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1 Introduction

The high variability in disease presentation and course is a hallmark of cancer [1], and 

intratumor heterogeneity or diversity has been associated with tumor progression/

aggressiveness [2–4]. It is therefore of great interest to reveal the characteristics in tumor 

heterogeneity in various aspects including structure, function, and genetics. For example, 

tissue oxygenations measured under clinical settings were more heterogeneous in tumors 

than in normal tissue, and the intertumor variability of tissue oxygenation was more 

pronounced than intratumor heterogeneity; furthermore, variations of pO2 measured by 

needle electrodes within breast tumors did not correlate with the measuring site (tumor 

center versus periphery) [5, 6].

Our previous work showed mitochondrial redox state and its heterogeneity in tumor tissue 

provide sensitive and potentially diagnosis-useful characteristics for differentiating among 

five human melanoma mouse xenografts and between two breast tumor mouse xenografts 

with different metastatic potentials [7, 8]. In those studies, the aggressive human cancer 

mouse xenografts have localized areas where higher Fp redox ratio, Fp/(Fp + NADH) exists 

(usually in their cores), resulting in a bi-modal distribution of Fp redox ratio in the histogram 

of a tumor section image. These results suggest that the redox state of the oxidized tumor 

core could be used to grade tumor aggressiveness of human melanoma and breast cancer. 

However, the tumors in those studies were only imaged for two to nine sections with various 

tissue depths less than ~4 mm.
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To aid our full understanding of the tumor redox state, it would be very informative to 

quantitatively reveal how mitochondrial redox state varies in 3D within an entire tumor. In 

the present study, we report our preliminary results of mapping intratumor heterogeneity in 

mitochondrial redox state at a high spatial resolution (50 μm in-plane resolution with a 

section thickness down to 20 μm achievable) of the entire tumor for three human breast 

cancer lines having ascending order of aggressiveness: MCF-7 < MDA-MB-468 ≤ 231? (see 

Discussion section).

2 Methods

Three human breast cancer xenografts MCF-7, MDA-MB-468, and MDA-MB-231 were 

allowed to grow to 6–10 mm in diameter. The tumor-bearing mice under anesthesia were 

snap-frozen with liquid nitrogen to maintain the in vivo mitochondrial redox state for the ex 
vivo redox scanning. The preparation of samples for redox scanning were previously 

described [8, 9]. Briefly, the excised frozen tumors were embedded with chilled mounting 

buffer (ethanol–glycerol–water in 10:30:60). Frozen reference standards (one for NADH and 

one for Fp with known concentrations) were quickly mounted adjacent to the tissue.

The low-temperature redox scanner [10–12] was employed to obtain multi-slice 

fluorescence images NADH and Fp. The tumor samples (N = 1 for each tumor line) were 

scanned section by section with a total of 11–14 sections per tumor at different depths (d) 

with 400 μm spacing. The scanning matrix was 64 × 64 with a step size of 200 μm. The 

nominal concentrations of NADH and Fp in tissue were interpreted using reference 

standards and used to calculate the Fp redox ratio, Fp/(NADH + Fp), representing the 

mitochondrial redox state.

3 Results

The results (typical ones are shown in Fig. 25.1) revealed that both aggressive tumor tissues 

(MDA-MB-231 and MDA-MB-468) displayed distinct heterogeneity in the distributions of 

NADH, Fp and Fp redox ratio in each section, with a localized area (usually tumor core) 

exhibiting much higher Fp redox ratio than other regions (usually tumor rim); the indolent 

MCF-7 tumor displayed a relatively less heterogeneous distribution in Fp, NADH, and Fp 

redox ratio in each section, with lower Fp redox ratios on average than those oxidized 

regions of aggressive tumors.

Figure 25.2 depicts the depth-dependence of the three redox indices in the three tumors. 

Table 25.1 presents the mean values of the redox indices. The heterogeneities between tumor 

sections are shown.

4 Discussion

As revealed in our previous studies, mitochondrial redox state in tumor tissue was associated 

with melanoma and breast tumor metastatic potentials [7, 8]. Imaging intratumor 

heterogeneity in mitochondrial redox state in tumor tissue may provide useful information 

for understanding tumor aggressiveness. This is the first study to reveal the 3D distribution 

of the mitochondrial redox state and Fp and NADH nominal concentration in an entire breast 
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tumor xenograft. This study allows the comparison among the redox images of three breast 

cancer xenografts with ascending aggressiveness MCF-7 < MDA-MB-468 < MDA-MB-231 

according to cancer literatures. Both MDA-MB-468 and MDA-MB-231 cells are triple-

negative cells [13–15] and they belong to aggressive tumors. Although MDA-MB-468 cells 

are not as aggressive as MDA-MB-231 cells as determined by the Boyden Chamber method 

[16, 17], under chemotaxis condition the MDA-MB-468 cells become much invasive [17]. 

Thus the result in this study is consistent with what we obtained in our previous studies: 

aggressive tumors exhibit more oxidized redox state in some tumor regions.

5 Conclusions

In this paper, we reported the preliminary results on 3D high-resolution mapping of 

mitochondrial redox state of three breast tumor xenografts MCF-7, MDA-MB-468, and 

MDA-MB-231 having ascending aggressiveness. Heterogeneity in mitochondrial redox state 

in entire tumors was revealed for the first time. The work is in progress to study more breast 

tumor xenografts and identify imaging biomarkers that may benefit basic research, clinical 

diagnosis, and therapy of breast cancer.
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Fig. 25.1. 
Typical images of redox scanning of the mouse xenografts of MCF-7 (top two rows, d = 

1,400 μm); MDA-MB-468 (middle two rows, d = 1,400 μm); MDA-MB-231 (bottom two 
rows, d = 3,600 μm) tumor lines. The Fp or NADH redox ratio ranges between 0 and 1; the 

Fp or NADH images are in the unit of μM in reference to the corresponding standards. The 

x-axes of the corresponding histograms represent the Fp redox ratio or concentration. The y-

axes represent the number of pixels in the tumor sections having a specific value of Fp redox 

ratio or concentration. The small round spots outside the tumor sections are the images of Fp 

or NADH reference standards. The image matrix was 64 × 64 with a resolution of 200 μm
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Fig. 25.2. 
Depth-dependent redox indices. The Fp redox ratios (a–c) and the Fp and NADH nominal 

concentrations in μM (d–e) at different depths of the three tumors: MCF-7, MDA-MB-468, 

and MDA-MB-231
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