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Abstract
Cancer patients often have subclinical vitamin A deficiencies and low vitamin A lung levels.
Previous studies showed that subclinical vitamin A deficiency increased the severity of
pneumonitis induced by whole-lung irradiation in rats. Many studies have shown that lung
irradiation increases the number of lung tumors developing from intravenously injected tumor
cells in mice. We examined the impact of vitamin A deficiency on the development of lung
metastases from a highly metastatic syngeneic rat rhabdomyosarcoma in normal rats and rats
receiving prior lung irradiation. Weanling female WAGrijY rats were randomized to receive either
a diet lacking both vitamin A and beta-carotene or a control diet. After five weeks, the deficient
diet significantly decreased levels of retinol in the lung and liver but not in the serum, modeling
the tissue and blood levels seen in prior studies of patients with subclinical vitamin A inadequacy.
The vitamin A-deficient diet did not alter the number of lung tumors developing from
intravenously injected tumor cells in unirradiated rats. Whole-lung irradiation produced dose-
dependent increases in the number of lung tumors developing from tumor cells injected
intravenously one or 29 d after irradiation. Vitamin A deficiency did not alter these dose–response
curves, indicating that the more intense radiation-induced pneumonitis seen previously in vitamin
A-deficient rats did not alter the enhancement of metastases produced by whole-lung irradiation.
Moreover, inadequate vitamin A intake did not influence the growth of tumors implanted
subcutaneously or increase the number or size of the spontaneous lung metastases developing
from these subcutaneous tumors. Thus, although low vitamin A status influences the development
of lung injury and is considered a possible modifiable risk factor increasing risk of primary cancer,
it did not affect the growth of subcutaneous tumors or increase the development of artificial or
spontaneous lung metastases in this rat model.
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Introduction
Approximately 65% of all cancer patients receive radiation therapy with curative or
palliative intent. As with all cancer therapies, the intensity of radiotherapy is limited by the
toxicity of the treatment to normal tissues. For patients with malignancies in or on the thorax
or chest, such as breast cancers, lung cancers, carcinomas of the upper gastrointestinal tract
or Hodgkin’s disease, some lung tissue will be irradiated and injury to the lung can be the
dose-limiting side-effect of radiotherapy.1–3 Radiation injury to lung occurs in two phases: a
phase of inflammatory radiation pneumonitis, which occurs a few weeks to months after
irradiation, and a later progressive fibrotic process that can develop months to years after
either clinical or subclinical radiation pneumonitis. In addition, irradiation of the lung causes
rapid changes in the vasculature within the lung, leading to changes in blood flow and
circulation, as well as rapid changes in the immune components within the lung.4–6 These
can increase the number of tumor nodules developing from intravenously injected tumor
cells in mice and rats. The number of lung tumors developing from injection of a constant
number of intravenously injected tumor cells increases with the radiation dose given
previously to the lungs, and also varies with the time between irradiation and injection of the
tumor cells.4–12 These data have raised concerns that irradiation of lung tissue in cancer
patients, who may have circulating tumor cells, may increase the probability that these
circulating tumor cells will lodge in the lungs and grow to produce macroscopic metastases.

Vitamin A and its analogs, the retinoids, are potent regulators of epithelial proliferation and
differentiation.13 – 15 In rodents, vitamin A deficiency increases susceptibility to lung
infection and increases lung toxicity from agents such as ozone.16,17 In humans, low vitamin
A intake and/ or reduced serum retinol levels, common in developing countries, are
associated with increased risk of infection, reduced night vision, anemia, reduced lung
function and risk of injury from environmental agents such as asbestos.16,18 – 20 The
prevalence of the milder, subclinical vitamin A nutritional deficits seen in developed
countries is unclear, as serum retinol levels are not a good predictor of tissue stores. A
number of studies suggest that subclinical vitamin A deficiency or suboptimal vitamin A
nutritional status may be common, especially in certain patient populations, including
patients with chronic liver disease, obesity, postbariatric surgery, the elderly and those who
avoid liver products and vitamin A-supplemented foods.21 – 28 Redlich and her
collaborators29 found surprisingly low levels of vitamin A in lung tissues from patients
undergoing thoracotomy and lung resection.

