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1. ABSTRACT

In recent years we have established an animal model (mouse) in which we
have utilized a biological probe - circulating cancer cells - to detect
adverse effects following NO, inhalation. The indicator for the adverse NO,
effects has been the increased incidence of lung metastases in the exposed
animals. With respect to the latter, our studies have indicated that
inhalation of NO, facilitates blood borne cancer cell metastasis to the
lungs of exposed animals. This is a new aspect of NO, inhalation hazards
which has not been recognized before our studies. The studies described in
this report were designed to improve the sensitivity of this method and to
employ it to evaluate other air pollutant effects. The experiments were
also carried out to determine the effects of NO, on the growth of a primary
rat carcinoma. With respect to the latter, adenocarcinoma cells were
transplanted into the mammary fat pads of the exposed and control rats and
this transplant was considered to be a "primary" cancer. In all of the
experiments there were two groups of animals; one was exposed to an ambient
concentration of a particular air pollutant and the other received clean
filtered air. The animals were exposed in special environmental chambers,
with continuous monitoring of the NO, or O3 concentrations. Following the
appropriate exposure periods, all of the mice were injected intravenously
with cancer cells (biological probe). The functioning of mouse splenic
natural killer cells was also evaluated following NO, exposure. After three
weeks the lungs were examined for the presence of melanoma nodules or
metastases. The results have indicated that by utilizing a lower number of
cells in the biological probe, the sensitivity of the method could be
~ improved. We have been able to demonstrate that the mice exposed to 0.4 +
0.05 ppm of NO, developed not only significantly more metastases in their
lungs than the controls, but that there were significantly more mice with
metastases in the exposed group. The NO, apparently also enhanced the
growth of the transplanted cancer cells in those animals which were more
sensitive to the NO; insult. The animals exposed to 0.15 + 0.02 ppm of 03
also developed more metastases in their lungs than the controls, but the
difference was not statistically significant and the meaning of the this
fihdiﬁg was not clear. The results also revealed significantly lower body
weights in O3 exposed animals which indicated that even at this low level




the animals were affected adversely by Os. Themexperiment with spleen cells
suggested that the exposed and the control animal spleen cells responded
differently to the cancer cells, reflecting some ozone affect on the spleen
cells. In general, these experiments have provided new information which
indicates that inhalation of common air pollutants at ambient levels may be
more hazardous than previously recognized. Even though these studies were
carried out in animal model systems, we have to suspect that the same or
similar events may take place in humans residing in a polluted environment.
This may be particularly true with individuals who are sensitive to air
pollutants and those who have various diseases, including cancer.
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3. DISCLAIMER

"The statements and conclusions in this report are those of the’

contractor and not necessarily those of the California Air Resources Board.
The mention of commercial products, their source or their use in connection
with material reported herein is not to be construed as either an actual or
implied endorsement of such products.”
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6. SUMMARY AND CONCLUSIONS

The experiments under this contract were used to investigate the
following: first, an experiment was designed to test not only the incidence
of lung metastases development from blood borne cancer cells in NO, exposed
animals, but also the incidence of metastasis among exposed animals; second,
to determine if O inhalation at #.15 ppm facilitates blood borne cancer
cell metastases development in the lungs; third, to study NO, effects on the
growth and spread of simulated primary cancer; and fourth, to carry out
preliminary studies to identify the mechanisms involved in facilitation of
metastasis, particularly with respect to the immune system. Our experimental
approach was similar to our earlier studies that is, we utilized a
biological probe - blood borne cancer cells - to detect the adverse
inhalation effects. A new model utilizing a transplantable rat mammary
adenocarcinoma was also tested to simulate primary cancer growth and
progression. In both of these models the development of increased incidence
of lung metastases in exposed animals would indicate that an adverse effect
has taken place. This type of approach permits us not only to obtain
indicators for adverse effects, but iE shows how pollutant inhalation could
effect the progression and the spread of cancer. The latter has great
relevance to human disease. With respect to blood borne cancer cells we
have clearly shown that both the incidence of lung metastases and the
incidence of metastasis among animals is significantly increased in exposed
animals. With O5 the answer is not as clear at the present time since we
had an increased incidence of metastases in exposed animals, but it was not
statistically significant. However, there was a significant decrease in
body weight (P < 0.005) in O exposed animals, which implies adverse effect.
The results from the transplantable mammary adenocarcinoma are not
conclusive at this time, but there is suggestion that NO, may facilitate
cancer growth in more sensitive animals. The preliminary experiments to
detect impairment in the immune system, particularly the natural killer
cells, are suggestive of adverse NO, effects on spleen cells, however, more
experiments are needed to reach specific conclusions.

Finally, the findings of these experiments provide new data that
inhalation of certain ambient concentrations of NO, or O3 facilitate blood




borne cancer cell metastasis to the lungs or induce other abnormalities.It
should be noted that metastasis, the indicator for harmful effects in this
system, is also the major clinical concern in cancer progression. We
believe that these and other findings lend strong support for being
concerned about urban air quality. The mechanisms involved in facilitation
of metastasis still remain unknown but the clues obtained should justify
further studies. Since the major concern is the air quality and how
pollutant inhalation may effect human health, the data obtained from our
model system should receive consideration in making decisions on air quality
standards.




7. RECOMMENDATIONS

The basic unit of our body is the living cell and alterations in
function or structure of these cells are usually detrimental to our health.
The cellular functions and responses are influenced by a variety of
environmental factors. Our studies have been focused on the effects of
- common air pollutants, such as nitrogen dioxide énd ozone. The studies have
demonstrated that inhalation of nitrogen dioxide at levels which are
frequently encountered in Los Angeles ambient air play a role in the
facilitation of blood borne cancer cell spread or metastasis to the lungs of
exposed animals. The effect is even more dramatic in animals which are more
sensitive to the insult of NO,, as indicated by their early death from lung
metastases. Similarly, the same exposure level also appears to enhance the
growth of cancer cells transplanted into the mammary fat pads, but only in a

fraction of animals, which again suggests increased sensitivity in these

animals. Our studies also suggest that ozone may produce similar effects.

