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Abstract

Background/Aim: To determine whether Gramicidin S (GS)-nitroxide, JP4–039, esophageal 

radiation protection protected lung tumors in a transgenic model, LoxP-Stoop-LoxP Kristen Rat 

Sarcoma Viral oncogene (LSL-K-RAS) mice were administered intra-tracheal-Carbapenem-

resistant Enterobacteriaceae (CRE) recombinase, bilateral lung tumors were confirmed at 11 

weeks, then thoracic irradiation was delivered.

Materials and Methods: Mice received single-fraction 15 Gy or 24 Gy to both lungs, in 

subgroups receiving intraesophageal administration 10 min before irradiation of JP4–039 (in F15 

emulsion) tumor size reduction and survival were investigated. Mice were followed for survival, 

and reduction in tumor size.

Results: There was no evidence of tumor radioprotection in mice receiving JP4–039/F15.

Conclusion: Intraesophageal radioprotective small-molecule antioxidant therapy protects normal 

tissue but not tumor tissue in mice with transgenic lung tumors.
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A major complication of clinical radiotherapy of lung cancer is damage to normal tissues in 

the surrounding target volume. In particular, radiotherapy of non-small cell lung carcinoma 

is associated with significant esophagitis, which may be doselimiting, and can result in 

esophageal stricture in survivors. Animal models of lung cancer have facilitated the search 

for new radioprotector drugs (1–5). Local administration of both manganese superoxide 

dismutase-plasmid liposome (MnSOD-PL) gene therapy (6–28) and the small molecule GS-
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nitroxide conjugate JP4–039 (29–33) has been demonstrated to selectively protect the 

esophagus with no significant tumor radioprotection in orthotopic tumor models (16, 18, 20, 

34). Intraesophageal administration of MnSOD-PL in mice with orthotopic Lewis lung 

carcinomas at the carina has been shown to reduce irradiation-induced esophagitis with no 

significant reduction in survival due to increase in tumor size (20, 34). In other experiments, 

single or multiple administrations of MnSOD-PL to the oral cavity during head and neck 

irradiation of mice with orthotopic squamous cell carcinoma in the floor of the mouth 

demonstrated no significant tumor radioprotection (16, 35). Recently, a small molecule GS-

nitroxide has been reported to provide significant local tissue radioprotection when 

administered in a novel F15 lipid emulsion (32). Fluorochrome-labeled JP4–039-BODIPY 

has been demonstrated to target mitochondria of cells in vitro (4), supporting its proposed 

mechanism of action (33).

In the present studies, we tested the effect of intraesophageal administration of JP4–039/F15 

in a model of transgenic lung carcinoma. LSL-K-RAS mice were administered 

intraesophageal CRE-recombinase, which has been shown to induce multi-focal bilateral 

lung tumors in the subsequent 11–15 weeks (36). Mice with established bilateral tumors 

received single-fraction whole-lung irradiation with the goal of providing tumor size 

reduction and long-term local control. In subgroups of mice that received intraesophageal 

administration of JP4–039/F15, we compared tumor size reduction by irradiation and 

survival. We sought to determine whether the known esophageal radioprotection mediated 

by JP4–039 (32) would also provide tumor radioprotection, and lead to more rapid death 

from faster tumor growth.

Materials and Methods

LSL-K-RAS transgenic tumor model.

LSL-K-RAS mice and control LSL mice (3, 37–40) were obtained from McGarry Houghton 

(36) and housed four per cage according to the University of Pittsburgh Institutional Animal 

Care and Use Committee (IACUC) regulations. Mice were fed standard laboratory chow. At 

ages of six to eight weeks, male and female mice were administered intratracheal CRE-

recombinase according to published methods (36). Mice were followed for 11–14 weeks and 

at serial time points, representative animals were examined for the appearance of bilateral 

lung tumors. At the time when lung tumors of measurable size in all mice were detected, 

subgroups of 8 mice were randomized to receive radioprotective esophageal therapy prior to 

whole-lung irradiation.

