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Abstract

Background—We have demonstrated that soy isoflavones radiosensitize cancer cells. Prostate
cancer patients receiving radiotherapy (RT) and soy tablets had reduced radiation toxicity to
surrounding organs. We have now investigated the combination of soy with RT in lung cancer
(NSCLC), for which RT is limited by radiation-induced pneumonitis.

Methods—Human A549 NSCLC cells were injected i. v. in nude mice to generate lung tumor
nodules. Lung tumor-bearing mice were treated with left lung RT at 12 Gy and with oral soy
treatments at 1mg/day for 30 days. Lung tissues were processed for histology.

Results—Compared to lung tumor nodules treated with soy isoflavones or radiation, lung tissues
from mice treated with both modalities showed that soy isoflavones augmented radiation-induced
destruction of A549 lung tumor nodules leading to small residual tumor nodules containing
degenerating tumor cells with large vacuoles. Soy isoflavones decreased the hemorrhages,
inflammation and fibrosis caused by radiation in lung tissue, suggesting protection of normal lung
tissue.

Conclusions—Soy isoflavones augment destruction of A549 lung tumor nodules by radiation,
and also mitigate vascular damage, inflammation and fibrosis caused by radiation injury to normal
lung tissue. Soy could be used as a non-toxic complementary approach to improve RT in NSCLC.
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INTRODUCTION

Lung cancer is the second most common malignancy in both men and women in the USA
and the leading cause of death. It is estimated that over 215,000 people per year will be
diagnosed with lung cancer [1]. Approximately, 85% of lung cancers are classified as non-
small cell lung cancer (NSCLC), which includes squamous cell carcinoma, adenocarcinoma
and large cell carcinoma. A third of patients with newly diagnosed NSCLC present with
unresectable stage 111 locally advanced disease with an overall 5-year survival rate of 16%.
Locally advanced disease is currently treated by chemo-radiotherapy [2]. Several trials
showed that concurrent cisplatin chemotherapy with radiotherapy (RT) is superior to
sequential chemotherapy followed by RT or to RT alone; however the median survival is
only about 17 months [2]. The treatment success has been severely constrained by poor local
tumor control and radiation-induced injury to normal lung tissue. The early and late effects
of radiation on normal lung tissue cause pneumonitis which is due to a severe inflammatory
response to tissue damage [3, 4]. This condition leads to fibrosis and the formation of scar
tissue in the lungs that affect patient breathing and their quality of life [3, 4].

We have explored the use of soy isoflavones, which are plant estrogens extracted from soy
beans, as a complementary strategy to simultaneously increase radiation effectiveness on
lung tumors while reducing pneumonitis and fibrosis in the normal lung tissue. The rationale
for selecting soy isoflavones to combine with radiotherapy for NSCLC is based on our work
demonstrating that these compounds not only cause tumor cell apoptosis but also sensitize
cancer cells to radiation in human cancer cell lines including NSCLC, prostate and kidney
[5-9]. We have shown that the mechanisms of potentiation of radiotherapy by soy
isoflavones involve the inhibition of radiation-induced activation of survival signaling
pathways [5-9]. We have identified three molecular targets APE1/Ref-1, NF-kB and
HIF-1a, which are activated by tumor cells in their survival response to radiation but are
inhibited by soy isoflavones which leads to increased cell killing and tumor growth
inhibition [5-9]. APE1/Ref-1 is a protein involved in DNA repair and redox activation of
transcription factors including NF-xB and HIF-1a. Recent findings suggest that inhibition of
APE1/Ref-1 DNA repair activity by soy is involved in the mechanism by which soy inhibits
DNA repair and leads to greater radiation-induced cell killing in NSCLC cells [7].
Radiosensitization of tumors by soy isoflavones was also demonstrated in vivo in pre-
clinical orthotopic models of prostate cancer and renal cell carcinoma [6, 10-3].