These data suggested that altered vitamin A status could modify radiation-induced lung
injury. To test that hypothesis, we undertook a series of studies examining the effect of
altered vitamin A intake on radiation pneumonitis in RAG/rijY rats. In those studies,
reported previously,30 we found that a normal diet for laboratory rats, which is rich in
vitamin A, decreased the severity of radiation-induced pneumonitis after thoracic irradiation
over that seen in rats fed a deficient diet that produced a subclinical vitamin A deficiency
and resulted in low retinol lung levels and liver stores. Those studies suggested that a diet
adequate in vitamin A, or supplementation of the diets of those patients with inadequate
vitamin A intake, might be of value in reducing lung injury from radiation therapy.

The studies presented here were undertaken to follow-up on our past studies of radiation
injury to the lung30–33 and to further assess their implications for patients receiving
radiotherapy, by assessing whether inadequate levels of vitamin A would alter the ability of
tumor cells to colonize and grow in the irradiated or unirradiated lungs of syngeneic rats.
We examined the effect of vitamin A intake on the number and size of the lung tumors
developing after intravenous injection of tumor cells and on the increase in lung metastases
induced by prior whole-lung irradiation. We also examined the effect of dietary vitamin A
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intake on the formation of spontaneous lung metastases from primary tumors implanted
subcutaneously on the flanks of rats.

Materials and methods
Animals and animal care

All experiments were performed with female WAG/rijY rats, which were bred and raised to
weaning in our breeding colony at Yale under specific pathogen free conditions. WAG/rijY
rats were selected for these studies because previous studies from our laboratories had
delineated the time course, characteristics and dose–response curve for the development of
radiation pneumonitis in RAG/rijY rats and had demonstrated that low vitamin A intake
increased the severity of radiation pneumonitis after wholelung irradiation.30 – 32 Female
rats were used throughout the experiments presented here. Male WAG/rij rats grow more
rapidly than females and would have been much larger at the time of irradiation, resulting in
differences in radiation dosimetry and irradiation procedures that would have complicated
the experiments if rats of both sexes had been used. In addition, the thicker tail skin and the
scars on the tails from the bite injuries resulting from the dominance fighting common
among group-housed male rats make it more difficult to perform quantitative intravenous
injections on male rats than on females. The use of female rats throughout the project
therefore reduced the potential sources of experimental variability. The radiation response of
the lungs is similar in male and female rodents, and in male and female cancer patients.1–3

All rats were ear tagged at weaning so that they could be monitored individually throughout
the experiments. Littermates were assigned to control and vitamin A-deficient groups at
weaning and studied simultaneously to minimize experimental variability. Littermates on the
deficient and control diets were then assigned to different unirradiated or irradiated groups
and treated as described below. Because the age of the rats at the start of the treatment was
critical, the data within each set of studies represent a compilation of data for sets of
littermates on the vitamin A-deficient and control diets, entered into the experiment at
weaning (3 weeks of age) at different times over a period of 3–5 months.

Before weaning, mother rats and their weanlings had access to standard autoclaved breeder
chow containing 80,000 unit/kg vitamin A (Prolab R-M-H 35000, Agway, Syracuse, NY,
USA). At the time of weaning (three weeks of age), the young rats were randomly assigned
to receive one of two experimental diets from ICN Biomedical (Aurora, OH, USA): either a
control diet that contained 80,000 units of vitamin A/kg diet and 0.0054 gm beta-carotene/
kg diet or a deficient diet lacking vitamin A and betacarotene (Table 1). Rats remained on
the assigned diet for the duration of the experiment (5–13 weeks).

All experimental protocols were reviewed and approved by the Yale Institutional Animal
Care and Use Committee and all experiments were performed in full compliance with
institutional and governmental policies and regulations. Animals were cared for by the
husbandry and veterinary care staff of the Yale Animal Resource Center, which is fully
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Rats were monitored closely for signs of overt vitamin A deficiency (e.g. porphyrin staining
around the eyes, coat changes, failure to groom) and were weighed weekly; there were no
clinical signs of vitamin A deficiency. The rats on the experimental and control diets grew at
the same rate and were similar in appearance and behavior. Subclinical vitamin A deficiency
was confirmed by measurements of liver, lung and serum retinol levels as described below.