The spread or metastasis of cancer is a very complex process which
involves not only the properties of the cancer cell, but also the
vasculature and defense system of the host. An adverse pollutant effect on
any one of the cells in these compartments could facilitate progression of
cancer., Therefore, the investigations should not be limited to the cells of
the lung but should include other cell types and organs. Of particular

value would be the studies of blood capillary lining cells of the lungs or

kidney and the cells of the defense system. Epidemiological studies of
disease processes where the underlying alterations are in the defense system
or blood capillaries would be of great value. Studies on groups of peoplé
who have lived in a clean environment versus a polluted one could provide
findings which could be correlated to basic experimental data from animal
studies. There is a definite paucity of information about air pollutant
effects on the immune system particularly in the light of modern immunology.
Our preliminary studies with spleen cells have indicated that the immune
system is an important area to be investigated. The immune system plays a
role not only in cancer and infectious diseases, it is closely interrelated
with mény different biological processes in health and disease. The cells
of the immune system and the blood capillary endothelial cells should be on




the priority list for investigations. The knowledge of pollutant effects on
these major body systems should play a role in setting air quality
standards.
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8. BODY OF REPORT
Introduction

a. Scope and Purpose of the Project, General Background of the
Project.

There have been a number of studies where NO, effects on different
biological systems have been investigated and several studies have indicated
adverse effects at the cellular and molecular level (1-6). Our studies have
been focused on the role that NO, may play in the facilitation or
enhancement of cancer cell dissemination and metastases development. The

spread of cancer and the development of secondary cancer masses or

metastases is the major complication which prevents the cure of cancer.
Considering that there are at least 896,000 new cases of cancer annually in
the United States, it must be considered as a significant health problemn.
Therefore, the importance of determining the influence of common air
pollutants on the progression of cancer cannot be overemphasized and need
careful evaluation. Particularly, the development of metastases from
circulating cancer cells since inhalation of NO, could alter the host and
lead to facilitation of metastases development. It should be pointed out
that the existence of circulating cancer cells in cancer patients is well
recognized (7,8). It is also known that most of the cancer cells in
circulation are destroyed by the host unless there is an overburden of
cancer or impairment in blood dynamics, integrity of wvasculature or
alterations in defense system (9,10). Our studies have indicated that
inhalation of 0.3-0.8 ppm of NO, for a period of 10 weeks or longer will
facilitate blood borne cancer cell metastasis to the lungs of exposed
animals. These are the first reported studies which have 1linked NO,
inhalation and facilitation of blood borne cancer cell metastasis - a new
aspect of NO, inhalation hazards (11-13).

In view of the above described findings, four major objectiveé were set
forth in this project: (1) to determine if combining the incidence of lung
metastases with the incidence of metastases among animals would yield a more
sensitive indicator for adverse NO, effects; (2) to determine if exposure to
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0.4 ppm of NO, before cancer development (transplantation) would influence
the growth and metastasis of these cancer cells; (3) to carry out
preliminary studies towards identification of tissue and cellular changes
which may be responsible for the facilitation of blood borne cancer cell
metastases; and (4) to determine if exposure to 0.15 ppm of O3 facilitates
blood borne cancer cell metastases. The results from these studies should
provide new information on the hazards associated with the inhalation of
ambient or near ambient levels of Noz and O3/ and should be of assistance in
making decisions on air quality standards.

b. Design, Materials and Methods.

An Overview

In three of the'experiments of this project we used the same mouse
melanoma metastasis model, as in our previous studies, except with fewer

circulating cancer cells. In brief, five-week old C57 BL/6J male mice were
used in all experiments since the Bl6 melanoma originated in this strain of

mice and thus provided a syngeneic system (14). In all experiments the NO,

level was kept at 0.4 + 0.05 ppm, a level which is often encountered in the
Los Angeles area and was used in our earlier studies. The NO, and clean air
exposures were carried out in special, identical environmental chambers.
The desired NO, concentration was delivered to the NO, exposure chambers
according to the method developed in this laboratory (15). The NO,
concentrations were monitored by Saltzman (16) and chemiluminescence
methodologies. Following an appropriate exposure, the animals of both
- groups were irifused intravenously with viable melanoma cells. The melanoma
cells were carried in tissue culture and single cell suspénsions were
prepared when needed for infusion. The surviving infused cells developed
black melanoma nodules in the lungs, which can be easily counted on acetate
buffered formalin perfused gross specimens of the lungs using a stereo
microscope. By counting the nodules at 21 to 23 days after intravenous
infusion of the melanoma cells, quantifiable data can be obtained. However,
if the nodules were permitted to grow the animals died from metastases four
to seven weeks later. By comparing the incidence of melanoma development in
the lungs of NO, exposed and control animals (clean air exposed) the effects
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of NO, on the host can be assessed. In addition, there was a second model -
a rat mammary adenocarcinoma. In this model the influence of exposure to
0.4 ppm of NO, on the growth and metastasis of transplanted cancer cells was
studied. Finally, preliminary experiments were carried out to see if spleen
cells of exposed and control animals can interact with cancer cells and
influence the development of lung metastases.

Specific Experiments

1. Incidence of metastases in lungs and among animals exposed to 0.4

" This experiment was designed to determine if the incidence of lung
metastases and the incidence of metastases among animals could be used to
indicate the adverse effects of NO,. 1In the past only the incidence of lung
metastases in the control and exposed animals has been compared. In this
experiment there were 34 animals (C57BL/6J male mice) in control and NO,
exposed groups. The animals were exposed for five days per week, seven
hours + one hour per day for a total of 435 hours (Table 6). Following this
time period the animals were infused intravenously with 5 x 103 viable
melanoma cells. Twenty-one days later the animals were killed by an
intraperitoneal injection of 1 ml of pentobarbital (60 mg/ml). The lungs

were removed en block and fixed via bronchial tree perfusion with 10%

acetate buffered formalin. The lungs were then separated into lobes and the
number of melanoma nodules per lobe was counted utilizing stereo microscope
with 1X objective and 12.5 ocular. The data were analyzed using Mann-
Whitney-U test. The findingé’are presented in the results section and
summarized in Table 1. -

2. Growth and Metastasis of Rat Mammary Adenocarcinoma, 0.4 + 0.05
ppm NO, Exposure.

In this experiment the influence of NO, exposure on the growth of

transplanted carcinoma cells was studied. The cell transplant into the .

mammary tissue represented a development of a primary cancer. Till this
time we had studied only the NO, effects on bloodborne cancer cell growth.