Our goals for the current study are to evaluate the effect of soy isoflavones to modulate the
radiation response of both tumors and normal tissues in a mouse orthotopic model of
NSCLC. The attraction to investigate the role of natural soy isoflavones as radiosensitizers
and radioprotectors in NSCLC is based on their safety for human use, as demonstrated in
controlled clinical trials [14]. Furthermore, soy isoflavones can also act as anti-oxidants in
normal tissues thus protecting them from radiation-induced toxicity. This protective effect
was observed in our clinical trial for prostate cancer patients showing that soy isoflavone
pills, taken in conjunction with radiotherapy, reduced radiation toxicity resulting in
improved urinary, gastrointestinal and sexual functions [15]. We present now recent data
from pre-clinical animal studies demonstrating enhanced tumor eradication and normal lung
protection by soy isoflavones.

MATERIALS AND METHODS

Establishment of NSCLC lung tumor model

The human non-small cell lung carcinoma (NSCLC) A549 (purchased from ATCC) was
cultured in F-12K culture medium containing 7% heat-inactivated fetal bovine serum with
supplements. A549 cells, at 2x10° in 200 p1 HBSS, were injected i. v. in the tail vein of 5-6
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week old female Hsd Athymic Nude-Foxn1™ nu/nu nude mice (Harlan, Indianapolis, IN).
Mice were housed and handled under sterile conditions using sterilized shoebox cages and
micro-filter tops and supplied autoclaved food and water ad libitum. Our assigned animal
rooms have been declared pathogen free for the past several years. Any manipulations are
carried out using a BSL safety cabinet. Animal facilities are accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC). The animal
protocol was approved by Wayne State University Institutional Animal Care and Use
Committee (IACUC).

Soy Isoflavones—The soy isoflavones mixture G-4660 used is a pure extract of 98.16%
isoflavones from soybeans consisting of 83.3% genistein, 14.6% daidzein and 0.26%
glycitein (manufactured by Organic Technologies and obtained from NIH). The soy
isoflavones mixture was dissolved in 0.1 mol/L Na,CO3 and mixed with sesame seed oil at a
2:1 ratio just prior to treatment to facilitate gavage and avoid irritation of the esophagus by
Na,CO3 [10-13]. Mice were orally treated with 1mg per day of soy isoflavones (50 mg/kg
body weight/day) by gavage. Control mice received the vehicle alone and no effect on tumor
growth was observed in different tumor models [10-13].

Tumor-bearing lung irradiation

Three anesthetized mice, in jigs, were positioned under a 6.4 mm lead shield with 3 cut-outs
in an aluminum frame mounted on the X-ray machine to permit selective irradiation of the
left tumor-bearing lungs in 3 mice at a time, as previously described [16]. The radiation dose
to the lung and the scattered dose to areas of the mouse outside of the radiation field were
carefully monitored. To minimize backscattering of radiation, the bottom of the aluminum
frame that holds the jigs was hollowed out and the backplate of the jig was thinned to
1.6mm thickness. Under these conditions and the lead shielding, the X ray dose to the
shielded regions was reduced to 1% of the tumor dose. The dose rate was 101.0 cGy/min
and HVL was 2 mm Cu. Photon irradiation was performed at a dose of 12 Gy with a
Siemens Stabilipan X-ray set (Siemens Medical Systems, Inc) operated at 250 kV, 15 mA
with 1 mm copper filtration at a distance of 47.5 cm from the target.

Treatment of A549 Lung Tumor Nodules with Soy Isoflavones and Radiation

To monitor tumor establishment in the lungs of mice, preliminary kinetics experiments were
performed and mice were sacrificed at different time points after i. v. injection of A549
cells. Lungs were resected and processed for histological staining with H&E. Established
tumor nodules of about 100-300 um in diameter were detected by day 20 in the midst of the
lung tissue, therefore this time point was selected to initiate treatment with soy isoflavones.
In each experiment, 2 mice were killed at day 20 to validate the formation of tumor nodules.
On day 20, mice were pre-treated with 1mg/day oral soy isoflavones each day for 3 days.
Then, the left lung was selectively irradiated with 12 Gy. Soy treatment was continued on a
daily basis for 4 more weeks. To assess the therapeutic response of lung tumors to soy and
radiation, 6 mice per experimental group were treated. By day 49, the tumor nodules in
untreated lungs were very large up to 1200 um in diameter. Therefore this time point was
selected for termination of our experiment so that the tumor nodules in treatment groups
could be compared to those in control group prior to mouse death from tumor burden. This
experiment was repeated twice.

