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Studies of the Lung in Diabetes Mellitus
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Summary. To evaluate the effects of chemically induced diabetes on lung
tissue, we examined the ultrastructure of the lung of alloxan-induced diabetic
rats. Fifty male Wistar rats were made diabetic by a single intraperitoneal
injection of alloxan (200 mg/kg of body weight): they were sacrificed from
one to four weeks later. The alloxan-induced diabetes produced significant
morphological alterations in the lung. These include marked dilatation of
the cisterna of the granular endoplasmic reticulum, dilation of the Golgi
saccules and the appearance of glycogen granules as a cluster in the cytoplasm
of the granular pneumocytes and the interstitium. These findings were well
correlated with the severity of diabetes mellitus. The altered granular pneu-
mocytes were observed in about 50% of animals and in most (87.5%) of
the observed pneumocytes 2 weeks and 4 weeks after alloxan treatment re-
spectively. The average number of lamellar inclusion bodies per granular
pneumocyte decreased to about half of that of the control in diabetic rats
4 weeks after alloxan treatment, and minimum thickness of the capillary
basement membrane was approximately 35% thicker than that of the control
(diabetics; 879+ 189 A, controls; 649 + 100 A).

The ultrastructural alterations of the lung in diabetic rats indicate dis-
orders in the pulmonary capillaries and in the metabolism of pulmonary
surfactant, which may cause pulmonary dysfunction in diabetic patients.

Key words: Diabetes mellitus, experimental — Pulmonary alveoli — Pulmonary
surfactant — Basement membrane — Endoplasmic reticulum.

Introduction

It is well known that diabetes mellitus induces metabolic abnormality, not
only of carbohydrate, but also of lipids and protein. These abnormalities are
associated with generalized angiopathy (Stauffacher et al. 1971). In addition
to atheromatous changes in the large vessels, diabetics are prone to develop
specific lesions of small vessels (arterioles, capillaries and venules) in such diverse
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tissues as the retina, renal glomerulus, muscle and skin (Bloodworth 1963).
One well-documented morphological manifestation of small vessel disease is
the thickening of the capillary basement membrane associated with diabetic
retinopathy and nephropathy (Williamson et al. 1976). Maternal diabetes pre-
disposes newborn infants to respiratory distress syndrome (Robert et al. 1976).
Furthermore, we have demonstrated that arterial oxygen tensions and pulmonary
carbon monoxide diffusing capacities in diabetic patients are often lower than
those in a normal corresponding age group (Sugahara et al. 1978; Sugahara
et al. 1979). These previous observations suggest that diabetics may also develop
functional and histological disorders in the pulmonary capillaries and in the
synthesis of pulmonary surfactant in the lungs.

At this moment, however, little information is available concerning the mor-
phological alterations in the lung in diabetes mellitus. The present experiments
were therefore undertaken in an attempt to examine the ultrastructure of the
lungs, and to assess the effects of chemically induced diabetes on the lung
tissue.

Materials and Methods

Experimental Animals. Fifty male rats of Wistar derived strain, weighing 100 to 200 g, were used.
Diabetes was induced by an intraperitoneal injection of a single dose of alloxan monohydrate
(200 mg/kg) after a 24 h-fasting period. In each experiment, half of the animals subjected to alloxan
treatment were selected at random from groups of uniform age, and the remainder were used
as normal controls. The control rats received an equal volume of isotonic saline without alloxan.
The animals were fed ad libitum and were kept from one to four weeks before sacrifice.

Development of induced diabetes was confirmed by observing animal behavior and examining
the glucose level in the blood taken from the tail vein and in the urine. This was verified by
postmortem histological examination of the pancreas.

Samples. The rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and the trachea
was cannulated after tracheotomy. Through the cannula, 2% glutaraldehyde in 0.2 mol phosphate
buffer (pH 7.4) was infused under a constant pressure of 14 cm H,O to fix the lungs in situ. Portions
of the left lobe of each fixed lung were cut into | mm cubes. The cubes were immersed in phosphate
buffer overnight, and further fixed in 1% osmium tetroxide at 4° C for 2 h. They were dehydrated
in a series of ethanol and then infiltrated with propylene oxide. Finally the specimens were embedded
in Epon 812. Using glass knives and an LKB Ultrotom III, 1 um sections were cut for light
microscopy and pale gold-thin sections for electron microscopy. The ultrathin sections were stained
with uranyl acetate and lead citrate, and examined with a Hitachi HU-12A electron microscope.

The Number of Lamellar Inclusion Bodies. More than four specimens of the lung tissue taken
from each animal were examined in order to observe ten granular pneumocytes in a mid section
plane, having a large nucleus surrounded by well-preserved cytoplasm and lamellar inclusion bodies.
The number of lamellar bodies and mitochondria per cell in the control group and the 4 week
diabetic group were counted in each granular pneumocyte which had a large nucleus visible in
the ultrathin sections. The means were compared using Student T-test.

