambient atmosphere and temperature. To make sure light exposure did not cause 

photobleaching in living cells, ten images were acquired consecutively at exposure time of 1 

s. The fluorescence intensity of the tenth image did not show a significant difference from 

that of the first image.

To validate that the fluorescence signals came from NADH and FAD, rotenone (a 

mitochondrial inhibitor) dissolved in DMSO was added to MCF-7 cells (final concentration 

10 μM, treatment time 5 min before imaging) to observe the responses of NADH and FAD 

signals in the presence of 10 mM glucose in the imaging solution. We also measured the 

redox ratios of four breast cancer cell lines (MDA-MB-231, MDA-MB-468, MCF-7, and 

SKBr3 cells). The microenvironmental changes of MDA-MB-231 and MCF-7 cells were 

achieved by adding no glucose to the media (starvation) or adding glutamine, lactate, or 

pyruvate (final concentration 20 mM for each nutrient in the presence of 10 mM glucose) 1 

h before imaging. The reference condition was 10 mM glucose in LCIS.

For data analysis, we calibrated the excitation light intensity according to the photosensor 

readings that was automatically recorded for each channel as the intensity of illumination on 

the samples. The FAD/ NADH ratio images were constructed from FAD and NADH images 

pixel by pixel. The background intensity of each channel was obtained from a randomly 

selected cell-free area. FAD and NADH intensities were calculated by first subtracting their 

background intensity, respectively, then thresholding at the three times of the standard 

deviation of the background. For individual FOVs, the mean values for both FAD and 

NADH were calculated, and the value of FAD/NADH was calculated by the FAD mean 

value divided by the NADH mean value. The FAD, NADH, and FAD/NADH were finally 

reported as averages across all FOVs. For the experiments where four lines were imaged, the 

MDA-MB-231 cancer cell line was used as a reference, and the mean values of FAD, 

NADH, and FAD/NADH of other cell lines were normalized by dividing the respective 

reference values of MAD-MB-231. The standard errors of the means (SEM) and the p-

values of Student’s t test were reported based on the number of FOVs.

3 Results

Figure 16.1 shows the effect of rotenone treatment on MCF-7 cells. Rotenone, as a 

mitochondrial inhibitor, can disrupt the electron transport chain in the mitochondria, and 
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lead to a decreased production of ATP and cell death. Since DMSO was used as the solvent 

for rotenone, we also studied its effects on the cellular metabolic states. From Fig. 16.1 we 

can see that, after adding 8 μl DMSO to the imaging solution (1 ml), NADH, FAD, and 

FAD/NADH did not present statistical differences from the controls (p > 0.05). The small 

dose of DMSO did not have a significant effect on cellular redox state. Compared with the 

control or DMSO group, the rotenone treatment group (DMSO&Rote) had a significantly 

decreased FAD, increased NADH, and decreased FAD/NADH. Therefore, we demonstrated 

that rotenone treatment did lead to an accumulation of NADH and a decrease of FAD, and 

the cellular redox state became more reduced. These results were consistent with the 

reported effects of rotenone on mitochondrial energy pathways.

The imaging results comparing four breast cancer cell lines are shown in Fig. 16.2. The FAD 

of the MDA-MB-468 cells had the lowest intensity and was significantly lower than that of 

the MDA-MB-231 cells (p < 0.001). FAD of the MDA-MB-231 cells was not statistically 

different from that of the MCF-7 cells or the SKBr3 cells. However, NADH signals showed 

a very different rank order from that of FAD signals. NADH signals of these four cell lines 

followed the rank order: MDA-MB-231 <MDA-MB -468<MCF-7<SKBr3. Therefore, FAD/

NADH ratio falls in the following rank order: MDA-MB-231>MDA-

MB-468>MCF-7>SKBr3. This rank order is identical to the order of the invasive potential 

measured by Boyden chamber method as reported in literature [8, 9], i.e., when the invasive 

potential is higher, the FAD/NADH ratio is also consistently higher.

