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The effect of nitrogen oxides on the hematopoietic system
was studied. The experiments were carried out on 90 guinea
pigs. The animals were divided into three equal groups: a con-
trol group (A), a group (B) exposed to nitrogen oxides at a con-
centration of 1 mg/m? eight hours a day for a period of 120
days and a third group (C), which was exposed to the reaction
products of nitrogen oxides and ammonia for 120 days.

It was shown that nitrogen oxides stimulate erythropoiesis
which resulted in a marked accumulation of erythrocytic cells
in the bone marrow. The proportion of the erythropoiefic to the
leukocytic system was 1:1, while in the control group it was
1:2. At the same time an increased number of red cell reticu-
locytes and an elevated hemoglobin level were observed. The ob-
served increase of ALA-D activity in erythrocytes with a simul-
taneous decrease in the urinary elimination of ALA and an in-
creased elimination of coproporphyrins was quite an interesting
phenomen. These data might be indicative of an intensified hem
synthesis. The neutralization of nitrogen oxides by gaseous am-
monia led to the formation of reaction products and under their
influence the picture of the peripheral blood and bone marrow
became similar to that observed in the control group.

Nitrogen oxides are among main gaseous contaminants of the atmo-
spheric air. The development of industry and transport brings about
an increased emission of these gases into the atmosphere. So far much
attention has been paid to the lesions of the respiratory system pro-
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duced by nitrogen oxides (1—7). Toxic impalirment of the mucous mem-
branes of the bronchial tree and alveoli, though it can be easily observ-
ed, marks only the beginning of the effect of nitrogen oxides upon
the entire system.

Methemoglobinemia has long been known to be due to the action of
nitrogen oxides; its level and duration are associated with the intensity
of concentration and duration of exposure (1, 8). Thus in addition to
the respiratory system, blood is another organ which is easily affected
by nitrogen oxides. However, to our knowledge this problem has at-
tracted little attention in literature. A single exposure of animals to a
high NO: concentration had no effect on blood platelet count and he-
matocrit index (9).

Similar results were obtained in some cases of chronic exposure (10).
No changes in hemoglobin concentration or erythrocyte count were
observed either (11).

Other investigations performed in different animal species revealed
that only after a few weeks of exposure to nitrogen dioxide at a con-
centration of 2 ppm, a marked increase of erythrocyte count and he-
moglobin level were found (12).

It should be mentioned that children living in the areas contaminat-
ed by nitrogen oxides showed an increased osmotic resistance of ery-
throcytes and a higher number of reticulocytes (13).

The few reports quoted above refer only cursorily to the effects pro-
duced on some of the components of peripheral blood. The results are
difficult to compare as the investigations were carried out on different
animal species to different NO: concentrations for a different length of
time. The precision of NO: dosing and several other factors also vari-
ed.

Taking all this into account we studied the reaction of the hemato-
poietic system in animals exposed to nitrogen oxides for several
months. At the same time we succeeded in evaluating, from the toxico-
logical point of view, the binding of nitrogen oxides to gaseous am-
monia.

MATERIAL AND METHODS

The experiments were carried out in guinea pigs. A total of 90 ani-
mals were divided into three equal groups; group A served as control,
group B was exposed to nitrogen oxides and group C was exposed to
the reaction products of nitrogen oxides and ammonia.

The experimental set-up and exposure was the same as described in
the previous paper (14). The following blood analyses were carried out
in all the animals:

1. Hemoglobin level was estimated by means of »Haemotest« — Tes-
ta Laboratory, Copenhagen.
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2. Erythrocyte and white blood cells count was estimated according
to the usual technique with stirrers.

3. Hematocrit index was estimated in heparinized capillaries centri-
fuged in a hematocrit centrifuge of Hawksley make.

4. Mean volume of erythrocytes (M. V. R.), mean concentration of
hemoglobin (M. C. H.) and mean weight of hemoglobin (M. W. H.) in
an average erythrocyte were calculated according to commonly accept-
ed methods (15).

5. Total white blood cell count, a percentage composition in smears
dyed with May-Griinwald-Giemsa method, and an absolute number of
particular cell series were estimated.