13

e T e




The experiment had 32 animals in the control group and 33 in the exposed.
The animals were exposed 5 days a week for 7 hours + 1 hour per day for a
total of 554 hours (Table 7). Following 427 hrs of exposure, the control
and exposed animals were anesthesized and implanted with 10 cancer cells.
The cells were suspended in 0.5 ml of tissue culture media and injecEed into
the mammary fat pad. Following cancer cell implantation the animals were
returned to their respective exposure chambers and the exposure continued.
Twenty days later 10 animals from each group were killed to determine the
growth and progression of cancer at this time. The remaining animals were
killed 26 days postcancer cell implantation. The implantation site, lungs,
liver and para-aortic lymph nodes were examined for cancer cell metastasis.
The results are presented in the results section and summarized in Tables 2

and 3. The x2‘statistics were used to analyze these data.

3. Animal Exposure to 0.15 ppm of O3 and Blood Borne Cancer Cell
Metastasis to the Lungs.

The aim of the experiment was to evaluate ozone effects using the same
biological probe as for NO,. There were 55 mice in the control and Oj
exposure groups. Exposure was carried out 5 days a week for 7 hours + 1
hour per day for a total of 419 hours (Table 8). Three exposed animals died
during this period. Following the exposure period all animals were weighed
and infused via the tail vein with 2.5 x 103 viable melanonma (B16F10R3)
cells in 0.2 ml of balanced salt solution. Follcwing cell infusion the
animals were kept for three weeks in a filtered air environment. After this
time period the animals were weighed again and killed with intraperitoneal
injection of 1.0 ml of pentobarbital (60 mg/ml). The animals were then
dissected and the lungs removed en block, inflated with buffered formalin
and stored in the same. At a later date the lungs were Separatéd into lobes
and each lobe was examined for melanoma nodules using stereo microscope as
before. The spleens were also removed from the animals and weighed. The
results are presented in result section and summarized in Table 4. Mann-
Whitney statistical analyses was used.
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4, Animal Exposure to 0.4 ppm of NO, and the Spleen Cell Responsiveness.

Preliminary Experiments were carried out to determine if impairment in
the immune system (spleen cells) could be detected. It was aimed to detect
NO, effects on the natural killer (NK) cells of the spleen since it has been
shown that these cells play a significant role in controlling bloodborne
cancer cell spread. Cell suspensions were prepared from 4 spleens of
exposed and control animals from experiment #1. The exposed and control
spleen cells were then mixed in separate tubes with melanoma cells in a
ratio of 400 spleen cells (mononuclear) to one melanoma cell. No attempt
was made to separate different cell types. The mixtures were incubated at
.37°C for 4 hours with gentle mixing every half hour. . Following the
incubation period the respective cell mixtures were injected intravenously
into 17-week old mice which were pretreated 3 days earlier with 240 mg
cyclophosphamide/kg of body weight. There were two groups of 10 mice each.
One group received melanoma cells treated with exposed animal spleen cells;
and the other group received melanoma cells treated with control spleen
cells. 1In addition, 10 of the NO, exposed mice received melanoma cells
treated with exposed spleen cells. Thirty-four control and exposed animals
received untreated melanoma cells. Three weeks later the animals were
killed as before and the lungs were evaluated for melanoma nodules. The
results are presented in the results section and summarized in Table 5.

C. Results

1. Incidence of metastases in the lﬁngs and among'animals
exposed to 0.4 + 0.05 ppm NO,.

A summary of the data is presented in Table 1. It can be seen that on
the average the exposed animals had 4 nodules per lung and controls had 2.5
nodules. The difference is statistically significant (P < 0.05). There is
also a significant difference in the number of animals among control and
exposed groups who developed metastases. In controls we had 79% of the
animals with metastases and in the exposed group we had 94%. In other
words, there were only 6% of the animals in the exposed group without
metatases while controls had 21% without metastases. "
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2. Growth and Metastases of Rat Mammary Adenocarcinoma, 0.4
+ 0.05 ppm NO, exposure.

Twenty days postimplantation of cancer cells, 10 animals from the

control and exposed group were sacrificed. It was expected that at this

time 100% of the control animals would show growth of carcinoma at the .

implantation site and that 35% will show lung metastases. The findings were
different, however, and are summarized in Table 2. Eighty percent of the
exposed and 60% of the control animals had carcinoma at the implantation
site. No metastases were detected in the controls, but 3 of the positive
exposed animals had lung metastases and 2 of these also had lymph node
metastases. There were no significant differences between exposed and
control groups according to x2 statistics. Because of these findings the
remaining animals were exposed an additional 6 days to see if more controls
would develop cancer growth at the site of implantation. The results from
this latter period are summarized in Table 3. At this time 78% of the
exposed animals and 77% of the controls had shown growth of carcinoma.
Fourty-one percent of the controls showed lung metastases and 54% had lymph
node metastases. In the exposed group there were 28% of the animals with
lung and 39% with lymph node metastases. The differences were not
statistically significant.

3. Exposure to 0.15 ppm O3 and Metastases Development.

In the control group 49% of the animals had melanoma nodules in their
lungs compared to 58% of the animals with positive lungs in the O3-exposed
group. Exposed animals had 2.4 melanoma nodules per positive lung while
controls had 2.0 nodules per positive lung (Table 4). Another finding was
the significantly lower average body weight in 03 exposed animals, following
exposure, 26.63 gm. vs. 27.68/gm. (P < 0.005, student's t-test).

4., Spleen Cell Effects on Cancer Cell Growth.