From the above results, we postulated that metabolic fluorescence signals effectively 

differentiate between breast cancer cells with different invasive potential in the case of a 

sufficient supply of glucose (10 mM glucose in the imaging solution). When cells were 

under starvation, by comparing the MDA-MB-231 cells with higher invasive potential and 

MCF-7 cells with lower invasive potential, we still found significant differences in the 

metabolic fluorescence signals of two cell lines. Despite that redox ratio difference between 

the two lines was mitigated compared to the control condition with high glucose (Fig. 16.2), 

FAD/NADH of the more invasive MDA-MB-231 cells was significantly higher than that of 

the less invasive MCF-7 cells (Fig. 16.3). We came to the same conclusion for redox ratios 

when cells with glucose were additionally supplied with 20 mM glutamine, lactate, or 

pyruvate, respectively (Fig. 16.3). Therefore, even though the redox state was dependent on 

the nutrition supplies or micro-environmental conditions, the relative correlation between the 

redox ratio and invasive potential was maintained for these two breast tumor cell lines.

4 Discussions and Conclusions

In this study, the endogenous fluorescence signals of four breast cancer cell lines measured 

in vitro demonstrated a correlation between the higher redox ratios and their rank order of 

invasive potentials using reported results in the literature. We acknowledge that the rank 

order of invasive potential between some breast cancer lines (e.g. MCF7 vs. SKBR3) might 

not be consistent among the literature reports [8–11]. In our future study, we should measure 

the invasive potential of cancer cell lines via Boyden chamber and directly test the 

correlation between the invasiveness and redox ratios. Even though the redox states of the 

cancer cells changed when their microenvironments were changed, the endogenous 
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fluorescent metabolic signals still effectively distinguished between the highly invasive cells 

and the slightly invasive ones; furthermore, the positive correlation between the rank order 

of invasive potentials and the redox ratio was maintained. The results from this study are 

consistent with our previous results obtained with cancer mouse xenografts [5,6]. These 

results suggest the potential value of optical redox imaging for predicting tumor invasive/ 

metastatic potential in clinical practice so that physicians may tailor therapy based on redox 

indices. Indeed we have applied the method to imaging clinical specimens of breast cancer 

patients [12–14]. Work is in progress to test whether optical redox imaging indices have any 

prognostic values.

Lastly we note that our experiments did not measure and control the pH and pO2 in cell 

cultures, which may affect redox state as well. In the future we will investigate whether 

these factors will affect the correlation between the redox ratio and invasive potential of 

cancer cells.
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Fig. 16.1. 
The addition of rotenone to MCF-7 cells (number of FOVs = 6 from two dishes at one 

experimental session) results in an increase in NADH fluorescence, a decrease in FAD 

fluorescence, and a decrease in FAD/NADH ratio. Left Y-axis is for NADH and FAD, and 

the right Y-axis for FAD/NADH ratio. Bar height represents the mean and error bar 
represents the standard error (SE). Ctrl represents the control group. There was 10 mM 

glucose in the imaging solution as the basic supply of nutrient for each of the three groups. 

For the DMSO group, 8 μl DMSO was added into 1 ml imaging solution. DMSO&Rote 
represents the group in which 8 μl DMSO with rotenone was added into 1 ml imaging 

solution. The final concentration of rotenone was 10 μM
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Fig. 16.2. 
Normalized FAD, NADH, and FAD/NADH values of MDA-MB-231, MDA-MB-468, 

MCF-7, and SKBr3 breast cancer cell lines (three experiments at different days, duplicated 

dishes each time, with total number of FOVs = 24). There was 10 mM glucose in the 

imaging solutions of all groups. Bar height represents the mean and the error bar represents 

the SE
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Fig. 16.3. 
Comparison of FAD/NADH ratios of MDA-MB-231 and MCF-7 when the 

microenvironments were changed (three experiments at different days, duplicated dishes 

each time, with total number of FOVs = 24). Starvation indicates there was no nutrition in 

the media. Glc+Gln, Glc+Lac, and Glc+Pyr represent 10 mM glucose + 20 mM glutamine, 

10 mM glucose + 20 mM lactate, and 10 mM glucose + 20 mM pyruvate in the media, 

respectively
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