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The effect of nitrogen oxides on some parameters of carbohy-
drate metabolism in guinea pigs was studied. The exposure to ni-
trogen oxides decreases the activity of the enzymes which take
part in the oxygen transport and simultaneously it increases the
activity of the enzymes of glycolytic metabolism. Nitrogen oxides
enhance the secretion of catecholamines and in this way they
may increase glycolysis and glucose level in the blood. Exposure
to nitrogen oxides disturbs the metabolism of glycoproteins and
mucopolysaccharides.

Nitrogen oxides are inhaled through the respiratory tract together
with the atmospheric air. Approximately 909 of inhaled nitrogen dio-
xide is absorbed into the organism (1). Nitrogen oxides react with water
and produce nitric and nitratic acids. In the presence of a buffer system
the acids are neutralized. These compounds are eliminated from the
organism with urine in the form of nitrites and nitrates (2). In animals
exposed to nitrogen oxides metabolic acidosis was found. This was man-
ifested by a defect in the buffer ability of the plasma compensated by
respiratory alcalosis. During acidosis several metabolic disturbances
were observed, one of them being a disturbance of carbohydrate meta-
bolism. For this reason we tried to evaluate the effect of nitrogen oxi-
des on some parameters of carbohydrate metabolism. Our purpose was
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to demonstrate the disturbances of carbohydrate metabolism after ex-
posure of animals to nitrogen oxides and to explain the mechanism of
these disturbances.

MATERIALS AND METHODS

The investigation was carried out on 60 male guinea pigs ranging in
weight from 430—705 g. During the experiment the animals were fed a
diet of green feed, oats and hay. They were divided into two groups:

The control group consisted of 30 guinea pigs which were kept in
toxicity chambers and breathed fresh air. Thirty animals of the exper-
imental group were exposed to 1 mg/m? nitrogen oxides in inhalation
chambers (1 m3 capacity) eight hours a day for a period of 122 days.
The air in the chamber was exchanged eight times an hour. The temper-
ature in the toxicity chamber was kept at 219 to 22° C, and relative
humidity at 65 to 70°/o during the experiment. Nitrogen oxides were gen-
erated in a specially constructed apparatus. Nitrogen oxide was for-
med according to the following reaction:

2 KNO: + 2 KJ + 2 H:SO1— 2 KSOs + J: + 2 NO + 2 H:0.

The system was self-regulating with steady nitrogen oxide overpressure
in the generator. Nitrogen oxide was mixed with purified atmospheric
air in the oxidizing reactor in ratio 1:5 where it oxidized to nitrogen
dioxide.

2 NO + O:— 2 NO:

The installation was described in a previous work (3). The concentra-
tion of nitrogen oxides in exposure chambers was checked by two in-
dependent methods:

a) continuously — by a coulometric analyser of own design (4)

b) periodically the samples taken from the exposed air were passed
through bubbling washers and the estimations were made according to
Saltzman’s method (5).

In all experimental and control animals the following parameters were
investigated: behaviour, frequency of respiratory rate, heart beat and
body weight. The following measurements were carried out in blood se-
rum 122 days after the beginning of the experiment.

1. glucose level by orthotoluidine method.
2. the activity of aldolase 1,6 — diphosphofructose by Bruns-Puls me-
thod (6)
3. the activity of lactic dehydrogenase (L. D. H.) according to Cabaud-
-Wroblewski (7)
4. the activity of phosphohexoisomerase (PHI) according to Orlow-
ski (8)
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5. the activity of sorbitol dehydrogenase (SDH) by the method of Se-
well and co-workers according to Kokot (9)

6. the activity of isocitrate dehydrogenase (IDH) according to Kokot
9 :

7. lactic acid level according to Barker and Summers (10)

. seromucoid level in mg 9/, of tyrosine according to Winzler (11)

9. the level of hexosamine binding by glycoproteids in mg®/s according
to the method of Elson and Morgan modified by Rimington (12)

10. the level of sialic acid binding by glycoproteid proteins in mg ¢/, by
the resorcinol method according to Rzepecki (13)

o]

In urine samples collected from the animals kept in Roth metabolic
cages the following parameters were estimated: pH and glucose con-
tent, the elimination of mucopolysaccharides with urine by Di Ferrante
method (14) and the elimination of 3 methoxy — 4 hydroxyamygdalic
acid (metabolite of catecholamines).