Lung tissue preparation for histology

At completion of experiments, mice were killed and the irradiated left lung and the non-
irradiated right lung were resected and processed separately for histology. The lungs were
fixed in 10% buffered formalin, embedded in paraffin and sectioned. Sections were stained

Radiother Oncol. Author manuscript; available in PMC 2012 November 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hillman et al.

Page 4

with hematoxylin-eosin (H&E) or with Masson-Trichome. Quantitation of histological
findings were performed by evaluation of lung tissues from 5 representative mice per
treatment group. Because only the left lung was irradiated, to differentiate between the
effects of radiation and soy, the left and right lung were analyzed separately using a Nikon
E-800 microscope. The number of nodules in each lobe was enumerated. Morphometric
measurements of each tumor nodule were performed using Image-ProPlus version 6.2
software (MediaCybernetics). The two largest diameters of each nodule were measured to
calculate the nodule surface area. The percent viable cells and degenerating giant tumor cells
as well as the extent of inflammatory infiltrates in tumor nodules were evaluated and scored.
The response of the normal lung tissue in left and right lung was analyzed separately. The
extent of inflammatory infiltrates and hemorrhages in the lung tissues was scored in H&E
stained slides. The extent of fibrosis was evaluated from Masson-Trichome stained slides.

Statistical analysis

RESULTS

For histological data analysis, differences in the number and size of tumor nodules among
the various treatments groups were analyzed by two-tailed unpaired Student’s t test.

Greater destruction of lung tumor nodules by soy isoflavones combined with radiation

By day 20, following A549 cell i. v. injection, lung tumor nodules were detected
histologically. Mice bearing established A549 lung tumors were either treated with vehicle
only (control), soy alone, left lung irradiation alone or with soy combined with left lung
irradiation. Soy was orally administered at 1 mg/day for 3 days on day 20-22 after cell
injection (Fig. 1). Then, the left lung was selectively irradiated with 12 Gy and soy treatment
was continued on a daily basis for 4 more weeks. Mice were killed on day 49 after cell
injection (Fig. 1). The irradiated left lung and the non-irradiated right lung were processed
separately for histology. In control untreated tumors, large tumor nodules were observed in
lung tissue sections and presented with morphological features of adenocarcinoma
consisting of large pleomorphic tumor cells, cytoplasmic vacuoles, large nuclei and
prominent nucleoli (Fig. 2A,B). Soy treatment caused the formation of giant abnormal
multinucleated tumor cells and a significant infiltration of inflammatory cells, comprising of
mostly lymphocytes in tumor nodules (Fig. 2C,D). Left lung irradiated tumor nodules were
smaller and showed marked degenerative changes in the cytoplasm (multiple vacuoles) and
nuclei of tumor cells with inflammatory infiltrates (Fig. 2E,F). In left lungs irradiated and
treated with soy, most mice had no detectable tumor nodules or only residual very small
nodules with degenerating tumor cells including large vacuoles (Fig. 2G,H). The right non-
irradiated lungs in these mice showed only changes induced by systemic soy treatment in
lung tumor nodules. These findings were reproduced in a second independent experiment.

A summary of quantitation of the main histological findings observed in lung tumor nodules
is presented in Table 1, comparing the left irradiated lung and the right non-irradiated lung
in mice treated with single modality soy isoflavones or radiation and both combined. The
number of tumor nodules was reduced by radiation and soy in the lungs. The size of the
tumor nodules was significantly smaller in the irradiated left lung (p<0.05) and was further
reduced by combination with soy isoflavones compared to mice treated with radiation or soy
only and to control mice (p<0.05). Tumor nodules treated with radiation and soy showed a
dramatic decrease in cell viability concomitant with an increase in degenerating giant tumor
cells (Table 1). These findings were also found in nodules treated with radiation or soy only
but at a lower degree. Radiation increased infiltration of inflammatory cells in tumor
nodules (Table 1). Tumor nodules from mice treated with soy isoflavones showed extensive
inflammatory infiltrates as observed in Fig. 2C and 2D.
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Beneficial effect of soy isoflavones on irradiated normal lung tissue