Measurement of tissue retinol levels
Retinol levels were measured in tissues from weanling rats and from rats that had been fed
the deficient or control diets for five and nine weeks. Rats were anesthetized intramuscularly
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with acetylpromazine/ketamine and blood was collected from the ascending aorta in a
heparinized syringe and held on ice until centrifuged. Serum was collected and stored at
−70°C. Liver and lung samples were then obtained at necropsy, rinsed in saline to remove
excess blood, weighed, then frozen and stored at −70°C. Samples were handled in subdued
lighting and protected against light throughout this process. Frozen samples were couriered
to Dr Elizabeth Johnson in the Jean Mayer USDA Human Nutrition Research Center on
Aging at Tufts University (Boston, MA, USA) where extracts were prepared and assayed for
retinol by gradient reverse-phase high-performance liquid chromatography as described in
publications from that group.34 Lung levels of retinol (18 ± 7 ng/mg in weanling rats)
remained essentially unchanged in rats on the complete diet 5–9 weeks later (24 ± 10 ng/
mg), but fell to 4.9 ± 1.6 ng/mg during this period for rats on the deficient diet. Liver retinol
levels increased from 77 ± 21 ng/mg in weanling rats to 467 ± 76 for rats on the complete
diet, but decreased to 7.7 ± 4.6 for rats on the deficient diet. Serum retinol levels were not
significantly different at 12 ± 4, 9 ± 2 and 11 ± 6 µg/dL in weanling rats, rats on the
complete diet and rats on the deficient diet, respectively. Overall, after 5–9 weeks on the
deficient diet, lung levels of retinol were 20% of the levels found in the rats on the control
diet and liver retinol levels were 2% of the levels in control rats, but serum retinol levels
remained unchanged. These changes in tissue and serum retinol levels are similar to those
found in our previous studies30 and confirm that this deficient diet produced low levels of
retinol in the lung and greatly decreased stored vitamin A (which is stored primarily in
liver), but did not produce clinical symptoms of vitamin A deficiency and did not decrease
serum levels of vitamin A. The subclinical deficiency in these rats is therefore analogous to
that observed by Redlich et al.29 in patients undergoing lung biopsy.

Tumors
The experiments reported here used a metastatic subline of the BA1112 rat
rhabdomyosarcoma (designated BMB). The BA1112 tumor has been used extensively in
radiation biology and experimental cancer therapy studies in our laboratory and
elsewhere.35 – 38 The BMB subline arose as a spontaneous variant of the BA1112, and was
first noted during a tumor therapy experiment, when rats bearing the normally non-
metastatic BA1112 tumors began developing large numbers of lung metastases while being
followed for long-term tumor control (cure). The growth rate and histology of this metastatic
subline resemble those described previously for the parental tumor line;35,38 however, the
incidence of lung metastases is greatly elevated.

Lung colonies
To study model lung metastases, a tumor cell suspension was prepared from a BMB tumor
using standard mincing and trypsinization procedures35 that result in single-cell suspensions
having reproducibly high viability. The viable tumor cells were counted under a phase
contrast microscope using trypan blue to exclude damaged cells and were then diluted to a
concentration of 1.5 × 105 viable tumor cells per mL. Aliquots containing 3 × 104 cells were
inoculated into the tail veins and rats were observed for four weeks to allow cells that had
lodged in the lungs to grow into macroscopic colonies. Rats remained on the assigned diet
throughout this period. Rats were euthanized and the lungs were gently inflated with saline,
removed, rinsed in saline and then fixed in Bouins fixative for 24 h. The lungs were then
washed with ethanol and stored in ethanol until they could be assayed. Lungs were
examined under a dissecting microscope and tumors on the surface of the lungs were
counted. The diameters of the lung tumors were estimated using a calibrated eyepiece
micrometer. The lungs were coded at fixation, and the observer who counted and measured
the lung tumors was blinded to both the diet and the radiation treatment.
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To study spontaneous metastases, a tumor cell suspension prepared as described above was
diluted to a concentration of 105 cells/mL and 0.05 mL of the suspension was inoculated
subcutaneously in the right flank of each anesthetized rat. While this site was selected for
convenience, it should be recalled that rhabdomyosarcomas arise from skeletal muscle and
can present clinically as subcutaneous masses, noted by palpation or visual observation. Rats
were monitored three times a week, the three diameters of the tumors were measured using
vernier calipers and the tumor volume was calculated from these diameters.35 When each
tumor reached a volume of 1000 mm3, the rat was euthanized and necropsied. The lungs
were removed, fixed and coded as described above. The spontaneous lung metastases visible
on the surfaces of the lungs under the dissecting microscope were enumerated and the
diameters of the lung tumors were measured using an eyepiece micrometer.