After 122 days of the experiment the animals were killed by exsangui-
nation. After the authopsy the samples from the liver and brain were
taken for biochemical investigations. The samples were washed in cold
saline, dried between two drains of filter paper and placed in a freezer
for 30 minutes. The sample weighing 4 g was homogenized in a Potter-
-Elvehjem homogenizer in the glass teflon system (rotation of the pi-
ston 3000/min). Diluted homogenate (2:8) was cooled to 0° C with double
distilled water for two minutes. In this way the tissues ere completely
homogenized.

The homogenates were filtered through gauze and centrifuged for 10
minutes. The activities of the same enzymes were determined in the
homogenates as in the serum. They were calculated per 1 g of fresh
tissue. Besides, in the liver homogenates the contents of hexoses (11),
hexosamines (12), sialic acids binding by proteins, glycoproteids accord-
ing to Warren (15), and seromucoid according to Winzler (11) were
estimated and expressed in mg per 100 g of fresh tissue.

Samples from the liver and brain (frontal lobes) were taken for hi-
stochemical investigations. They were divided into two parts. One was
immediately sectioned in a kryostat into 10 um thick sections and the
histochemical reactions were made for succinic dehydrogenase (SD) ac-
cording to Pearse (16) by means of tetra nitro BT produced by Sigma.
Incubation time (at 37° C) was eight minutes in the liver and 54 minutes
in the brain. The rest of the samples were fixed for 14 hours in cold
(+ 4 °C) Baker’s solution. They were sectioned with a freezing microto-
me into 10 wx thick slices and the reactions were made for NADH: —
(tetrazole) reductase according to Farber (17).

The incubation time (at 37 °C) was 35 minutes for the liver and 32
minutes for the brain. The preparations were covered with glycerogel.
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RESULTS

The animals exposed for a long time to nitrogen oxides showed an
increased respiratory rate. The body weight of the animals exposed to
nitrogen oxides increased by 192 g during four months. At the same
time the body weight of the control group increased by 190 g. It appears
accordingly that the exposure of animals to a low concentration of ni-
trogen oxides does not affect body weight.

Glucose level in the blood of the animals exposed to nitrogen oxides
increased if compared with controls. These differences were statistically
significant. At the same time an increased level of lactic acid in the
blood was observed (Table 1). A decrease of seromucoid level expressed
in mg %, of tyrosine was found both in blood serum as well as in the
animals exposed to nitrogen oxides.

Table 1

The level of glucose and lactic acid in the blood of control and exposed
guinea pigs expressed in mg %

Animals

Control : Statistical
. exposed to ni- T =T
iarilﬁngalg' -y }—? b0 oxides sxgmflgcance
Glucose 782 £5.1 874 43 <001
Lactic acid 503 £ 49 852 +93 < 0.001

The binding of hexosamines by glycoproteid proteins showed a simi-
lar pattern. Hexoses and sialic acids bindings by glycoproteid proteins
were increased in the serum, while in the liver the hexose content was
increased and that of hexosamines and sialic acids was decreased (Ta-
ble 2).

The activity of aldolase, lactic dehydrogenase, isocitrate dehydrogena-
se and phosphohexoisomerase increased both in blood serum as well
as in tissues. On the other hand the activity of sorbitol dehydrogenase
increased in blood serum and decreased in tissues (Table 3). Nume-
rous urine analyses showed a decrease of pH 7.50 on the average in the
animals exposed to nitrogen oxides. In the control group, the average
pH was 7.90. No sugar was found in urine. A marked increase of daily
elimination with urine of mucopolysaccharides and 3 methoxy — hy-
droxyamygdalic acid (metabolite of catecholamines) after exposure to
nitrogen oxides was very characteristic (Table 4).