In this preliminary éxperiment_three groups of 10 animals were used.
The animals were pretreated with cyclophosphamide to eliminate or reduce the
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animals own immune response and were then injected intravenously with cancer
cells which were treated with exposed animal spleen cells or control animal
spleen cells. The group of animals which received cancer cells exposed in
vitro to control spleen lymphocytes developed on average 74 melanoma nodules
per animal. The group receiving melanoma cells pretreéted with NO, exposed
animal spleen lymphocytes developed 28 melanoma nodules per lung. The
difference is highiy significant, P < 0.005. The exposed animals receiving
melanoma cells pretreated with exposed spleen cells developed 10
nodules/lung. The exposed and control animals, injected with untreated
melanoma cells had 4 and 2.5 nodules per lung respectively (Table 5).

d. Discussion

The experiments carried out under this contract were designed'to

investigate NO, (0.4 ppm) and O3 (0.15 ppm) effects on the host and how such -

effects in turn could influence the spread of blood born cancer cells.
While in our previous studies only the effects of NO, were studied,
utilizing blood borne cancer cells, the experiments under this contract also
included studies of O3 and NO, effects on growth and spread of transplanted
mammary adenocarcinoma. The transplanted cancer cells were used to simulate
a primary cancer growth. In addition, preliminary studies were carried out
to see if alterations in the immune system, particularly in spleen
lymphocyte populations, could be detected and correlated with facilitation
of cancer cell metastases development. 'The overall objective of the project
was to obtain new information about adverse NO, and O3 inhalation effects
utilizing an animal model which has relevance to human disease.

In one of the experiments the goal was to improve the sensitivity of
the method by using low number of blood borne cancer cells (2.5 x 105) as a
probe to reveal adverse NO, effects. It is pertinent to point out that it
is known that under usual conditions only 0.1% of blood borne cancer cells
will survive and progress to metastases development (17).' Therefore, we
were looking for a considerable adverse effect on the host in order to
observe a higher incidence of metastases with such a small number of cells.
The data has indicated that on the average exposed animals had 4.0 melanoma
nodules per lung and controls had 2.5 nodules, a statistically significant
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difference. There was also significantly higher percentage of animals in
the exposed group with lung metastases. 1In other words, only 6% of the
animals in the exposed group without metastases while in controls 21% of
animals were free of metastases. The number of metastases per lung was low,
compared to our other experiments,ﬂbut this most likely reflects the low
~number of injected cells. It is possible that the differences could have
“been greater with slightly higher inoculum. However, the experiment
permitted us to demonstrate increased incidence of lung metastases in
exposed animals as well as increased number of animals in the exposed group
with metastases. With respect to the latter, this experiment adds another
dimension to our studies since now we have demonstrated not only the
- increased incidence of lung metastases but also increased ;pcidepée_amqng
animals in the exposed group which provide$ more sensitive_means for
measuring pollutant effects. B |

The results from the experiment, where we tested the NO, (0,4'ppm)
effect on the growth and metastases of transplanted mammary adenocarcinoma,
are difficult to interpret since the controls did not behave as predicted
from the data in literature. It was expected that 100% of contrals will
develop adenocarcinoma at the site of inoculation and 35% of these would
metastasize to the lungs. The increased incidence of lung metastases again
would indicate adverse NO, effects. It was determined that at 20 days
posttransplantation 60% of controls and 80% of exposed animals had growing
mammary adenocarcinomas and 37% of exposed animals had metastases to lungs
or lymph nodes. There were no metastases observed in the control group. At
a later date there were no differences in transplant takes between controls
and the exposed animals but the control group animals had more metastases
than the exposed group. | '

The data were really too limited to make definitive interpretation.
‘However, some possibilities should be pointed out. First, the lack of 100%
growth in control group may be due to the age of animals since all previous
transplantation studies had used 5 week 0ld animals while in this experiment
due to the exposure time (12 weeks) the rats were transplanted at age of 17
weeks which may make the difference. It is of interest that at 20 days
posttransplantation only the exposed animals had metastases in lﬁngs. It
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appears that an early growth of transplanted cancer cells was induced by NO,
exposure of these animals. This could be similar to increased early
mortality from metastases which we have observed in NO, exposed mice in our
earlier studies (18). Thus we may be detecting a trend indicating adverse
NO, effect. Expanded studies in this area could provide more definitive
results and answers.

In the ozone experiment the animals were exposed to 0.15 + 0.02 ppm,
the level which is just slightly higher than the state of Calfifornia
standard. The incidence of metastases development was higher among 03
exposed animals by 9%, but this difference is not statistically significant.
However, it is of interest that the exposed animals at the end of
experimental period had significantly lower ‘average body weight (P < 0.005).
The latter observation implies there was a significant 03 effect on these
animals. The mechanisms responsible for thiSfare not known and only
additional studies could Shed light on this subject. The lack of metastases

facilitation could be related to the low number of cells infused (2 x 103);at“
it would be advisable to carry ‘out additional experiments with more cells.

Keeping in mind that only 0.1% cells are expected to survive we probably
did not provide enough cells to detect the adverse effects.

Preliminary bioassay . for natural killer cells was also carried out.
The recipient animals were unexposed, healthy mice. They were pretreated
"with cyclophosphamide to eliminate or to suppress their own immune
reactivity. Following this procedure, group of 10 animals were injected
intravenously with melanoma cells which were pretreated in vitro with
exposed animal spleen cells or control spleen cells. The main control was
the group injected with untreated melanoma cells. The lymphocyte treatments
should affect the viability of melanoma cells if the lymphocytes aren't
affected by the NO, exposure. On the other hand if the lymphocytes were
altered, there should be more metastases. The results were somewhat
unexpected since both treatment groups developed significantly more
metastases than the animals injected with untreated melanoma cells. It was
of particular interest that melanoma cells treated with unexposed animal
spleen cells, producéd the highest incidence of metastases. The reason for
this is not clear at the present time. Additional work will be needed to
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exclude technical error before interpreting the results. However, this
experiment has demonstrated the feasability of this approach to test spleen
cell functions and it has shown that NO, exposed animal spleen cells affect
the melanoma cells differently than the control spleen cells. This also
implies that there is a NO, effect on spleen cells but further studies are
needed to sort out the details and mechanisms involved in order to make a
‘proper interpretation. “

In general, one can say that the results from the experiments performed
under this contract provide additional evidence that the inhalation of NO,
or O3 at ambient levels induce harmful effects. In addition, the
experiments suggest.that a great complexity of mechanisms may exist which
are resj_ﬁonsible for the*o:bserved results. Our model, where we utilized
blood borne cancer cells as a probe to detect adverse effects could have
great biologlcal 51gn1f1cance and 1mp11catlons on similar events in the human
population. :
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TABLE 1

Incidence of Melanoma Nodules in Lungs and among animals, 0.4 + 0.05 ppm NO,
exposure, 435 hrs. :

Treatment No. Animals % Animals with“ MNo. Mann-Whitney

Metastases Nodules/lung Probability
Filtered Air 34 79 2.5 (0-11)
. p < 0.05
NOy 34 ' 94 4.0 (0~12)

At the beginning of the experiment the animals were 5 weeks old.