The lung tissue surrounding the tumor nodules was evaluated for changes induced by single
and combined treatments (Fig. 3). In control mice, the lung tissue showed normal lung
alveoli but also some areas of thick alveolar septae with interstitial fibrosis and hemorrhages
were observed in the vicinity of tumor nodules (Fig. 3A, 4A,B). Soy treatment alone caused
no changes in the morphology of the lung alveoli compared to control mice (Fig. 3B,C).
Radiation to the left lung caused a heavy infiltration of inflammatory cells (lymphocytes and
neutrophils) and fibrous tissue (Fig. 3D). Areas of extensive hemorrhages were observed
(Fig. 3E). The right non-irradiated lung showed normal morphology, as could be expected
(Fig. 3F), indicative of proper lead shielding from radiation. Following radiation to the left
lung combined with soy, the morphology of the lung tissue resembled normal alveoli (Fig.
3G, H), comparable to that seen in the right non-irradiated lung (Fig 3. I).

Masson Trichome staining for collagen was used to detect further radiation-induced fibrosis
(Fig. 4). In lung tissues from control mice, blue staining of collagen was seen around vessels
and bronchioles (Fig. 4A) and in vessels of tumor nodules (Fig. 4B). In soy-treated lung,
thinning of alveolar septa was observed with only scattered focal areas of thicker septae
stained by interstitial collagen staining (Fig. 4C,D). However, the irradiated left lung had
areas of extensive collagen staining, suggesting fibrotic tissue (Fig. 4E) and also showed
hemorrhages (Fig. 4F). Radiation caused thicker alveoli septae, more intense collagen
staining and thick perivascular collagen staining. In contrast, irradiated left lung treated with
soy showed only limited fibrosis and thin alveoli septae (Fig. 4G), and remaining
degenerating large tumor cells (Fig. 4H).

A summary of quantitation of the main histological findings in the normal lung tissue
surrounding the tumor nodules is presented in Table 2, comparing the left irradiated lung
and the right non-irradiated lung in mice treated with soy isoflavones or radiation as a single
modality and both combined. A dramatic infiltration of inflammatory cells and extensive
hemorrhages were observed in the irradiated left lung but not in the left lung treated with
radiation combined with soy (Table 2). The extent of fibrosis evaluated by Masson-
Trichome showed a strong increase of collagen staining in the alveoli septae of irradiated
lungs but only weak collagen staining in lungs treated with combined radiation and soy.
These findings were consistently reproduced.

DISCUSSION

Our pre-clinical and clinical studies, and others have shown that soy isoflavones are safe
natural compounds, which not only can act as anti-cancer agents, but also act as anti-
oxidants in normal tissues and protect them from treatment toxicity [reviewed in 9].
Moreover, we have demonstrated that soy isoflavones can act as radiosensitizers by
enhancing radiation-induced cell killing in various tumor cell lines in vitro and in orthotopic
pre-clinical models of prostate and kidney tumors in vivo [5-13]. Soy isoflavones could be
an ideal complementary approach for RT for NSCLC, with the potential to increase the
response of the tumor whilst simultaneously attenuating radiation-induced injury to normal
lung tissue.