Histochemical investigations
Liver

Succinic dehydrogenase (SD). A positive fine-grained diffuse reaction
was observed in all the liver lobules in the control group (Fig. 1). A
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Table 2

The behaviour of seromucoid, hexoses, bexosamines and sialic acids binding

by glycoproteid proteins in blood serum (expressed in mg %) and in the

liver homogenates (expressed in mg per 100 grams of fresh tissue) in controls
and in animals exposed to nitrogen oxides.

Animals expos-

E . Statistical
Coptols o nitrogen. o2
%2 + S.D.
. serum 67+ 12 48+ 106  <<0001
liver 4586 + 423 3872 + 346 < 0,001
Eexos;ﬁscobigcgilg serum 1486 + 9.6 1726 * 164 <001
i liver 4284 + 280 537.0+320 <0001
= :
Hinding Ty serum 1181+ 84 975+ 69 <001
glycoproteid liver 586.0 £ 387 5110 % 340 <001
proteins
Sialic acid
binding by serum 1539 £ 131 2045+212 <0001
glycoproteid liver 2040 £241 1517 £ 29.2 << 0.001
proteins

granular diffuse product of enzymatic reaction was localized in the cy-
toplasm of adenocytes, and cellular nuclei were devoid of a positive
reaction.

After exposure to nitrogen oxides a slight general decrease of the
reaction intensity for S. D. was noticed (Fig. 2).

NADH: — tetrazole reductase. A positive fine-grained reaction was
noticed in all the liver lobules in the control group. Enzymatic reaction
around the veins of the peripheral part of the lobule was stronger than
in intermediate and medial zones (Fig. 3). The enzymatic reaction was
localized evenly in the cell cytoplasm. After exposure to nitrogen oxi-
des a decrease of the reaction intensity was observed, mainly in the lo-
bule circumference (Fig. 4).

Brain

Succinic dehydrogenase (S. D.) In the control group a positive enzy-
matic reaction was found both in the nerve cells and in neuroglia. The
strongest reaction was observed in the inner-pyramidal layer and in the
outer and inner granular layers. In these cells a positive fine-grained-
-diffusse reaction was localized in the neuroplasm, particularly in the
pericaryon. (Fig. 5). After exposurc of animals to nitrogen oxides no
essential changes were found in the character of localization and inten-
sity of the reaction compared with controls (Fig. 6).
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The activity

of some enzymes in blood serum and in the liver and brain

homogenates (per 1 g fresh tissue) expressed in units of a given method

Animals exposed

2 % Statistical
Control animal to nit SRR
My D Sadt; siguibicanos
%2 + S.D.

L serum 1093 £ 30.25 1782 + 333 << 0.001
51
g liver 7556.5 + 1908.1 10179.7 + 13737 < 0.01
=< brain 6718.7 + 1405.2 10980.3 + 1464.0 < 0.001

. serum 498.0 + 156.2 745.6 £ 1545 < 0.001
g liver 18646.0 + 4143.6 22745.0 + 3976.0 < 0.001
. brain 21600.0 + 3579.0 24273.0 + 5683.0 < 0.05

3 serum 123 % 12 146 + 1.8 << 0.001
’,I‘; liver 6490.0 + 1083.0 10330.0 + 17710 < 0.001
M i 5849.0 + 262.0 50880 + 2470 <005
2 serum 1.5t 0.36 19+ 051 < 0.01
fa) liver 13314 £ 439.0 1266.0 =+ 189.7 insignificant
i brain 4896 + 61.8 370.0 + 48.07 < 0.01

) serum 29084 + 448 3739+ 393 << 0.001
:g liver 441020 = 366.1 5953.0 + 738.0 < 0.001
= brain 19240 + 207.6 22220 + 3379 << 0.001
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Table 4

pH of urine and urinary elimination of mucopolysaccharides and of 3
methoxy — 4 hydroxy amygdalic acid in controls and in animals exposed to
. nitrogen oxides