" TABLE 2

Growth and Metastasis of Rat Mammafy Adenocarcinoma, 20 days postimplantation,
0.4 + 0.05 ppm 'NO, exposure, 508 hrs.

Treatment No. carcinoma metastasis x2-Fisher test
" Animals growth lung|ly.n
Filtered Air 10 6 0 0
_ ' NS
NO, T 8 32

NS-not significant
ly.n-lymph nodes

At the beginning of the experiment the animals were 5 weeks old.

TABLE 3

. Growth and Metastasis of Rat Mammary Adenocarcinoma, 26 days postimplantation,

0.4 + 0.05 ppm NO, exposure, 554 hrs.

Treatment No. carcinoma metastasis x2—Yates test
: animals growth lung|ly.n
Filtered Air 22 17 (77%) 7(41%) 12(54%)
NS
NO, 23 18 (78%) 6(28%) 9(39%)

NS-not signficant
ly.n=lymph nodes.

At the beginning of the experiment the animals were 5 weeks old.
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TABLE 4

Incidence of Lung metastases in animals exposed to 0.15 + 0.02 ppm O3, 419 hrs.

Treatment No. Metastasis = MNo. Metastases/lung Mann-Whitney
Animals probability
Filtered Air 55 27 2.4 -
NS
o 52 58 ' 2.0

At the beginning of the experiment the animals were 5 weeks old.

TABLE 5

Spleen cellneffect on metastatic potential of blood borne melanoma cells.

Recipient j;f No. Melanoma cell M Melanoma Mann-Whitney
Treatment = “Animals treatment " nodules/lung probability
Filtered Air 34 None ) 2.5 p < 0.05%
0.4 ppm NO, 34 None . 4.0

0.4 ppm NOy 9 x-splc 10.0

Filtered Air 9 x-splc ' 27.0

+ CPH

Filtered Air - 8 c-splc 74.0

CPH - cyclophasphamide

'* p < 0,05 or more significant in all cases-:

x-splc - NO, exposed animal spleen cells, 12 weeks NO, exposure
c-splc - control animal spleen cells

All animals were 17 weeks old.
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Summary

The effects of ambient levels of NO (0.25 - 0.30 + 0.05 ppm) on the
2
spleens were evaluated. The results have indicated that after 6 weeks of

NO exposure the spleens were significantly enlarged in NO exposed animals
2 2
and  following 12 weeks exposure the spleens were significantly smaller “in

the NO exposed group. - During the 4 and 10 week post exposure periods - “the
2

spleens returned to near nromal values., It is concluded that the spleen

enlargment after 6 week exposure was due to spleen cell hyperplasia while
.
the small spleens of NO exposed animals after 12 weeks may represent
2
hypoplasia. Thus the spleen showed biphasic response to ambient 1eve1 NO

2
inhalation exposure. It remains to be determined if the hypoplasia is

reversible.
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Introduction

Numerous studies have shown that the inhalation of NO can produce both
functional and structural changes in the lungs of expirimental animals
[1,21. Although it is important to evaluate the effects of air borne
pollutants Qn?"pulmonary tissues, ‘Hstudies dgsigned to Qbserve the
cbnseqnencés 5of' such pollutants at extrapulmoﬁary sites are equally
impottant._”Thig'is.emﬁhis{ied by recemnt reports igdicating that inhaled NO

. 2
and its subsequent reaction products are spread hematogenously from the

“Iungs to other organs [3-5]. In view of this data, the important question

of whether inhaiéd NO affects organs other than the lung must be addressed
2 .

in order to insure a thorough and appropriate appraisal of am air pollutant.

Except for the effects of various circulating blood elements [6-8] and some

immunologic studies [9-12] very few studies have investigated the effects of

NO on tissues other than the lung [13-16].
2 .

The spleen is of particular interest since it is so intricately related
to circulating blood elements and plays an important immunological role.
Limited reports have indirectly implicated altered splenic responses
following NO exposures by demonstrating depressed in vitro responses of

2

spleen T and B cells to mitogenic stimali [11]. In addition, graft

rejection and immunoglobulin‘prodnction was altered following NO exposures

2
[91.
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With respect to direct in vivo observations of the possible splenic
- involvement following NO exposures, " one report simply mentioned that there
were no mic:oscOpicallyzobservable changes in splenic histology following
NO exposures [13]. However, we have recently demonstrated a significant
inirease in spleen weights following ambient levels of NO exposure for 6
weeks. In additibn;. the'pse of computerized image analisis enabled us to

'demonstrate subtle»changes i; splenic lymphoid nodule architecture [171.

This current study was conducted in an attempt to determinme whether
such spleen changes persi§téd at longer exposure periods and whether the
changes were reversible after the experimental animals were allowed recovery

periods in clean filtered air.




Methods

Animal Exposure to NO
2

In each experiment the animals were divided into two groups and bhoused
in identical environmental chambers having a common filtered—air intake. A

predetermined concentration of NO gas was supplied to the air inflow of the
. , . 2
experimental chamber, as was described previously [18]. The gas level was

continuously monitored with a Teco chemiluminesence NO analyzer and a

2
Beckman analyzer, using Saltzman fluid., In additiom, at least two weekly

NO = gas level checks ere performed with a fritted bubbler by the technique
2 -

of Saltzman [19].

The experiments described were conducted at NO 1levels of 0.25 # 0.05

2
or 0.30 + 0,05 ppm. The control animals received filtered clean air, The

NO gas was delivered to the experimental chamber for 8 hours per day, 5
dass per week, for a period of 8 or 12 weeks and the experiments were
designated M120 and M116 respectively. In another experiment (M117) the 6
weeks of NO exposure was followed by two récovery periods, one of 4 weeks
and the othe: of 10 weeks, during which the animals received clean filtered
air, following each exposﬁre and recovery period equal number of animals

were terminated from each group and lungs and spleens were removed. A total

of 169 newborn male Swiss/Webster mice were studied in these experiments.