Administration of JP4–039 in F15 emulsion.

The GS-nitroxide conjugate, JP4–039 (33), in F15 liposome emulsion (100 μl containing 

400 μg drug/mouse) was administered orally prior to irradiation as published elsewhere (32).

Mouse lung irradiation.

Adult mice with bilateral CRE-recombinase-induced tumors, received single fraction 15 Gy 

or 24 Gy total-lung irradiation according to published methods (7). The head, neck, and 

lower body were shielded so that only the lung received irradiation (32). Mice were treated 
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on a 6 MV linear accelerator (Varian Corporation, Palo Alto, CA, USA) according to 

published methods (32). Mice were followed-up for survival. When animals became 

moribund or lethargic, they were sacrificed.

Lung histopathology and evaluation of tumor size.

Mice dying of extension of lung cancer, radiation-associated morbidity, or at the end of the 

experiment at day 110 were sacrificed. The lungs were expanded with Optimal Cutting 

Temperature (OCT), excised, frozen, sectioned and hematoxylin and eosin (H&E)-stained 

lung sections were examined for the percentage of lung containing tumor. Histopathological 

evaluation of both lungs was carried out in serial sections from each animal. Ten sections of 

each lung were analyzed and the percentage of lung replaced by tumor was calculated. 

Histopathological findings of acute or late radiation toxicity in the lungs were documented 

as published (34).

Statistics.

Kaplan−Meier survival curves were plotted for each of the four treatment groups (namely, 

unirradiated control group; 19 Gy upper body irradiation only; F15 intraesophageal 

administration prior to irradiation; and intraesophageal JP4–039/F15 prior to irradiation). 

Comparison between any two groups was carried with the two-sided log-rank test. In the 

tumor growth study, sections of each lung were analyzed descriptively, where the percentage 

of lung replaced by tumor was calculated.

Results

CRE-recombinase induced bilateral lung cancers in LSL-K-RAS mice.

Mice treated with CRE-recombinase intra-nasal injection as described in the methods and as 

published elsewhere (36) were followed for 11–17 weeks and at serial times examined for 

the presence of bilateral lung cancer. Figure 1A shows the histological appearance of 

representative bilateral lung tumors in mice receiving intra-nasal CRE-recombinase. Lung 

tumors were evaluated histopathologically and diagnosed as either adenomas or squamous 

cell carcinomas. These results confirm and extend those of previous publications using the 

CRE-recombinase model for induction of bilateral transgenic lung cancer (3, 36–40).

Intraesophageal absorption of JP4–039/F15 provides esophageal radiation protection with 
no detectable tumor protection.

Mice receiving intraesophageal JP4–039/F15 were irradiated to 15 Gy to the thoracic cavity. 

One group of control mice received 15 Gy irradiation with no prior JP4–039/F15. Another 

control group received F15-alone intraesophageal administration with no irradiation. As 

shown in Figure 1B at seven days after 15 Gy thoracic irradiation, tumor size was reduced 

by irradiation with no tumor protective effects (size increase) by JP4–039/F15.

In a second experiment, we observed mice for 110 days. As shown in Figure 2, a higher lung 

irradiation dose of 24 Gy resulted in a longer survival of mice to 50 days. There were no 

early deaths. Subgroups of animals receiving intraesophageal F15 emulsion alone prior to 24 

Gy showed no deaths until 60 days. Those receiving JP4–039/F15 prior to irradiation 
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showed no deaths until 50 days. The results demonstrated no significant decrease in survival 

in mice receiving intraesophageal radioprotective JP4–039/F15.

The survival curve of mice with lung tumors not receiving irradiation demonstrated no late 

deaths from lung cancer after day 10, suggesting tumor regression in a sub-population of 

tumor-bearing mice (Figure 2).

Histological evidence of spontaneous tumor regression in mice surviving beyond 10 days.