Animals expo-

Control : Statistical
_animals Seg%nt%xrilégso' significance
2 E S.D. % + S.D. P
pH 790 £ 04 750+ 03 insignificant
Mucopoly-
saccharides 358t 07 799+ 19 < 0.001
(in mg/day)
¢ e
idroxy —
amygdalic acid 681.86 + 51.0 1237.89 1331 < 0.005
(in mg/kg/24 h)
NADH: — tetrazole-reductase. A positive enzymatic reaction was

found in all layers of the examined part of the cortex and in the neuro-
glia. The strongest enzymatic reaction was localized in granular and in
internal pyramidal layers. After exposure te nitrogen oxides no differ-
ences were found if compared with controls.

DISCUSSION

The investigations performed have demonstrated that a prolonged ex-
posure of animals to a low concentration of nitrogen oxides increases
glucose level in the blood. This phenomenon may be due to an increas-
ed secretion of catecholamines under the influence of nitrogen oxi-
des. The increased daily elimination of a metabolite of catecholamines
with urine was observed. Adrenaline and to a lesser degree norepine-
phrine enhance glucose level in the tlood by stimulating glycogenolysis
in the liver and muscles and they decrease the absorption of glucose
by peripheral tissues (18). Adrenaline accelerates glucose synthesis from
glycogen in the liver by activating phosphorylase. In the muscles adre-
naline reduces the absorption of glucose from the blood, and on the
other hand increases both anaerobic glycolysis and elimination of la-
ctates into the blood and liver. The increase of lactic acid level in the
blood was found in our investigations after exposure to nitrogen oxi-
des. The investigations performed showed disturbances in the activity
of several enzymes which take part in the glycolytic metabolism. The
activity of aldolase, lactic dehydrogenase, phosphohexoisomerase and
isocitrate dehydrogenase increased after exposurc 1o nitrogen oxides.
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Fig. 1. Fig. 2.

Fig. 1. The liver of a guinea pig from the control group. Positive and fine-
grained diffuse reaction for succinic dehydrogenase throughout the
lobule (magn. 100 x)

Fig. 2. The liver of a guinea pig from the group exposed to nitrogen oxides.
The reaction for succinic dehydrogenase shows a slow general decre-
ase of intensity (magn. 100 x)
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Fig. 3. Fig. 4.

Fig. 3. The liver of a guinea pig from the control group. The reaction for
NADH: — tetrazole reductase is stronger in the region of vessels of
the lobule periphery, it is weaker in the medial and intermediate parts.

(magn. 100 x)

Fig. 4. The liver of a guinea pig from the group exposed to nitrogen oxides.
A decrease of the intensity in the reaction for NADH: — tetrazole re-
ductase in the peripheral part of the lobule (magn. 100 x)
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Fig. 5. Fig. 6.

Fig. 5. The brain of a guinea pig from the control group. The product of the
reaction for succinic dehydrogenase is fine-grained diffuse and loca-
lized in the neuroplasm of the region of pericaryon (magn. 400 x)