Only the effects on the spleens are covered in this report, the results from
the lung observations will be reported elsewhere [20]. In these
experiments, gravid mice were placed in the chambers 2 weeks prior éo
delivery and the pﬁps were born in the chambers so that they would receive

the maximal exposures at the earliest age possible.

Spleen Weight Assay

Following the various time periods in the environmental chambers, eqﬁal
numbers of control and exposed animals were removed from the chambers,
weighed anq killed in a sequential order of matched pairs of control and
exposed animals with a 0.5 ml i.p. injection of sodium pentobarhital. The
lungs were removed en bloc and preserved for further studies. The spleens
were dissected ‘free of adherent tissue, placed in Petri dishes and were
weighed immediately. The weights were expressed as a percent of the body

weight (percent spleen weight), The data were statistically analyzed using

Student's t test.
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Results and Discussion

Table 1 presents data which demonstrate that changes in the percent
spleen weight (%SW) are dependent on the dose of exposure to NO . Our
previous report demonstrated a significant increase in the %SW folliwing 6
weeks of low level NO exposure [17]. Following a longer exposure period
(12 weeks) at the samezlow level of NO , the exposed group of animals had a
significantly lower (p<0.01) %SV. Thezrelatively equal %SW observed in both
the exposed and control groups at the 8 week test period conld reflect a
dynamic transition from larger to smaller spleens——a biphgsic response.
This data. additionally mandates the exefcise of caution when interpreting
the‘ biqlogiq qffects of NO inhalation following single isolated exposure
periods. It is not nnreaionable to assume that increased exposure lengths
at a given NO level could have different effects on the same organ system,
With respectzto the spleen, the initial increase in spleen weight and size
of 1lymphoid nodules [17] at 6 weeks of NO may indeed be a physiologic
splenic response to subtle acﬁte pathologii changes in the lung. With
longer exposure periods, the spleen itself may become a target organ -with
subsequent changes in function. Preliminary data from our laboratory
[21,22] suggest that the altered spleen weights may reflect changes in
spleen cell numbers and lymphocyte subpopulations. More extensive
observations of these preliminary findings are being currently pursmed in
our laboratory. Furthermore, such spleen changes may account for the
altered spleen cell functions as reported by others [9,11]. Both
suppression and enhancement of various immune functions have been reported.

It is interesting that the respective experiments were carried out at

different NO exposuré lengths. Our results lend suﬁport to this;biphasic
2 .

pattern of responsiveness.
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Moreover, NO effects on spleens were also observed in a recent study
employing nncleii acid hybridization techniques to investigate the
expression of endogenows viral RNA in the lungs, thymus, kidney, and spleen
of animals following various e;posure lengths to NO at near ambient 1levels
[23].. It is important to point out that folloiing 5 and 6 week test

periods, only the spleen demonstrated a significant increase in endogéenous

viral expression.

In addition, Table 1 also provides data demonstrating that at 4 and 10

weeks of clean air exposure following'6 weeks of NO , the increased spleen
‘ ‘ 2 .

weights in the exposed groups returned to weights equal those of the control

groups. This reversibility may be interpreted as the resolvement of a

physiologic response which was due to an acute NO insult on the bhost.

2
Unfortunately, clean air recovery periods following longer exposure periods

when the spleens are decreased in size have not yet been conducted.

Spleen changes in response to the inhalation of a gaseous air pollutant
should warrant considerable attention when assessing the overail health
effects of ambient 1level NO inhalation. The role of splenic immune
functions in human health cai be appreciated from morbidity and mortality
reports with respect to asplenic inﬂividuals and fulminant pneumococcal

disease [24-26]. In addition, the severest symptoms and some fatalities

during the recent babesiosis outbreak in  Nantucket occurred in

splenectomized patients [27,28].  Therefore, altered splenic function could




provide an appropriate milien for the expression of infectious diseases as
well as microbial opportunism. Support that this indeed may be the case is
suggested by studies reporting decreased resistance to infections in animals

following NO exposures [29,30].
2

In concltsidn,. it can be stated that the inhalation of ambient levels
of NO can influence the %SW and most likely reflects functional changes of
the spieen~as well, These splenic changes appear to express themselves in a
biphasic manner and the enlarged spleens may normalize following extended
clean air periods. However, more information is needed with respect to the
smaller spleens at extended NO exposure periods since it suggests
detrimental effects on the spleen itself. The latter is supported by our
current preliminary studies on spleen cellularity (EKuraitis, unpublished

observations). The specific cellular changes in the spleen which maj be

responsible for the %SW changes are under investigation at the present time.
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Table 1

Percent spleen weights of newborn Swiss/Webster male mice

exposed to NO at 0.25-0.30 + 0.05 ppm
2

and the respective controls at various test periods, ie,

6,8, and 12 wks. Two recovery periods of 4 and 10 weeks

following 6 wks of NO are also presented.
2
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SUMMARY

A study was carried out to determine the interrelationship between the
inhalation of nitrogen dioxide (0.4 + 0.05ppm), lung metastases development from
‘circulating cahcer cells and death rate from such metastases. C57 BL/6J mice were
used in these experimenﬁs. Animals were divided into control and N02 exposed
groups, and were exposed to filtered air and 0.4 ppm of NO,, respectively.
Foliowing 12 weeks of exposure, all animals were infused intravenously with
syngenéic,,viable B16 melanoma cells. The results indicate that a subpopulatioh
of N02.eqused_animals showed a significant incfeése‘in mortality rate during the
early part of the experiment. The interpretation is that animals especially
sensitive to the NO2 insult developed extensive metastases at an early stage. The
question Eaised is whether or not the progression of human cancer is influenced by

the inhalation of noxious pollutants in the ambient atmosphere.




INTRODUCTION

Secondary cancerous growths in lung tissues or pulmonéry metastases usually
result from blood borne cancer cells [1]. It is also known that several extrinsic
and intrinsic factors may préduce conditions in the host which favor the
development and progrgssion of metastases [2-4]. The best documented of these are
immune suppression, capillary endothelial cell alterations, cancer cell homofypic
or heterotypic aggrégations, cancer cell interactions with components of the blood
clotting system, and tissue damage in general [5-9]. Some of these conditions may
arise from inhalation of common air pollutants [10-13] but little attention has
been glven to the p0551b111ty that 1nhalat10n of air pollutants may enhance the
.spread ‘and dissemination of cancer. However, we have recently demonstrated that
~inhalation of ambient and near anbient levels of NO2 or ambient air pollution
facilitates the dévelopment of lung metastases from circulating cancer cells

(mouse melanoma). Mice exposed to NO2 and those breathing ambient air developed
significantly greater numbers of melanoma nodules in their lungs than animals
inhaling clean air [14,15].