Measurement of Capillary Basement Membrane Thickness of the Lung. All tissue samples of the
control and 4 week diabetic animals were examined under a Hitachi HU-12 A electron microscope,
and photographed at an initial magnification of approximately x 8,000. The instrument was calibrat-
ed at monthly intervals with a carbon grid and suitable corrections were made when the thickness
of the basement membrane was measured for statistical analysis. All electron micrographs were
obtained in a magnification ratio of approximately x 8,000 to eliminate possible errors in changing
the ratio. In the present observations, capillaries of 40-80 y in diameter were examined, since



Studies of the Lung in Diabetes Mellitus 315

there is a possibility that the thickness of the basement membrane might vary, depending upon
the size of the capillary. The thickness of the basement membrane was measured by a technician
who was not informed about the source of tissues. Estimation of capillary basement membrane
thickness was carried out according to one of the methods described by Williamson et al. (1969);
the capillary basement membrane was measured at two points where the membrane was the thinest,
but at least 1 cm apart from each other on micrographs enlarged 3.0 times to a final magnification
of approximately x 24,000. The means of the basement membrane thickness and standard deviation
were derived from the averages of these two measurements taken on ten to fifteen capillaries
of each specimen.

Results
1. Effects of Alloxan Injection

Rats treated with alloxan showed hyperglycaemia and glucosuria from the
first day after the alloxan injection. Blood glucose levels in the control and
alloxan-treated animals are shown in Fig. 1. Ketonuria started to occur on
the second day and persisted thereafter in all animals which showed a blood
glucose level above 300 mg/dl. Marked polyuria was quite common ; the daily
amount of urine often exceeded 10% of the body weight. Most of the alloxan-
treated animals looked quite sick, especially after the initial 2 days, but ate
well. Body weight usually remained at or near the initial value, while the control
rats at the same stage of development gained approximately 30-40 g weekly.

Histological examination of the pancreas in the alloxan-treated animals show-
ed that 24 h after the injection, the majority of the beta cells were greatly
shrunken, and in some cases the cell coalesced into an almost homogeneous
debris in which individual cells could not be recognized. The number of islets
was counted in ten fields under a light microscope at a magnification of x 40.
From the first week on, the number of the islets decreased to about half of
the control (diabetics; 4.00+1.26, control; 10.57+1.27, P < 0.001). The islets
showed a practically normal appearance with the routine haematoxylin-eosin
stain. However, special stains (Aldehyde-Fuchsin) revealed that they consisted
of agranular and alpha cells only; beta cells were completely absent. The
alpha cells and the surrounding pancreatic tissue remained intact without show-
ing any evidence of damage.
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Fig. 2. Electron micrograph of the lung taken from an animal of the control group. 7, membranous

pneumocyte, II, granular pneumocyte, A4S, alveolar space, C, capillary, MV, microvilli. x 10,000;
calibration;1 pm

2. Morphological Observations

Light microscopic examination of the lung showed no particular differences
between the pulmonary structures of the control and alloxan-treated animals;
alveolar spaces were well inflated, pulmonary capillaries were dilated and there
was no evidence of congestion of the pulmonary vasculature. However, electron
microscopic examination revealed lesions which were widespread in the lungs
of the diabetic rats.

Control Rats. The lungs of the control group showed a normal lung structure
which has type I alveolar cells (membranous pneumocytes), type II alveolar
cells (granular pneumocytes), capillary endothelial cells and interstitial cells
(Kuhn III 1977; Fig. 2). The membranous pneumocytes were simple squamous
cells which formed a thin layer over most of the alveolar walls. Usually the
nucleus was centrally placed in the cell and surrounded by a thin cytoplasm
in which ribosomes, numerous pinocytic vesicles, a few microtubules and a
few mitochondria were found. The alveolar surface of the cell was smooth.
The granular pneumocytes were large and cuboidal with a single central nucleus.
Microvilli were found on the exposed surface of the cell. The cytoplasm of
the granular pneumocytes contained more organelles than that of the membran-
ous pneumocytes, and moderate numbers of elongated mitochondria, narrow
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Fig. 3. General appearance of a granular pneumocyte taken from an animal of the control group.
The cytoplasm is abundant with mitochondria (3), narrow profiles of granular endoplasmic reticu-
lum (ER), lamellar inclusion bodies (LB) of varying sizes, multivesicular bodies (MVB), Golgi
apparatus (G) and microvilli (MV) on the cell surface facing the alveolar space. x 20,000 ; calibra-
tion=1 pm

strands of endoplasmic reticulum, free ribosomes, a small Golgi apparatus and
multivesicular bodies. The granular pneumocytes were characterized by moder-
ate numbers of osmiophilic lamellated bodies (Fig. 3).

Diabetic Rats. At 3, 6,9 and 12 h after the alloxan injection, the lungs showed
no significant changes compared to the control group.

One week after the alloxan injection, slight alterations of the granular pneu-
mocytes were observed in the diabetic rats; the endoplasmic reticulum and
Golgiapparatus were slightly dilated (Fig. 4). There were no significant alterations
observed in other cells of the lungs.

