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1 Introduction

Cancer metabolism has been an active research area for developing biomarkers for cancer 

diagnosis and treatment response. Early studies have systematically investigated the glucose 

uptake and spatial distribution of glucose in breast cancer animal models using a enzymatic 

bioluminescent imaging assay [1]. Heterogeneity in glucose uptake was shown in tumor 

xenografts [1,2]. Our previous work [3, 4] revealed that the mitochondrial redox state of 

tumor tissue was a sensitive indicator of tumor aggressiveness and the more aggressive 

tumors have localized core regions with a more oxidized redox state. To understand the 

nature of the oxidized tumor core of the aggressive tumors, we performed both H&E and 

TUNEL assays. The H&E staining revealed that the cells in the tumor core appeared to be 

pinkish, indicative of necrosis. However, the TUNEL and DAPI staining for both melanoma 

[5] and breast tumor [4] indicated a low level of cell death. So what is the metabolic status of 

the cells in the tumor core?

To answer this question, one can measure tumor glucose metabolism simultaneously with 

the mitochondrial redox state. The mitochondrial redox state of tissue can be measured by 

using the low-temperature NADH/Fp fluorescence redox scanner [6, 7]. Both NADH and Fp 

including FAD are intrinsic fluorescent molecules in the electron transport chain. The Fp 

redox ratio represented by Fp/(NADH + Fp) is a sensitive indicator of mitochondrial redox 

state [8], and was linked to tumor metastatic potential as described in our previous work [3, 
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4]. FDG-PET provides information on glucose uptake/metabolism in cells and has been 

widely used for cancer diagnosis and staging because the abnormally high glucose uptake/

consumption is a well-established metabolic hallmark of cancer cells. However, FDG-PET 

cannot be used for such a purpose due to its relatively low spatial resolution (4–6 mm for 

humans and 1–2 mm for small animals). The typical size of a tumor core can be ~3 mm or 

less [3, 4].

Previously, Zheng and co-workers have utilized the high-resolution redox scanner 

(resolution down to 50 μm) in combination with a near-infrared fluorescence imaging agent 

Pyro-2DG to simultaneously image both the redox state and glucose uptake of tumors in 

animal models [9]. It was shown that Pyro-2DG was selectively accumulated in tumor cells 

via the glucose transporters. Their results showed that the glucose uptake correlated well 

with the reduced redox state in 9 L glioma [9] and c-MYC-induced mammary tumor on 

transgenic mouse [10]. It was also shown that Pyro-2DG did not affect the redox state of 

tumor tissue [9].

Based on these evaluations, we aimed to employ the same method to quantitatively image 

Pyro-2DG uptake simultaneously with the mitochondrial redox state in the breast cancer 

mouse xenografts. Knowing the metabolic status of the tumor xenografts may help to gain 

further insight into breast tumor aggressiveness and progression.

2 Methods

The animal protocol of this study was approved by the Institutional Animal Care and Use 

Committee of the University of Pennsylvania. MDA-MB-231 tumors were grown in athymic 

nude mice (NCr nu/nu from US National Cancer Institute) as previously described [4]. 

Pyro-2DG was administered to the mice through a tail vein at ~2.5 mg/kg after the mice 

were starved for 24 h followed by anesthetization. In approximately 2 h, the mice were snap-

frozen using liquid nitrogen to maintain the in vivo mitochondrial redox state for the ex vivo 

redox scanning. The preparation of samples for the redox scan were performed as previously 

described [4, 11]. Frozen reference standards (one NADH (1318 μM), one Fp (719 μM), and 

one pyro-2DG (21 μM)) were placed adjacent to the tissue for redox scanning.

Two MDA-MB-231 tumors (>10 mm in diameter and with an apparent necrotic center, 

average tumor volume = 989 mm3) were imaged under the following instrument setup. The 

Fp excitation and emission channel filters were 430 nm ± 25 nm and 525 nm ± 32 nm, 

respectively; the NADH ones were 360 nm ± 13 nm and 430 nm ± 25 nm, respectively; the 

pyro-2DG ones were 430 ± 28 nm and 670DF23 nm. Multi-slice fluorescence images of 

NADH, Fp, and pyro-2DG were obtained section by section with 400 μm spacing. The 

scanning matrix was 128 × 64 or 128 × 128 with a resolution of 200 μm.