In this report we present data from a preliminary study indicating that a
humber of N02 exposed animals with lung metastases exhibit increased mortality
rates. This is the first time that inhalation of 0.4 + 0.05 ppm of NO2 has been
linked to increased blood borne cancer cell metastasis to the lungs and
accelerated death rate.

MATERTALS AND METHODS

Five week old C57 BKL6J male mice were used in this experiment. Animals were

divided into two groups, i.e. NO2 exposed and control. There were 48 animals in
each group and they were kept in identical environmental chambers. The control
animals received filtered air free of"NO2 and O3 and those exposed to NO2 received

the same filtered air supplemented with 0.4 + 0.05 ppm N02.




Thé NO2 was delivered to the chamber according to a previously described
method.[16,17] and the levéls were monitored continously with the chemiluminécence
NOX analyzer and a Beckman instrument utilizing Saltzman fluid. In addition, a
fritted bubbler was used weekly to check NO2 levels according to Saltzman's
methodology [18]. The total No2 exposure was 429 houré.,This was spread over a 12
week period with a daily average exposure of T + 0.5 hours for five days a week.
Water and food were supplied to the mice ad libitum.

Following the 12 week exposure, animals of the two groups were infused‘via
tail vein with 105 single cell suspensioh of viable melanoma cells. One mouse iﬁ
the NQz group was runt and was not used. The cell line B16F10R2 was used, whiéh
was.established,in.our laboratory from a pulmonary melanoma nodule which developed
in a C57B1/6J male mouse following intravenous infusion of B16F10R1 cells. The -
B16F10R2 cell line is carried in tissue culture according to the previously
described protocol [19]. .

Foilowing cell infUSion, NO2 exposure was discontinued and the control and
N02 exposed groups were supplied filtered air. Twenty-one days later 10
mice from each group were killed by an overdose of pentobarbital (60mg/ml)
injection to determine if metastases were developing. The lungs were removed en
bloec, inflated w1th acetate buffered formalin and examined by stereomicroscopy for
melanoma nodules as previously reported [19]. All remaining animals were observed
daily and the dead animals were necropsied to determine the extent of metastasis.
RESULTS |

The examination of mouse lungs at the 21 day post-melanoma cell infusion

. revealed that control mice had an average of 31 melanoma nodules in their lungs

and NO2 exposed mice an average of 83 nodules. The nodule count of the control and

NO2 exposed groups ranged from 3 to 83 and from 1 to 214, respectively, with a
standard deviation of 29.28 for controls and 85.76 for the NO, exposed group. The

difference was not statistically significant, but it must be stressed that on




average the NO2 exposed mice had 50 or more melanoma nodules per lung than
control mice. |

Since the first death occurred on theI29th day after melanoﬁa cell infusion,
the survival curves were constructed beginning with day 28. At that time, there
were 38 control nd 37 NO2 exposed mice. Mortality in the NO2 exposed group was
highest during the first T days of the survival period. This was then.followed by

a period during whiéh the mortality rate was lower among NO2 exposed animals and

during the very last part of the survival period no deaths occurred among NO2

exposed animals.

Therefore, the mortality rates were examined according to the time intervals
reflecting the aforementioned trends (Table i). The data were divided into 3
representative time periods and were evaluated by regression analysis and
analysis of covariance [20].

 For the first time period (days 29-36) the mortality rate for No2 exposed
mice was a -2.58 mice per day while for controls it was -1.17, and represented a
significant difference at the 1 percentile level (F=21.15). The analysis-of
covariance indicated that the_average number of survivors in control group (33.75)
was significantly greater than in NO2 exposed group (30.38) at the 5 percentile
level, o

There was no significant difference between the mortality rates in the-
second time period (days 37 to 46, Table 1). The mortality rate dﬁring this period
for the NO2 exposed mice dropped and approached the control value, while the
mortality rate of control mice increaseéd as expected. The average number of mice
surviving in the control group for this period (11.50) was still significantly
greater at the 1 percentile level than that of the NO, exposed mice (7.80). None
of the mice exposed to NO2 died in the third time period (days 47-53). The

animals of the control group continued to die at a reduced rate., -




Necropsies revealed that death was due to a progression of lung metastases
followed by massive involvement of the lungs, thoracic cavity, and mediastinum.

At the end of the 53rd day, there were one control and two NO2 exposed mice
alive. There were no deaths observed during the next seven days and the experiment
was terminated. The necropsies of these‘animals showed that the control mouse had
no'metastases. One of the NO2 exposed mice had a melanoma nodule on the tail at
the injecfion site and nc metastases in the lungs. The other NO2 exposed
mouse had several large nodules in the lungs and liver.‘

DISCUSSION

The spread of cancer or metastasis is one of the major complicating factors
whigh_gften prevegts successful elimination of a particular cancer. As we have
already indicated, several‘extrinsic factors may influence the course of
metastasis by affecting the host. Our studies, therefore, have been focused on
N02, a common environmental air pollutant. In comparing the mortality rates of the
control and N02 exposed- animals, a significant difference was found during the K
first part of sﬁrvival period. This increased mortality rate in our opinion
refiects increased metastases formation and progression in the mice most sensitive
to NO2 insult. Since the mortality rate in NO 2 exposed group during the second
time period was not significantly'different.from the control group, and dropped to
zero in the 3rd period, it is very likely that all animals with increased sensitivity
were lost during the first period. The difference in sensitivity among inbred mice
should not be a surprising since different radiation sensitivity has been observed
in this and other mouse strains in establishing LD50 [21] and variations in
biological respohsiveness are'recognized [221.