6. Reticulocytes were calculated after dyeing with cresyl diamond
blue (16). The results were expressed as a mean of two counts,

7. The number of blood platelets was estimated according to Fonio.

8. Methemoglobin was estimated according to Pehr and Nosek (17).

9. The activity of delta-aminolevulinic acid dehydratase (ALD) in
erythrocytes was estimated according to Bonsignore and coworkers
(18).

Examinations of the bone marrow were also performed. The samples
were taken from the femur. A percentage composition of a particular
cell series and an index of maturation were estimated. The urine of
the animals kept in Roth cages was collected several times within 24
hours. Nitrites and nitrates were estimated per 1 g of creatinine accord-
ing to Mellete’s method (19), and coproporphyrin level per 1 g of cre-
atinine according to Haeger-Aronsen (20). Besides, the content of delta-
-aminolevulinic acid in daily urine was estimated according to Mauze-
ralli’s method modified by Grabecki (21).

The results were expressed as arithmetic means (X) and standard de-
viations (SD) while the difference between the means was tested by
Student’s t-test.

RESULTS

The animals chronically exposed to NO: at a concentration of 1 mg/m?
showed an increased respiration rate throughout the experiment. They
showed no excitement or aggressiveness and the heart rate was not
increased. The animals exposed to the reaction products of NO. and
ammonia showed a slight increase of respiration rate during the first
days of experiment.

Methemoglobin level in animals exposed to nitrogen oxides was hig-
her as compared with the controls (Table 1). Urinary elimination of
nitrates and nitrites was also increased. The binding of nitrogen oxi-
des to ammonia resulted in a decreased methemoglobin level in the
blood and in reduced urinary elimination of nitrates and nitrites.
(Table 1).

ALA-D activity in the erythrocytes of the animals exposed to nitrogen
oxides was significantly higher as compared with the controls. At the
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same time urinary elimination of delta-aminolevulinic acid decreased
and the elimination of coproporphyrins insignificantly increased. After
the exposure of animals to the reaction products of nitrogen oxides
and ammonia (Group C) the values of ALA-D and coproporphyrins
were similar to those observed in the control group (Table 2).

In the peripheral blood of the animals chronically exposed to nitro-
gen oxides the number of reticulocytes and hemoglobin level were in-
creased. The hematocrit and dye index did not change.

At the same time a slight increase of mean hemoglobin concentration
in an average erythrocyte in the animals exposed to nitrogen oxides
was found. On the other hand, the mean volume of an erythrocyte and
the mean weight of hemoglobin were lower. After the exposure to the
reaction products of nitrogen oxides and ammonia an opposite ten-
dency was observed towards normalization. It should be pointed out
that hemoglobin level, mean concentration of hemoglobin in an ave-
rage erythrocyte and the number of erythrocytes decreased below the
values observed in the control group. This phenomenon was accompa-
nied by blood dilution manifested by a lower hematocrit level and a
higher mean volume of an average erythrocyte. No essential differenc-
es in the white cells between particular groups of animals were fo-
und in reference to total white cell count or to reciprocal percentage
values of particular cellular systems. A tendency to an increased percen-
tage number of lymphocytes could only be noted after the exposure to
nitrogen oxides and a decreased percentage of neutrophilic cells with
a divided nucleus and acidophilic cells among granulocytes was
found (Tables 3, 4).

An increased accumulation of cells in the erythropoietic system was
found in the bone marrow of the animals exposed to nitrogen oxides.
The ratio of the erythropoietic system to that of leukocytes was 1:1;
in controls it was 1:2. The percentage number of proerythroblasts and
other cells (basophilic erythroblasts) in the erythropoietic system was
increased. An increased maturation index (the proportion of polychro-
matophilic erythroblasts) was also found in animals chronically expos-
ed to nitrogen oxides as compared with the control group. The per-
centage number of the cells in the granulopoietic system in the bone
marrow of animals exposed to nitrogen oxides was lower than in con-
trols. The number of myelocytes, metamyelocytes and granulocytes
with a divided nucleus was most markedly decreased. The percentage
number of eosinophilic granulocytes in the animals exposed to nitro-
gen oxides was decreased, whereas no essential changes in the reticu-
lum texture were found (Table 5).