Customized-matlab software was used to analyze the data and construct the images. The 

nominal concentrations of NADH, Fp, and pyro-2DG in tissue were interpreted using the 

reference standards. The nominal concentrations of NADH, Fp, and Pyro-2DG were used to 

calculate the redox ratios, i.e., Fp/(NADH + Fp) and NADH/(NADH + Fp), and normalized 

Pyro-2DG, i.e., Pyro-2DG/(NADH + Fp). Normalization of Pyro-2DG signals with respect 
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to NADH + Fp is to account for the cell or mitochondria density difference at different 

regions of tumors.

3 Results

Figure 26.1 shows the typical redox and Pyro-2DG images of the mouse xenografts of 

MDA-MB-231 tumor lines, where the NADH, Fp, and Pyro-2DG images are shown in their 

nominal concentrations. The aggressive MDA-MB-231 tumors clearly showed bimodal 

distribution of NADH and Fp redox ratios indicating a more oxidized tumor core [4].

The Pyro-2DG images also revealed heterogeneity in Pyro-2DG uptake. In the tumor rim, 

the pattern of Pyro-2DG uptake appears to correlate more with the NADH distribution. 

Interestingly, the oxidized tumor core (higher Fp redox ratio) also showed areas with 

significant Pyro-2DG uptake.

4 Discussion

Tumor heterogeneity has long been recognized and should be addressed in cancer diagnosis 

and treatment. From our preliminary imaging results the heterogeneity in glucose uptake and 

redox state was clearly seen at 200 μm spatial resolution, which demonstrates the advantage 

of using the redox scanner for tissue imaging. Much of the image details would have been 

lost had the resolution been on the order of 1 mm or above.

The normalized Pyro-2DG uptake (Pyro-2DG/(NADH + Fp)) image may better represent 

the cellular metabolic activity than Pyro-2DG uptake, because the cell density in the tumor 

core is significantly less than that in the rim, particularly for large tumors (diameter >10 

mm) as shown by the H&E staining of MDA-MB-231 tumor xenografts.

The typical Pyro-2DG images showed higher glucose uptake in the tumor rim and 

pronounce uptake in some regions of the tumor core, indicating that the cells in these regions 

are metabolically active. This is quite interesting and could be rather surprising as cells in 

the tumor core are often considered necrotic due to limited blood perfusion that usually 

happens for aggressive tumors in mouse xenografts [3, 12–14]. This result might support the 

notion that some cells in the core of aggressive tumor might be viable and in the redox state 

of State 3, where cells had sufficient nutrient resulting in rapid oxidative metabolism, instead 

of State 2, where cells were nutrient-starved [15–17]. We need to image more tumor samples 

to confirm the observation.

We recognize that the animal models here hardly resemble/represent the human tumors in 

the clinic. However, the animal models provide a research basis for us to understand the 

tumor metabolism and its roles in tumor progression and develop novel imaging methods/

markers that may be translatable into the clinic eventually.

5 Conclusions

In this paper we reported our preliminary imaging findings of simultaneous mapping of 

mitochondrial redox state and glucose uptake in aggressive human breast tumor xenografts 
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using the redox scanner. It was also observed that some areas in the oxidized core had 

significant Pyro-2DG uptake. Imaging the metabolic states of tumors with high spatial 

resolution is significant for cancer diagnosis and treatment, such as developing imaging 

biomarkers for tumor stratification and treatment design.
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Fig. 26.1. 
Typical mitochondrial redox state and Pyro-2DG uptake images and their corresponding 

histograms of a representative MDA-MB-231 tumor (the tumor section had no scar). The Fp 

redox ratio, NADH redox ratio, and normalized Pyro-2DG range between 0 and 1; the Fp, 

NADH, and Pyro-2DG images are in the unit of μM in reference to the corresponding 

standards. The mean values and the corresponding standard deviations of these indices are 

also shown on the x-axes of the histograms. The y-axes represent the number of pixels in the 

tumor section having a specific value of the indices shown by the x-axes of the histograms
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