In the current study, using a lung cancer pre-clinical orthotopic model in mice, we have
investigated the use of soy isoflavones as a new biological strategy to favorably modify
clinical responses to radiotherapy for NSCLC. A dose of 12 Gy X rays radiation was
selected based on previous rodent studies reporting a lethal dose (LDsg) of 11-15 Gy [17].
Radiation was administered only to the left lung to discriminate between the radiation effect
and the soy effect in the same mouse when given as single or combined modalities. Soy
induced aberrations in the morphology of tumor cells in A549 lung tumor nodules including
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the formation of multinucleated tumor giant cells. A significant inflammatory infiltrate was
observed in the tumor nodules. Radiation caused degenerative changes in the nuclei and
cytoplasm of tumor cells, including multiple vacuoles. Radiation also recruited
inflammatory cells into the tumors and lung tissue. The alterations induced by soy
isoflavones or radiation on lung tumors and their microenvironment were comparable to
those previously reported both in murine xenograft or syngeneic prostate tumors [10-12].
Following combination of systemic soy treatment with localized left lung irradiation in mice
bearing A549 lung tumor nodules, differential effects were observed on the left irradiated
lung compared to the right non-irradiated lung. In the left irradiated lung, very few residual
and small tumor nodules were detectable which consisted mainly of degenerating tumor
cells and large empty vacuoles whereas the right non-irradiated lung had tumor nodules with
aberrations consistent with the soy effect only, as could be expected. These data confirm that
soy augments the therapeutic effect of radiotherapy for lung tumors in a pre-clinical lung
tumor model. The effect of genistein/soy isoflavones in potentiating radiotherapy
administered to the tumor-bearing organ was also demonstrated in additional xenograft
models of prostate cancer and renal cancer [10,12,13]. In addition, we have shown that
genistein enhances the effect of tumor irradiation in a syngeneic model of RM-9 prostate
cancer in normal immunocompetent C57BL/6 mice [11]. Therefore, the radio-enhancement
mediated by soy isoflavones on the tumor is independent of the mouse strain or their
immune status, and is not associated with a T cell response as nude mice have defective
immature T cells.

In NSCLC patients, RT induced injury to normal lung tissue results in an inflammatory
process caused by damage to capillary endothelial and epithelial lung cells leading to
pneumonitis and fibrosis [3, 4]. Radiation-induced pneumonitis was also documented
following single dose or fractionated radiation by 2—4 months after radiation in
immunocompetent naive mice and rats not-bearing lung tumors [17-19]. End-points to
assess pneumonitis included measurement of DNA damage in lung cells by micronucleus
assay, macrophage activation, cytokine expression and lung function by measuring breating
rate [18,19]. In our studies, using athymic nude mice bearing A549 lung tumor nodules,
observations of the normal lung tissue surrounding tumor nodules showed effects of
radiation-induced injury as early as 4 weeks after radiation. We found that radiation caused
hemorrhages which are indicative of disruption of vessels in the lung tissue. A heavy
inflammatory infiltrate was also observed. These findings were previously documented in
normal immunocompetent mice and do not reflect a peculiar radiation response of lung
tissues from athymic T cell immunodeficient mice [20]. Using a syngeneic model of lung
tumor nodules generated by i. v. injection of the murine Renca renal adenocarcinoma in
immunocompetent Balb/c mice, we had previously demonstrated that left lung irradiation
with 8 Gy caused marked injury in the lung tissue as early as 7-15 days after irradiation
[20]. These effects included vascular damage resulting in multifocal hemorrhages and
inflammatory infiltration with mononuclear cells including macrophages that could be
reflective of early effects of radiation on the lung tissue [20]. Although nude mice have
defective immature T cells, they still have other functional cellular components of the
immune system including granulocytes, natural killer (NK) cells, B lymphocytes and
macrophages. These cells could all contribute to the inflammatory response induced by
radiation damage to the normal tissue and to the tumor cells that was observed in the human
Ab549/nude mouse xenograft model. Furthermore, Masson Trichome staining confirmed the
presence of fibrotic collagen tissue in the normal lung surrounding the tumor nodules that
could result from radiation-induced lung tissue damage. Interestingly, radiation injury in the
normal lung tissues was markedly reduced by combining RT with continuous soy
isoflavones treatment. Our data indicate that soy isoflavones decrease the hemorrhages,
inflammation and fibrosis caused by radiation in lung tissue, suggesting protection of normal
lung tissue. Previous studies performed in naive mice or rats also showed that pure genistein
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reduced the extent of fibrosis induced by radiation injury to lung tissue [18,19]. In these
studies, the findings of radioprotection by genistein seemed to be controversial and reported
partial protection of lung tissue, although a decrease in inflammatory cytokines, collagen
content, oxidative damage and fibrosis were documented [18,19]. We have shown that the
effects of a natural mixture of isoflavones extracted from soybeans are more potent and safer
than synthetized pure genistein [12,21]. Whether radioprotection is more effective with the
mixture of soy isoflavones than pure genistein remains to be clarified. Because our studies
were performed in mice bearing tumor nodules, it is conceivable that tumor cell damage
induced by radiation could influence the normal surrounding tissue response probably by
cytokine release from inflammatory cells recruited at the tumor site after initial radiation-
induced damage to the tumor cells and the tumor microenvironment including the
vasculature and stroma. Ongoing studies are addressing these issues in naive normal mice as
well as in athymic T cell immunodeficient mice bearing xenograft lung tumor nodules at
early and late time points after radiation. In addition, the effect of soy isoflavones on
hypoxia and inhibition of HIF-1a induction by radiation are under investigation in relation
to tissue radioprotection as HIF-1a activity in irradiated lungs was associated with radiation-
induced inflammation and fibrosis [8, 22].