Fig. 6. The brain of a guinea pig from the group exposed to nitrogen oxides.
Localisation and intensity of the reaction for succinic dehydrogenase
is similar to that in controls (magn. 400 x)
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The mechanism of this phenomenon has not yet been completely ex-
plained. So far only the investigations concerning the mechanism of al-
dolase increase have been performed. Aldolase is an intracellular enzy-
me which is usually found in the soluble part of the cytoplasm. The
increased activity of this enzyme in blood serum could be due to a bio-
membrane damage causing a release of the tissue enzyme into the blood.
The studies performed by Ramazzotto and co-workers (19) indicate that
the bubbling of nitrogen dioxide directly into the homogenates of the
lung tissue increases aldolase activity. An increase in the enzyme activi-
ty depended on the concentration of gases and on the time of exposure.
These data may indicate a direct effect of nitrogen oxides on the acti-
vity of this enzyme. Until now no in vitro investigations have been car-
ried out to explain the mechanism of the activity of other glycolytic en-
zymes. Parallelly with the increase in the activity of glycolytic enzymes
we observed a decrease in the activity of the enzyme which takes part
in the electron transport i. e. in cellular oxidation. A decrease in the
activity of succinic dehydrogenase and NADH: tetrazole reductase in
the liver was observed in our investigation by means of histochemical
methods. The investigations performed in vitro by Ramazzotto and co-
-workers (20) demonstrated that the bubbling of nitrogen dioxide into
the homogenates of the lungs, liver and kidneys decreased the activity
of cytochrome oxidase and succinic dehydrogenase. Cytochrome oxida-
s¢ being the terminal oxidase in cell respiration and succinic dehydro-
genase possibly being the controlling enzyme of the citric acid cycle are
of the utmost importance for cell respiration. The observed increase in
the activity of glycolytic enzymes may be a result of adaptation of the
organism to energy deficiency due to a dissociation of oxidative phos-
phorylation and oxidation cycle under the influence of nitrogen oxides.
The investigations performed have shown that chronic exposure of ani-
mals to nitrogen oxides disturbs glycoprotein components. A character-
istic feature is a decrease in the seromucoid level, as well as a decre-
ase of hexosamine in blood serum with a simultaneous increase in the
binding of hexoses and sialic acids by proteins. The disturbances de-
monstrated may point to the changes in the liver function produced
by nitrogen oxides. An interesting observation was increased elimination
of mucopolysaccharides after exposure to nitrogen oxides. The increas-
ed secretion of these compounds with urine could be indicative of
the impairment of connective tissue, first of all the basement substan-
ces. The results of the investigation indicate that nitrogen oxides affect
some parameters of carbohydrate metabolism.

CONCLUSIONS

1. Exposure to nitrogen oxides leads to a decreased activity of the
enzymes of oxygen transport and simultaneously to an increased acti-
vity of the enzymes of glycolytic metabolism.
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2. Nitrogen oxides increase the secretion of catecholamines and in
this way they may increase glycolysis and glucose level in the blood.

3. Exposure to nitrogen oxides disturbs the metabolism of glycopro-
teins and mucopolysaccharides.
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SaZetak
UCINAK DUSIKOVIH OKSIDA NA METABOLIZAM UGLJIKOHIDRATA

Autori su istrazivali utjecaj dusikovih oksida na metabolizam ugljikohi-
drata u zamorcadi. Zivotinje su eksponirali duikovu oksidu koncentracije
1 mg/m?® po 8 sati dnevno tijekom 122 dana. Nakon tog vremena mjerili su
u krvi tih i kontrolnih Zivotinja 10 razli¢itih parametara vaZnih u metabo-
lizmu ugljikohidrata. U istih su Zivotinja odredivali u mokraéi glukozu, mu-
kopolisaharide i metabolite kateholamina. Za nekoliko enzima kojima su ak-
tivnost mjerili u serumu, aktivnost su mjerili i u homogenatima jetre ili
mozga. Nekim enzimima u jetri i mozgu aktivnost su mjerili i histokemij-
skim metodama. ‘

Na temelju dobivenih rezultata autori zakljuuju da ekspozicija dusiko-
vim oksidima dovodi do povecanja aktivnosti enzima angaZiranih u glikoliti-
¢kim procesima a da smanjuje aktivnost enzima angaZiranih u prijenosu ki-
sika. Dusikovi oksidi povedavaju sekreciju kateholamina pa i na taj naéin
povecavaju razinu glukoze i ubrzavaju glikoliti¢ke procese. Ekspozicija dusi-
gov.ién oksidima takoder remeti i metabolizam glukoproteina i mukopolisa-

aridaa.

11 interna klinika, Primljeno 2. XI 1976.
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