After the cessation of exposure to the reaction products of nitrogen
oxides and ammonia the marrow picture of erythroblasts completely
normalized. This concerned not only the total value of the cells of this
system but also particular series of erythrocyte precursors. A similar
normalization was also found in the majority of cellular series of mar-
row texture of leukocytes (Table 5).
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DISCUSSION

The investigations carried out have demonstrated distinct differenc-
es in the reaction of the hematopoietic system in control animals in
those chronically exposed to nitrogen oxides and in the group exposed
to reaction products of nitrogen oxide and ammonia, The changes ob-
served concerned both the peripheral blood as well as the hematoge-
nic marrow texture. Methemoglobinemia occurred in all animals chron-
ically exposed to nitrogen oxides and in some cases methemoglobin
level amounted to 3°. The lowest methemoglobin level in animals ex-
posed to nitrogen oxides markedly exceeded the highest methemoglo-
bin values observed in controls. Methemoglobinemia which occurs af-
ter the exposure to nitrogen oxides is not a new phenomenon, but it
is worth mentioning because it appears and is maintained after the ex-
posure to comparatively low concentrations. Further changes in the pe-
ripheral blood consisted in an elevated erythrocyte count, an increased
mean hemoglobin concentration in an average erythrocyte, and in an
increased leukocyte number. We have not estimated the volume of the
circulating blood and circulating erythrocytic mass, but with the same
hematocrit index one can suppose that chronic exposure of animals
to nitrogen oxides may lead to some hyperplethoric features. This is
quite acceptable since the changes in the peripheral blood were due to
the stimulation of erythropoiesis in the marrow. A large accumulation
of cells of the erythroblastic system, mainly proerythroblasts, was found
in the marrow of animals exposed to nitrogen oxides. This is com-
patible with a higher maturation index i. e. the proportion of polychro-
matic to orthochromatic erythroblasts.

The changes found in erythrocytes of the peripheral blood are in
accordance with the results of the investigations in which only after a
few weeks of exposure to nitrogen oxides, hyperplethoric features have
been found (12). The question remains what the mechanism of the
changes is, and first of all in what way erythroblastic action in the mar-
row is stimulated by nitrogen oxides. It seems to us that, to some
extent, this phenomenon can be associated with the stimulation of the
marrow by chronic hypoxia brought about by pathological changes of
the respiratory organs (15).

It is known that the exposure to nitrogen oxides leads to bronchitis,
impairment of pulmonary supporting tissues, atelectasis and emphyse-
ma with all the consequences (2—7, 21) leading to secondary hypoxia.
Lactic acid which results from tissue hypoxia is an activating factor of
adenyl cyclase which contributes to an increased level of cyclic AMP.
In its presence an activation of protein kinase takes place and accele-
rates the synthesis of renal erythropoietic factor or leads to its activa-
tion (22).

There are other factors of which little can be said at present such as
elevated activity of delta-aminolevulinic acid dehydratase (ALA-D) in
erythrocytes and a decreased elimination of ALA with urine in animals
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intoxicated with nitrogen oxides. However, they could be indicative of
certain disturbances in the rate of the complex process of hemoglobi-
nopoiesis. At present we cannot give a satisfactory explanation of the
mechanism of erythropoiesis stimulated by low concentrations of ni-
trogen oxides.