Although this is a limited study, the finding of an increased mortality
among N02 exposed animals may have relévance to human cancer since it is well
recognized that some humans are especialiy sensitive to air pollutants [23]. The

recognition of especially sensitive animals, where the incidence of lung




metastases and mortality rate may be increased by a preventable insult (in this case
the inhalation of NO,), should be of concern. It further emphasizes the hidden
risks that may be associated with the inhalation of ambieht or near ambient levéls
of N02. Thus, the inhalation of noxious air pollutants at ambient or near ambient
levels may have a much greater impact on cancer progression than recognized at the
present time. The epidemiological studies correlating increased cancer mortality
with polluted urban environment [24,25], and the increased incidence of melanoma
metastasis in smokers [26j, may be indicative of ‘inhaled pollutant effects on the

spread of human cancer.

The mechénisms responsible for .metastasis facilitation are not clear at the

present time and future studies are planned to address this question.




REFERENCES

1. Viédana,E., Bross, I.D.J., and Pickren, J.W. (1978) Cascade spread of blood-
borne metastases in solid and nonsolid cancers of humans. In Pulmonary Metastasis,
L. Weiss and H.A. Gilbert, Eds., G.K. Hall and Co.,Boston, pp. 142-167.

2 Roos, E. and Dihgemans, K.P. (1979)‘Méchanisms of metastasis. Biochim et Biophys
Acta, 560:135-166. ‘

3. Nicolson, G.L., Bridwell, C.R., Brunson, K.W., Robbins, J.C., Beattie, G. and
Fidler, I.J. (1977) Cell interactions in metastatic process: Some cell surface
properties associated with successful blood-borne tumor spread. In Cell and Tissue
Interactions, J.W. Lash and M.M. Burger, Eds., Raven Press, New York, pp. 225-241.

4. Glaves, D. and Weiss, L. (1981) Cellular interactions in metastasis. The
Handbood of Cancer Immunol 6:1-31. '

. 5.Chalmer, J., Holt, P.G. and Keast, D. (1975) Cell-mediated immune

responses to transplanted tumor in mice chronically exposed to cigarette smoke.
J Nat Cancer Inst 55:1129-1134.

6. Sherwin, R.P. (1975) Pathogenesis of metastasis formation. Current concepts in
cancer. Int J Rad Oncol Biol Phys 1:101-105.

T. Fidler, I.d. (1978) Tumor heterogeneity and the biology of cancer invasion and

metastasis. Cancer Res 38:2651-2660. . _ :

8. Salbury, A.J. (1977) Significance of circulating cancer cells. Secondary Spread
in Breast Cancer 3:61-79.

9. Holland, J.F., Glidewell, O. and Cooper, R.G. (1980) Adverse.effects of

radigthegapy on adjuvant chemotherapy for carcinoma of the breast. Surg Gyn Obst
150:817-821. :

10.Guidotti, T.L. (1978) The higher oxides of nitrogen: Inhalation of ambient
concentrations of nitrogen dioxide. Am Rev Resp Dis. 120:281-292.

11. Dawson, S.V. and Schenker, M.B. (1979) Health effects of inhalation of ambient
~concentrations of nitrogen dioxide. Am Rev Resp Dis 1230:281-292. '

12. Holt, P.G., Finlay-Jones, L.M., Keast, D. and Papadimitrou, J.M. (1979)
Immunological function in mice chronically exposed to nitrogen oxides (N02).
Environ Res 19:154-162.

13. Bils, R.F. and Christie, B.R. (1980) The experimental pathology of oxidant and
air pollutant inhalation. Int Rev Exp Path 21:195-293. -

4. Richters, A. and Kuraitis, K. (1983) Air pollutants and the facilitation of
cancer metastasis. Environ Health Persp 52:165-168.

15. Richters, A. and Richters, V. (1983) A new relationship between air pollutant
* inhalation and cancer. Arch Environ Health 38:69-75.




16. Sherwin, R.P. and Richters, V. (1982) Hyperplasia of Type 2 pneumocytes

following 0.34 ppm nitrogen dioxide exposure: Quantitation by image analysis. Arch
Environ Health 37:306-315.

17. Sherwin, R.P. and Yuen, T.G.H. (1972) Silicone fluid for the metering and
monitoring of nitrogen dioxide. Arch Environ Health 24:331-336.

18. Saltzman, B.E. (1954) Colorimetric microdetermination of nitrogen dioxide in
the atmosphere.  Analyt Chem 26:1949-1955. :

19. Richters, A. and Kuraitis, K. (1981) Inhalation of NO > and blood borne cancer
cell spread to the lungs. Arch Environ Health 36:36-39.

20. Zar, J.H. (1974) Biostatistical Analysis, Prentice-Hall, Inc., Englewood
Cliffs, New Jersey. :

21. Storer, J.B. (1966) Acute response to ionizing radiation. In Biology of the
Laboratory Mouse. Green, E.L., Ed. McGraw~Hill, New York, pp. 427-446.

22. Hederich, H.J. (1981) Genetic monitoring. Mouse in Biomedical Research
1:159-1T71. .

23. Calabrese, E.J. (1978) Pollutants and High-Risk Groups.Johm Wiley&Sons, Inc., -
New York. '

24. Kanarek, H.C., Yost, K.J. and Anderson, V.L. (1979) A study of cancer
mortality in an wrban industrial environment. J Environ Sci Health 8:641-681.

25. Ford, A.B. and Bialik,0. (1980) Air pollutioh-and urban factors in relation to
- cancer mortality. Arch Environ Health 35:350-359.

26. Shaw, H.M. and Milton, G.W. (1981) Smbking and the development of metastases
from malignant melanoma. Int J Cancer 28:153-156.

10




Table 1

Statistical Summary of Survivors and Mortality Rates

REGRESSION ANALYSIS

ANALYSIS OF COVARIANCE

: Regression . g
Average Coefficient Homogeneity of Analysis of
Groups Survivors (Mortality Rate) Regression Covariance
— lst Period (Days 29-36)
Control .  33.75 -1.17 F = 21.15%* F = 8.97*
NO, Exposed 30.38  -2.58 DF = 1,12 DF = 1,13
2nd Period (Days 37-46)
Control 11.50 - =1.86 . P = 0.87 NS F = 21.51%**
'NO, Exposed - 7.80 .=1.60 DF = 1,11 DF = 1,17
3rd Period (Days 47-53) |
Control  3.28. -0.61 F = 46.61%* F = 10.15%*
NO, Exposed 2.00 10.00 'DF = 1,10 DF = 1,11

. * (significant .at 5%)

** (significant at 1%)

NS (Not Significant)

n