The findings in the pre-clinical lung tumor model and previous radioprotection studies
discussed in this manuscript suggest that a complimentary approach could be applied to the
treatment of patients with unresectable stage 111 locally advanced NSCLC in which radiation
dose-limiting toxicity could be mitigated by the protective effects of soy isoflavones on
normal lung tissue. In particular, patients with already compromised lung functions, as
COPD in smokers, could particularly benefit from this complementary approach [3].
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Figure 1.

Treatment schedule of soy and radiation for established A549 lung tumors
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Lung Tumors

Figure 2. Histology of A549 lung tumors from mice treated with radiation and soy

A, B. Lung tumors from control mice showing a large tumor nodule composed of cells
arranged in clusters and nodular aggregates. The cells are large, pleomorphic with abundant
eosinophilic cytoplasm containing a few vacuoles. C, D. Lung tumors from soy-treated mice
showing tumor nodules (arrowheads) with many multinucleated tumor giant cells [G arrows]
infiltrated with inflammatory cells [IF arrows]. E, F. Lung tumors from radiation treated
mice showing small tumor nodules (arrowheads) consisting mostly of cells with
degenerative changes in the nuclei and cytoplasm with multiple large vacuoles [V arrows],
hemorrhages [H arrows] and scattered inflammatory infiltrates. G, H. Lung tumors from
radiation and soy treated mice showing very small residual tumor nodules (arrowheads)
consisting of degenerating giant tumor cells [G arrows] with large vacuoles [V arrows] and
few scattered lymphocytes.
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Lung Tissue

ST

| Radiation+Soy |
. Left_l.ung (Rad)

Figure 3. Histology of lung tissue from A549 lung tumor-bearing mice treated with radiation and
soy

A. Lung tissue from control mice showing normal lung alveoli. B, C. Lung tissue from left
and right lung from mice treated with soy showing no changes in the morphology of lung
alveoli compared to control mice. D, E. Irradiated left lung showing heavy infiltration of
inflammatory cells [IF arrows] consisting mostly of lymphocytes and a few neutrophils.
Fibrous tissue [F arrows] is observed in the midst of inflammatory infiltrates [IF arrows]. In
panel E areas of extensive hemorrhages [H arrows] with inflammatory infiltrates are
observed in irradiated lung tissue. F. Non-irradiated right lung from radiation (left lung)
treated mice showing normal lung tissue morphology. G, H. Irradiated left lung from mice
treated with left lung irradiation and systemic soy. The morphology of lung tissue resembles
normal alveoli as seen in control mice. . Right lung non-irradiated from mice treated with
left lung irradiation and systemic soy showing normal morphology of lung tissue. All
magnifications 40X.
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Masson Trichome-
Fibrosis Staining of Lung Tissu

Figure 4. Masson Trichome staining of fibrosis in A549 lung tumor-bearing mice treated with
radiation and soy

A. Lung tissue from control untreated mice showing typical blue staining of collagen lining
surrounding the basement membrane of vessels and bronchioles (arrows) but no staining in
lung alveoli. B. Tumor nodule from control untreated mice showing blue peripheral staining
of vessels. C, D. Lung tissue from soy treated mice with no significant collagen staining. E,
F. Lung tissue from irradiated left lung showing extensive fibrotic tissue staining and
hemorrhages (F). G, H. Lung tissue from irradiated left lung of mice treated with left lung
irradiation and systemic soy showing lung morphology and limited or no staining of fibrotic
tissue and remaining degenerative large tumor cells [arrowheads] with inflammatory
infiltrates (H). All magnifications 40X.
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