Irradiation
To assess the effects of lung irradiation, rats were anesthetized after five weeks on the
experimental diets, positioned on their backs and the thoraxes were irradiated with doses
ranging from 5 to 15 Gy, using an X-ray machine operating at 250 kV and 15 mA, with 2
mm Al filtration, at a dose rate of 1.23 Gy per min.30 – 33 The head and body of each rat
were shielded with lead to reduce the doses to these areas to less than 5% of the lung dose.
Unirradiated rats were anesthetized, positioned as if for irradiation, and held in the anteroom
to the irradiator to control for any stresses associated with the irradiation procedure.
Littermates on each diet were irradiated or sham-irradiated simultaneously.

In one set of experiments studying intravenously injected tumor cells, rats were inoculated
to produce artificial lung metastases 24 h after irradiation (the time that had been observed
by others to produce the maximum increase in lung tumor formation).4,7 In a second series
of experiments, rats were inoculated with tumor cells 29 d after irradiation (the time of the
peak of radiation-induced pneumonitis in the rats in our previous studies).30 – 32 For studies
of spontaneous metastases, subcutaneous tumors were injected the day after irradiation of
the lungs with 15 Gy.

Results
In the experiments shown in Figure 1, weanling rats were assigned to one of the two
experimental diets (vitamin A deficient or control) and were fed that diet for five weeks. The
lungs were then irradiated and tumor cells were inoculated intravenously one day after
irradiation. Rats were continued on the assigned diet for the additional four weeks of the
experiment; they were then necropsied and the lungs removed, fixed and examined under a
dissecting microscope to determine the number and size of the lung tumors. Irradiation of
the lungs increased lung tumor formation in a dose-dependent manner: a dose of 5 Gy did
not produce a significant change from the control value, but the number of metastases
increased progressively in rats that had been irradiated 24 h previously with 10 or 15 Gy of
whole-lung irradiation. This is consistent with past data from several laboratories, including
our own, in studies using experimental mice.4–12 The numbers of lung tumors were
indistinguishable in rats fed the vitamin A-deficient and control diets, both in sham-
irradiated control rats (0 Gy) and at all radiation doses examined.

In the experiments shown in Figure 2, weanling rats were likewise assigned to a vitamin A-
deficient diet or control diet for five weeks before irradiation and remained on the assigned
diet throughout the remainder of the experiment. Tumor cells were inoculated intravenously
29 d after irradiation; this is the time of the peak radiation-induced pneumonitis in the
rats.30 – 32 Irradiation of the lungs increased tumor formation in a dose-dependent manner. A
dose of 5 Gy did not produce a significant change in the number of lung metastases, but the
numbers of metastases were significantly greater in rats that had received 10 or 15 Gy of
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whole-lung irradiation than in sham-irradiated rats. The numbers of lung tumors were not
significantly different in rats fed the vitamin A-deficient and control diets, either in sham-
irradiated rats (0 Gy) or at all radiation doses examined (Mann–Whitney U test, P > 0.1).

The effect of subclinical vitamin A deficiency on the development of spontaneous lung
metastases was also examined. In these experiments, rats were assigned at weaning to the
vitamin A-deficient or control diet and were fed that diet for five weeks. At that time, the
lungs of some rats were irradiated with 15 Gy, while other rats were sham-irradiated.
Twenty-four hours after irradiation, tumors were implanted in the subcutaneous tissue of the
flanks of the rats and the growth of these tumors was followed by serial measurements of the
tumors. There were no statistically significant differences in the growth rates of the primary
subcutaneous tumors in the four different groups. As shown in Table 2, the time needed for
tumors to grow to a volume of 500 mm3 was the same in rats on the control and vitamin A-
deficient diets. It was also the same in unirradiated rats and rats receiving lung irradiation,
for rats on each of the diets. Thus, neither the diet nor the development of radiation
pneumonitis influenced the growth of primary tumors implanted subcutaneously on the
flanks.

Each tumor was allowed to grow until its volume reached 1000 mm3, at which time the rat
was euthanized and necropsied to assay the number and size of the spontaneous lung
metastases. Table 3 summarizes our data on the development of spontaneous lung
metastases in these rats. The vitamin A-deficient diet did not alter the number of lung
metastases in unirradiated rats (Mann–Whitney U test, P = 0.30). The number of lung
metastases was significantly smaller in rats that had received whole-lung irradiation than in
unirradiated rats, both for rats on the control diet and for rats on the vitamin A-deficient diet
(P < 0.01). In rats receiving lung irradiation, the number of lung metastases was
significantly smaller in rats on the vitamin A-deficient diet than in rats fed the control diet
(P = 0.04). The sizes of the lung tumors were similar in all four groups.