Surviving LSL-K-RAS mice that had been injected with CRE-recombinase were analyzed at 

day 110 for histopathological evaluation of lung tissue. Mice dying at earlier time points 

were also analyzed. The gross appearance of the lungs from five representative mice at 110 

days showed no evidence of tumor (Figure 3). Two sections from each of the representative 

mice are shown in Figure 3. Two mice (Figure 3 A and B) showed normal lung architecture, 

while others (Figure 3 C and E) showed some peri-alveolar bronchial infiltrates of 

inflammatory cells. H&E-stained frozen sections were examined for evidence of tumor 

(adenoma or adenocarcinomas). No tumors were observed in any of 690 lung sections 

examined in all dying mice or those sacrificed after day 10. All observed lesions of 

inflammatory infiltrates were within normal limits for LSL mice at 110 days of age. 

Inflammatory foci (infiltrates) were observed around some airways (Figure 3 C-E) and 

vessels were considered normal and unrelated to any tumor or disease.

The survival of non-irradiated control tumor-bearing mice beyond 10 days after detection of 

bilateral lung tumors suggested spontaneous resolution of these CRE-recombinase-induced 

lung cancers. Histopathological evaluation was carried-out in mice in all groups. There were 

no differences in lung morphology detected in the JP4–039/F15-or F15-treated groups when 

compared to the irradiated control group.

Discussion

The present results confirm and extend prior reports demonstrating the effect of esophageal 

radioprotection by swallowed JP4–039/F15 (32), now in another (LSL) mouse strain. In 

previous studies, C57BL/6NHsd mice received total-lung irradiation preceded by 

intraesophageal JP4–039/F15. There was a significant decrease in irradiation-induced 

esophagitis with higher doses of irradiation using JP4–039/F15 and decrease in early death 

with no significant morbidity of other tissues. Furthermore, there was no evidence of drug 

uptake in organs outside the oral cavity/esophagus, confirming and extending other 

publications demonstrating the safety of a local administration of radioprotective GS-

nitroxide conjugates (32).

A new finding of the present experiments was the long-term survival of 70% of control non-

irradiated mice with bilateral CRE-recombinase-induced tumors. Prior publications 

indicated that some of the tumors in CRE-recombinase-treated mice are not squamous cell 

carcinomas, but represent adenomas or benign lung tumors (3, 37–41). In the present 

studies, careful histological evaluation of lungs in long-term surviving mice demonstrated no 

evidence of tumors, not only in irradiated or JP4–039/F15 treated then irradiated groups, but 

also in control unirradiated groups. These results are consistent with the interpretation that 
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some bilateral lung tumors in LSL-K-RAS, CRE-recombinase induced K-RAS transgenic 

mice are benign tumors and not associated with progression, invasion, or metastasis. The 

results suggest caution in using this CRE-recombinase-induced transgenic lung cancer 

model for studies of the therapy of aggressive rather than limitedstage lung cancers and 

suggest the need for use of another model, which includes a mutant p53 allele (41).

There has been controversy over the use of orthotopic tumors in mice for cancer therapy 

experiments rather than mice with transgenic cancer. Orthotopic tumor models have been 

criticized as unrealistic and not representative of true lung cancer in that they have been 

established by transplantation of documented tumor cell lines, including those removed from 

chemical carcinogen-or virally-induced established lung cancer (16, 18, 20, 34). In 

particular, the Lewis lung carcinoma model, which has been a mainstay of orthotopic tumor 

experiments for lung cancer, has been shown to produce locally invasive and metastatic lung 

cancer (34), but suffers as a model system as it is not representative of spontaneous lung 

cancer. Other models of orthotopic head and neck cancer have also been utilized for studies 

of normal tissue radioprotection (16), and similar criticism has been levied at the use of 

orthotopic squamous cell transplantation of established tumor cell lines in the floor of the 

mouth as a representative model system for head and neck cancer.

An alternative to the use of orthotopic tumor models is the transgenic tumor model. The 

LSL-K-RAS and C57BL/6-K-RAS models have been used as being representative of 

spontaneous true transgenic tumors and have been suggested as being more valuable (36), 

reproducible, and efficient for studies of tumor biology. Several transgenic models of lung 

carcinoma have included the hepatocyte growth factor (HGF) transgenic model (40) or 

spontaneous lung tumors arising in specific mouse strains.