In the light of literature and on the basis of clinical observations (23)
it is possible to suggest that chronic action of nitrogen oxides at low
concentrations may bring about an overproduction of erythrocytes
which is associated with the stimulation of normoblastic erytropoiesis.
Disturbances of the hematopoietic system can be prevented by binding
nitrogen oxides to gaseous ammonia. The exposure of animals to the
reaction products of nitrogen oxides and ammonia brought the investi-
gated phenomena back to normal, and the results obtained were simi-
lar to those of the control group. This was observed in the picture of
peripheral blood in the marrow, as well as in methemoglobinemia and
the activity of delta-aminolevulinic acid dehydratase of erythrocytes.
However, a decrease in the hemoglobin level decreased mean hemoglo-
bin concentration in an average erythrocyte and erythrocyte number in
1 mm? of blood in animals exposed to the reaction products require
some explanation. The values obtained which are lower than those of
the control group might suggest that the reaction products of nitrogen
oxides and ammonia exert a toxic effect on the hematopoietic system.
It is only a seeming phenomenon resulting from an increase of the li-
quid part of the vascular bed and the dilution of morphotic elements
in the blood. This is supported by a smaller hematocrit number, in-
creased mean volume of an average erythrocyte and finally by norma-
lization of the erythroblastic system in the marrow. No substantial
changes were observed in the leukocytic system of the peripheral blood
under the influence of nitrogen oxides in reference to total white cell
count or mutual percentage values of particular cell systems. There was
a certain tendency of the percentage number of leukocytes to increase
and of the percentage of neutrophilic cells among granulocytes to de-
crease. These slight changes in the periphery stand to some extent in
contrast with the shifts of new forms of marrow granulocytes. Nitro-
gen oxides led to a marked decrease in the number of myelocytes, me-
tamyelocytes and granulocytes with a divided nucleus, and at the same
time brought about an increase in the percentage of marrow eosino-
philes. Besides, the toxic effect of nitrogen oxides resulted in a mark-
ed decrease in the number of cells in lymphatic texture. However, we
can assume that the production and outflowing of white cells were nor-
mal. This is supported by a normal leukocyte number in the peripher-
al blood and by their normal morphological state. On the other hand,
we cannot exclude the possibility that long-term exposure to nitrogen
oxides leads to a pathological weakening of the generation of cells of
leukocytic series. Neutralization of nitrogen oxides by gaseous ammo-
- nia, similarly to the erythropoietic system, restores normal quantitative
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relationships between cell series and elements of white cells in the mar-
row texture. This is yet another proof of biologically beneficial effect
of nitrogen oxides neutralized by ammonia.

CONCLUSIONS

1. A longterm action of nitrogen oxides upon the hematopoietic
system stimulates erytropoiesis.

2. Nitrogen oxides do not exert a greater effect on the production
and outflow of white blood cells.

3. Neutralization of nitrogen oxides by gaseous ammonia tends to
restore normal functioning of the erythroblastic system.

4, Nitrogen oxides activate some of the enzymes taking part in the
hem synthesis.
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Sazetak

UTJECAJ DUSIKOVIH OKSIDA I PRODUKATA NJIHOVE
NEUTRALIZACIJE S AMONIJAKOM NA HEMATOPOETSKI SUSTAV

Ispitivan je utjecaj dusikovih oksida na hematopoetski sustav. Eksperi-
menti su vreni na 90 zamor¢adi. Zivotinje su podijeljene u tri skupine: kon-
trolnu je skupinu (A) sainjavalo 30 zamoréadi, u drugoj (B) bilo je 30 Zi-
votinja koje su bile izloZene dusikovim oksidima u koncentraciji 1 mg/m? 8
sati dnevno u toku 120 dana. Treéa je skupina (C) bila izloena produktima
reakcije duSikovih oksida i amonijaka u Jjednakom trajanju kao i skupina
(B). U svih je Zivotinja odredivan sastav krvi. Primijeceno je da dusikovi
oksidi stimuliraju eritropoezu, jer je doflo do znatne akumulacije eritrocita
u koStanoj srzi. Odnos eritrocita i leukocita bio je 1:1, a u kontrolnoj 1:2.
U isto vrijeme opaZen je poveéan broj retikulocita i poviSena vrijednost hemo-
globina. Zanimljivo je da je primijecena poveéana aktivnost ALAD u eritro-
citima, dok se istovremeno smanjilo izlu¢ivanje ALAD putem urina, a pove-
Calo se izlu¢ivanje koproporfirina. Ovi bi podaci mogli biti pokazatelji poja-
Cane sinteze krvi. Neutralizacija dugikovih oksida s amonijakom u plinovi-
tom stanju dovodi do formiranja produkata reakcije, pod &ijim utjecajem
nastaje sli¢na slika periferne krvi i ko$tane srii onoj u kontrolnoj skupini.
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