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Abstract

This article is dedicated to the memory of late Dr. Britton Chance who participated in the study with extraordinary scientific
enthusiasm at the age of 97.
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Drug treatment may alter the metabolism of cancer cells and may alter the mitochondrial redox
state. Using the redox scanner that collects the fluorescence signals from both the oxidized
flavoproteins (Fp) and the reduced form of nicotin-amide adenine dinucleotide (NADH) in snap-
frozen tumor tissues, we investigated the effects of chemotherapy on mouse xenografts of a human
diffuse large B-cell lymphoma cell line (DLCL2). The mice in the treatment group were treated
with CHOP - cyclophosphamide (C) + hydroxydoxorubicin (H) + Oncovin (O) + prednisone (P)
using the following regimen: CHO administration on day 1 followed by prednisone administration
on day 1-5. On day 5 the mitochondrial redox state of the treated group was slightly more reduced
than that of the control group (p = 0.049), and the Fp content of the treated group was significantly
decreased (p = 0.033).

33.1 Introduction

Lymphoma is the most common hematological cancer in the USA. It occurs in two forms,
Hodgkin’s disease (HD) and non-Hodgkin’s lymphoma (NHL), the latter being the fifth
most common cancer in the USA and far more common than HD. For decades, first line
standard therapy of NHL has consisted of 6-8 cycles of CHOP treatment [1, 2], where
cyclophosphamide is an alkylating agent that cross-links DNA, hydroxydoxorubicin
(doxorubicin or Adriamycin) intercalates between DNA bases and in coordination with iron
generates reactive oxygen species (ROS), Oncovin (vincristine) binds to tubulin to prevent
cells from duplicating, and prednisone is a corticosteroid. Our previous *H-MRS study of
DLCL2 xenografts in mice (models of diffuse large B-cell lymphoma [2], the most common
form of NHL) demonstrated a significant decrease in lactate in the tumor after one cycle of
CHOP chemotherapy, where the therapeutic effectiveness was based on tumor volume and
decreased proliferation rate measured by Ki67 staining [3].

Optical imaging has much higher spatial resolution than MRS and can detect changes in
metabolic heterogeneity following therapeutic intervention. Mitochondrial NADH is
intrinsically fluorescent and is the main source of reducing equivalents for the mitochondrial
respiratory chain. Mitochondrial metabolism is reflected in the redox state of the NAD
system, which is in tight equilibrium with the flavin system. The oxidized flavoproteins (Fp)
including FAD are also intrinsically fluorescent. Previously, we showed that fluorescence
imaging of the mitochondrial redox state was sensitive to metabolic alterations in tumors [4,
5] and tissue metaplasia [6] and that this method has the potential ability to detect
therapeutic effects on cellular metabolism. Here we present preliminary redox scanning
results on CHOP-treated DLCL2 xenografts.

33.2 Materials and Methods

As previously described [3], WSU-DLCL2 cells were subcutaneously inoculated in the
flanks of 5-7-week-old female nude mice to induce tumor xenografts. Tumor- bearing mice
were randomly chosen and divided into the treatment group and the control group. CHOP
treatment is as follows: cyclophosphamide, 40 mg/kg i.v., day 1; hydroxydoxorubicin, 3.3
mg/kg i.v., day 1; Oncovin, 0.5 mg/kg i.v., day 1; and prednisone, 0.2 mg/kg p.o., day 1-5.
Sham treatment (saline) was performed on the control group. All animal studies were
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performed in accordance with the guidelines of the University of Pennsylvania Institutional
Animal Care and Use Committee (IACUC).

Anesthetized tumor-bearing mice were snap-frozen in liquid N5 1 day after the last
treatment. The frozen tumors (three from the treated group and three from the control group)
were quickly removed from the mouse body with a handsaw and embedded in homemade
mounting media followed by redox scanning as previously described [5, 7]. The PC-
collected scanning data were analyzed with a customized MATLAB® program that uses the
reference standards to convert the intensity-based images into concentration-based images
and generates redox ratio images.

Each xenograft was scanned with three to five sections spacing 800-1,000 um with the first
section approximately starting at about 1,000-1,500 pum beneath the skin. Three tumors in
each group of a total of six tumors were scanned. The redox indices (Fp, NADH, and Fp
redox ratio, i.e., Fp/(Fp + NADH)) were averaged for each tissue section. Univariate
analysis was conducted on these redox indices using IBM SPSS Statistics (version 20) with
tissue depth as the covariate and p < 0.05 taken as statistically significant. Data were finally
reported as mean = standard error of mean (SEM).

33.3 Results

As shown in Table 33.1, after one cycle of CHOP administration, one tumor in the treated
group exhibited volume reduction, while the other two kept growing at a slower rate
compared to the control group. No significant changes were found in the tumor volume
between the two groups on either day 1 (treated 1,001 + 50 mms3 vs. control 1,204 + 728
mm3) or day 5 (treated 1,188 = 504 mm3 vs. control 1,671 + 1,025 mm3) nor is the volume
ratio of day 5 to day 1 significantly different between the two groups (p > 0.05).

The redox scanning results are summarized in Table 33.2. The Fp redox ratio, Fp/(NADH +
Fp) of treated group was 0.45 + 0.02, while that of the control group was 0.53 + 0.03,
indicating that the treatment caused the tumors to become slightly more reduced compared
to the control group (p = 0.049). The Fp content of the treated group was significantly
decreased (p = 0.033). No significant change was detected in NADH. The typical redox
images of the two groups are shown in Figs. 33.1 and 33.2. We did not detect significant
changes in the standard deviation of any of the redox indices (Fp redox ratio, Fp, and
NADH).