Discussion
Clinical and subclinical vitamin A deficiency remains common and many cancers are
associated with factors such as high alcohol intake, smoking, obesity and older age that can
be associated with low vitamin A intake. Suboptimal vitamin A intake and low vitamin A
tissue levels have been reported in cancer patients.29 The experiments reported here were
performed as a follow-up to our previous studies showing that subclinical vitamin A
deficiency increased the susceptibility of rats to the development of radiation pneumonitis.
These past studies raised concerns that the observed subclinical vitamin A deficiencies in
cancer patients receiving radiotherapy to the lung could increase the risk of early radiation
pneumonitis and of late radiation-induced lung fibrosis in cancer patients.

The implications of prior lung irradiation for the development of lung metastases have been
examined in several experimental rodent model systems.4–12 Irradiation of the lungs before
the intravenous injection of a large number of tumor cells increases the formation of lung
tumors in many transplantable mouse tumor models. The number of lung tumors increases
with increasing radiation dose. The dose–response curves are somewhat different for
different rodent tumor models, probably reflecting the many variables between the different
studies, which include differences in radiation conditions and radiation dosimetry, the host
strain, the microbiology of the hosts, and the tumor lines used in the studies. In addition,
many of the published studies were performed decades ago, before the microbiology and
husbandry conditions in animal facilities were as rigorous and consistent as those in use
today. Within a laboratory, when a constant number of cells are injected, the number of lung
tumors developing varies with the time between irradiation and injection, generally
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increasing to a maximum at approximately 24 h after irradiation. Our data showing marked,
dose-dependent enhancement for tumor cells injected 24 h after irradiation are consistent
with this previous literature.

In our experiments, we also examined the development of lung tumors in rats that had
received lung irradiation 29 d previously. This interval between irradiation and injection of
the tumor cells was chosen because the peak level of radiation pneumonitis observed after
whole-lung irradiation of WAG/rij rats occurred over the period of 25–35 d.30 – 32 This
reaction was characterized by a marked increase in inflammatory cell infiltration, as seen
both by bronchoalveolar lavage and by histological analysis, a reduced alveolar cellularity,
and a marked protein leak. We found a marked enhancement in the number of metastases in
rats that had been injected with tumor cells at this time after 10 or 15 Gy of whole-thorax
irradiation. No significant increase in metastasis was seen in rats irradiated at a low dose of
5 Gy, which produced no significant pneumonitis in our previous studies30 – 33 and no
increase in the development of lung tumors in rats injected with tumor cells one day after
irradiation (Figure 1). Few studies have examined the effects of radiation on the
development of lung tumors injected during this period; those which have provide mixed
findings, with increased numbers of metastases seen in some studies, but not in others.

Subclinical vitamin A deficiency did not alter the number of lung tumors developing from
intravenously injected tumor cells either in unirradiated rats or in rats irradiated one or 29 d
previously. For each point on the dose–response curves shown in Figures 1 and 2, the
numbers of tumors developing in rats on the complete and vitamin A-deficient diets are very
similar, and none of the differences are statistically significant. It should be recalled that the
design of these experiments was chosen to maximize the ability of the studies to detect a
difference between the rats on the two diets: each comparison resulted from a pair of
littermates that were randomly allocated to one diet or the other, and that were irradiated or
sham-irradiated simultaneously and injected with aliquots from the same tumor cell
suspension. The experimental data for different radiation doses (0–15 Gy) were accumulated
over a period of several months, as matched littermate rats were being allocated to different
radiation treatments. The error limits on the graphs reflect the larger errors inherent in the
use of different cohorts of rats and different inocula.

Subclinical vitamin A deficiency did not enhance either the growth of subcutaneously
injected tumors or the numbers of lung metastases developing from these tumors either in
unirradiated rats or in rats receiving prior wholelung irradiation (Table 3). Whole-lung
irradiation with 15 Gy given one day before inoculation of the tumor cells likewise did not
alter the growth of the subcutaneously inoculated tumors, which were injected into a
location that was outside the irradiated field. Thus, the systemic effect of the lung
irradiation, which was given at a dose high enough to allow the development of significant
lung injury during the period of tumor growth, was not sufficient to perturb the growth of
these subcutaneous tumors.