In the present studies, we tested the LSL-K-RAS model as a system in which to document 

the effectiveness of radioprotective small-molecule therapy for the esophagus in a setting of 

true spontaneous tumors. The present results demonstrate the reproducible induction of 

bilateral transgenic lung tumors in LSL-K-RAS mice treated with intratracheal CRE-

recombinase. However, 70% of these tumors spontaneously regressed in non-irradiated, non-

drug-treated mice in the control group. Upon histopathological examination, no lung 

carcinomas were detected 110 days past the time-point when tumors were originally 

induced. In contrast, in orthotopic tumor-bearing mice, all would have died from progressive 

or metastatic cancer by this time point (16, 18, 20, 34). Further studies are required to 

identify an appropriate transgenic mouse model for high frequency detectable and 

reproducibly fatal lung carcinomas.

At present, orthotopic tumor models of localized yet progressive and fatal lung cancer may 

be more appropriate for evaluating the safety of intraesophageal radioprotective therapies in 

a setting in which all control non-irradiated mice would be expected to die of progressive 

lung cancer.
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Figure 1. 
Intraesophageal swallow of JP4–039/F15 (100 μl containing 4 mg/ml drug) protects 

esophagus but not transgenic LSL-K-RAS_induced lung cancers from therapeutic 

irradiation. LSL-K-RAS male mice were injected intranasally with adeno CRE-recombinase 

as published (84). Fourteen weeks later the mice were treated with: intraesophageal F15 

alone, JP4–039/F15, or no drug, then 15 Gy to the thoracic cavity. Seven days later, the mice 

were sacrificed, lungs expanded with OCT, excised, frozen in OCT, sectioned, and H&E-

stained. The lungs were examined for the percentage of lung containing tumor. Each lung 

lobe was scored in 10 sagittal sections: A: Representative lung from tumor-bearing mouse 

(left), after irradiation at day 7 (middle), and at day 14 (right) each group (×4). B: 

Quantitation: JP4–039 + 15 Gy or 15 Gy-alone significantly reduced the percentage of lung 

tumor. Swallowed JP4–039 did not reduce the therapeutic effect of 15 Gy.
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Figure 2. 
Effect of intra-oral JP4–039/F15 on thoracic irradiation of LSL-K-RAS tumor-bearing mice. 

Four groups of LSL-K-RAS mice (n=7 per group) were intra-nasally administered adeno-

CRE recombinase (5×106 Plaque-forming unit (PFU)). Fourteen weeks later, the mice were 

randomly assigned to one of four treatments: 0 Gy, 24 Gy, F15 (100 μl) + 24 Gy, or JP4–

039/F15 + 24 Gy (400 μg in 100 μl). Drug was administered 15 minutes before irradiation. 

Mice were irradiated to 24 Gy to the pulmonary cavity. The remainder of the head and neck 

and abdomen was shielded to preserve bone marrow and intestine. Mice were followed for 
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detection of difficulty in breathing, which was an indication of tumor growth or development 

of irradiation pulmonary toxicity. All surviving mice were sacrificed at 110 days after 

irradiation, the lungs removed, and examined for residual tumor areas. No residual tumors 

were detected in any mice, including unirradiated controls. There was no significant 

difference in survival between irradiated groups determined using a log-rank statistical test 

with p-values comparing different treatment groups to the 0 Gy group. There was also no 

significant difference between irradiation groups.
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Figure 3. 
Lack of detectable residual lung tumors 110 days post-24 Gy thoracic irradiation. Lungs of 

five representative transgenic tumor-bearing mice show lack of detectable residual tumor 

110 days post-24 Gy thoracic irradiation. Representative H&E-stained sections from two 

mice (A, B) with no residual tumor, or with peribronchial inflammatory cell infiltration (C-

E) (×10).
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