33.4 Discussions

Since mitochondria are targets of many anticancer drugs due to their central roles in cellular
energy metabolism and apoptotic signalling pathways [8, 9], they might also provide early
biomarkers for therapeutic response. Studies on therapeutic effects on mitochondria isolated
from human cancer cells showed that doxorubicin acts on DNA independent of microtubules
and does not induce the release of cytochrome ¢ even at very high dosage [10].
Investigations based on cell culture models revealed that short-term (<30 min) treatment
with doxorubicin rendered some human cancer cell lines more oxidized with respect to their
mitochondrial redox state (more Fp and less NADH) with a large amount of ROS
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production, whereas long-term (48 h) treatment induced cell cycle arrest and cell death [11].
On the other hand, as an antitubulin agent and one of the vinca alkaloids, vincristine is a
cell-cycle-specific drug that inhibits cell growth exclusively during metaphase by inhibiting
microtubule dynamics and assembly leading to cell cycle arrest [12—14]. Investigations also
showed that a substantial amount of tubulin inherently existed in the mitochondria with a
role in apoptosis via interaction with the permeability transition pore, whereas antitubulin
agents induce the release of cytochrome c from isolated mitochondria [15]. It was shown
that the apoptotic cells have significantly higher Fp redox ratios [16].

All these studies were performed in vitro on isolated mitochondria or cell culture. It is not
clear how the tissue mitochondrial redox state is modified by therapy under in vivo
condition.

Our previous MRS study showed that successive three cycles of CHOP treatment caused
decreased proliferation closely matched by the reduced lactate concentrations [3]. In this
study, we examined the therapeutic effect of CHOP on DLCL2 xenografts by mapping the
mitochondrial NADH and Fp fluorescent signals and thus the mitochondrial redox state of
the tumors across multiple tissue sections. Our preliminary results show that one 5-day cycle
of CHOP treatment causes these tumors to become slightly more reduced in their redox
state. As there has not been a calibration procedure available at the tissue level to determine
the exact mitochondrial redox state [17, 18], we can only speculate that these lymphomas
are likely to be mainly in either State 3 (active proliferation) or State 4 (at rest). State 2
under starvation is unlikely due to relatively uniformly strong NADH signals observed in the
majority of tumor regions. The decrease in Fp after treatment indicate suppression of
mitochondrial metabolism. This is further supported by increased PME/BNTP ratio [3] and
decreased BNTP concentration (CHOP 2.0 + 0.1 vs. sham 3.4 + 0.1 pmole/g wet weight,
unpublished data by SC Lee) after three cycles of CHOP treatment as measured by 31P-MRS
on tissue extracts. It appears that CHOP treatment may decrease both glycolysis and
mitochondrial metabolism in DLCL2 tumors. Although we are not certain about the exact
mechanism, this result is consistent with a significant decrease of cell proliferation index
Ki67 staining that was observable after one cycle of CHOP treatment [3].

Our previous metastatic potential studies of melanoma and breast cancer mouse models
indicated that aggressive tumors had more oxidized tumor cores, whereas indolent tumors
were relatively homogenous and less oxidized [4, 5]. Although the fluorescence intensity of
both NADH and Fp depends on cell density, it was shown that cell density changes between
the CHOP-treated and the control groups were insignificant [3]. Thus, decreased Fp content
and Fp redox ratio in CHOP-treated tumors should not be due to cell density differences,
and the treatment appeared to have induced a cellular metabolic change towards less
malignancy.

Individual differences in treatment response occur frequently. In the current study, one
tumor in the treated group exhibited a large reduction in volume and higher Fp redox ratio
compared to the other two. Additional histological investigations are needed to determine
whether one cycle of CHOP treatment induced apoptosis in this tumor.
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33.5 Conclusions

We report preliminary redox scanning data on CHOP treatment effects on DLCL2
xenografts. One cycle of treatment caused the tumors to become slightly more reduced in
their mitochondrial redox state. To our knowledge, this study is the first to explore the
therapeutic effect of CHOP on the mitochondrial redox state of lymphoma. We plan to
conduct more in-depth studies with a larger sample size and more cycles of treatment.
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Typical pseudo-color images of the redox indices (top row) and their corresponding
histograms (bottom row) of a tumor in CHOP-treated group (1,500 um under the skin). From
left to right: NADH nominal concentration (im), Fp nominal concentration (um), and the Fp
redox ratio (0-1). The mean value and SD are shown below the x-axes on each histogram.

Image resolution: 200 pm
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Fig. 33.2.
Typical pseudo-color redox images (top row) and their corresponding histograms of a tumor

in the control group (3,500 pm under the skin). Image resolution: 200 um
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Table 33.1

Tumor volume change

Mouse # V_ratio (day 5/day 1) Mouse# V_ratio (day 5/day 1)

Treated

444 1.32
446 1.9
448 0.37

Control

422 1.19
449 2.08
450 0.77

p (unpaired t-test) = 0.82
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Table 33.2

Redox indices + SEM averaged across tissue sections within each group

Ctrl CHOP-treated P-value

Fp redox ratio  0.53 £0.03 0.45+0.02 0.049
Fp (uM) 560 + 67 349 £ 60 0.033
NADH (uM) 446 + 48 403 +43 0.52
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