However, there were differences in the patterns of spontaneous lung metastases in rats on
the control and deficient diet, and in sham-irradiated and irradiated rats. Irradiated rats
developed fewer lung metastases than sham-irradiated rats. This effect contrasts to the
increase in lung tumors developing from intravenously injected cells in the irradiated rats.
The reason for this difference is unclear, but in both cases the effects were marked,
reproducible and statistically significant. This suggests that other factors, not modeled by the
intravenous injections, are playing a role in the development of the spontaneous
metastases.39 These might include, for example, abscopal effects or immunological effects
of the whole-lung irradiation that allow cells to enter the vasculature or other effects of lung
irradiation that alter early steps39 in the metastatic process. Vitamin A intake did not have a
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statistically significant effect on the development of spontaneous lung metastases in
unirradiated rats, but did have a significant effect on the development of metastases in
irradiated rats. The number of lung metastases was unexpectedly lower in rats on the vitamin
A-deficient diet than in rats on the control diet.

Taken together, our data provide no evidence that the vitamin A-deficient diet used in these
studies altered the growth of tumors implanted subcutaneously, increased the number or size
of the lung tumors developing from intravenously injected tumors cells, or increased the
number or size of the spontaneous lung metastases developing from subcutaneously
implanted tumors. This was true both in unirradiated rats and in rats that had been treated
previously with whole-lung irradiation at doses known to produce significant radiation
injury to the lung. Whether a longer period of low vitamin A intake that produced frank
symptoms of vitamin A deficiency would have a different effect remains unknown.
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Figure 1.
Number of tumors developing in the lungs of rats after intravenous inoculation of 30,000
tumor cells one day after irradiation. ●: Rats fed the control diet. ○: Rats fed the diet
deficient in vitamin A. Points are means ± standard errors; 8–12 rats per group
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Figure 2.
Number of tumors developing in the lungs of rats after intravenous inoculation of 30,000
tumor cells at the peak of the development of radiation pneumonitis, 29 d after irradiation.
●: Rats fed the control diet. ○: Rats fed the diet deficient in vitamin A. Points are means and
standard errors; 8–12 rats per group
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Table 1

Composition of control and deficient diets used in these studies

Component g/kg

Vitamin free casein 240

DL methionine 3

Whole wheat 610

AIN mineral mix 35

Choline chloride 2

Alphacel non-nutritive bulk 50

Corn oil 50

Menadione 0.050

Thiamine HCL 0.10

D-calcium pantothenate 0.0792

Folic acid 0.0072

Pyridoxine HCL 0.0264

Biotin 0.0006

Vitamin B12 (0.1% Trir) 0.040

Niacin 0.100

Riboflavin 0.022

Vitamin D2 (850,000 U/GM) 0.0062

DL alpha tocopherol powder (250 U/G) 0.4

Beta-carotene 0.0054

Vitamin A acetate (500,000 U/GM) 0.16

Amounts are shown in g/kg. Beta-carotene and vitamin A acetate (in bold) were present only in the control diet. Autoclaving reduces vitamin
levels. Spot measurement of retinol levels in the autoclaved control chow showed levels of 50–60 mg retinol/kg diet. Retinol was not detected in
deficient chow
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Table 2

Time (days) needed for subcutaneous BA1112-BMB tumors to grow to 500 mm3 as a function of diet and
whole-lung irradiation

Days to grow to 500 mm3

Diet Unirradiated Lung irradiation

Control diet 21.9 ± 1.0 21.5 ± 0.8

Deficient diet 22.1 ± 1.6 21.2 ± 0.8

Values are means ± SEM for 9–11 rats. None of the differences are statistically significant
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Table 3

Number and size of metastases developing in rats bearing spontaneous tumors as a function of diet and lung
irradiation

Group
Number of lung
metastases

Mean volume of
metastases

Control diet, no radiation 48.1 ± 7.1 1.16 ± 0.07

Vitamin A-deficient diet, no radiation 37.3 ± 3.9 1.28 ± 0.09

Control diet plus radiation (15 Gy) 22.9 ± 2.7 1.17 ± 0.08

Vitamin A-deficient diet plus radiation (15 Gy) 15.4 ± 2.4 1.33 ± 0.15

Values are means ± SEM for 12–22 rats. The vitamin A-deficient diet did not alter the number of lung metastases in unirradiated rats (Mann–
Whitney U test, P = 0.30). The number of lung metastases was decreased significantly in rats receiving whole-lung irradiation, both for rats on the
control diet (P < 0.01) and for rats on the vitamin A-deficient diet (P > 0.01). The difference between the number of tumors in rats on the vitamin
A-deficient and control diets was significant in rats receiving lung irradiation (P = 0.04)
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