Two weeks after alloxan treatment, the dilation of the endoplasmic reticulum
of the granular pneumocytes became more marked (Fig. 5). The degree of the
dilation varied considerably, depending upon individual cells and endoplasmic
reticulum. Some of them showed localized dilatation, while others were massively
expanded. The inside of the dilated endoplasmic reticulum appeared more elec-
tron-lucent than the surrounding cytoplasm. The Golgi apparatus was also
more dilated than those of the rats examined one week after the alloxan injection.
These changes were observed in about 50% (49.1 +5.3%) of the granular pneu-
mocytes (264 cells examined in 6 diabetic rats). The membranous pneumocytes,
the interstitial cells and the capillary endothelium appeared almost normal.
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Fig. 4. Electron micrograph of a granular pneumocyte taken from an animal one week after alloxan-
treatment. x 20,000; calibration=1 um

Fig. 5. Electron micrograph of a granular pneumocyte taken from an animal two weeks after
alloxan-treatment. x 30,000; calibration=1 pm
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Fig. 6. a Electron micrograph of a lung taken from an animal 4 weeks after alloxan-treatment.
x 13,000; calibration=1 pum. b Electron micrograph of a lung taken from an animal 4 weeks after
alloxan-treatment. x 40,000; calibration=1 pm
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Fig. 7. The glycogen granules appeared as a cluster in the cytoplasm of a granular pneumocyte
taken from an animal 4 weeks after alloxan-treatment. x 21,000; calibration=1 pm

Fig. 8. The glycogen granules in the interstitium (In) taken from an animal 4 weeks after alloxan-
treatment. x 39,000; calibration=1 ym
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Four weeks after alloxan, the dilated endoplasmic reticulum of the granular
pneumocytes increased in number (Fig. 6a, b). The Golgi apparatus was also
dilated. The altered granular pneumocytes were observed in most of the diabetic
rats (87.54+4.0% in 238 cells examined in 6 rats). Dense small granules of
100-200 A in diameter frequently appeared and occasionally aggregated as a
cluster in the cytoplasm of the granular pneumocytes (Fig. 7). They were also
found in the interstitium (Fig. 8). These granules were confirmed as glycogen
granules by an ¢-amylase digestion test. The degree of aggregation of the glyco-
gen granules varied. The capillary basement membrane of the lungs was slightly
thickened (Fig. 6b). The other components of the lungs showed no significant
changes.

3. The Number of the Lamellar Inclusion Bodies
per Granular Pneumocyte

The number of the lamellar bodies and mitochondria per granular pneumocyte
was counted 4 weeks after the alloxan injection when morphological changes
were most pronounced in the granular pneumocytes, and then compared with
the controls. Differences of the number of mitochondria per cell were not statisti-
cally significant, but the number of the lamellar bodies per cell in the diabetic
rats reduced to about half of the control (Table 1). However, the lamellar
bodies of the diabetic rats showed practically no difference in shape and size
from those of the control rats.

4. Thickness of the Capillary Basement Membrane of the Lungs

Preliminary studies were undertaken to determine the validity and reproducibility
of the technique for measuring basement membrane thickness. Different persons
performed independent measurements of the basement membrane thickness on
10 capillaries from 5 randomly selected control or diabetic rats. T-tests revealed
no significant differences between the first and second sets of the measurements
(P>0.5,0.5, 04, 0.5 and 0.4 respectively). Therefore, the method employed
to measure the basement membrane thickness was considered to be reliable.
Typical examples of capillaries of the control and diabetic rats are shown in
Fig. 9. The density of the diabetic basement membrane did not differ significant-
ly from that of the control, nor could any difference in the internal structure
of the membrane be noticed. Results of measurements of basement membrane
thickness are summarized in Table 2. The minimum thickness of the capillary

Table 1. Lamellar inclusion bodies and mitochondria per granular pneumocyte in lung tissue of
alloxan-diabetic rats

No. of Lamellar bodies/cell ~ Mitochondria/cell No. of cells

animals observed
Control 4 9.83+4.69 10.75+4.53 56
Diabetics (4 week) 4 5.33+£3.62% 11.314-5.87 51

Values are mean + standard deviation. *P<0.05 compared with control
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Fig. 9. Electron micrograph of a pulmonary capillary taken from both control (C) and diabetic
(DM) animals. The basement membranes (arrow) of the control is narrow and thin, but that
of the diabetic is thicker. x 24,000 Both magnifications are the same. Calibration=1 pm

Table 2. Comparison of estimates of pulmonary capillary basement membrane
thickness in control and diabetic rats

No. of measurements Minimum
Controls 89 649+100 A
Diabetics 103 879+189 A
P < 0.001

basement membrane in the diabetics (879+189 A) was approximately 35%
thicker than that of the control (649 + 100 A).

Discussion

The present experiments have demonstrated that the alloxan induced diabetes
mellitus produces significant morphological alterations in the lung of the rat.
They include marked dilatation of the cisterna of the granular endoplasmic
reticulum, dilation of the Golgi saccules and the appearance of glycogen granules
as a cluster in the cytoplasm of the granular pneumocytes and the interstitium.
These findings were well correlated with the severity of diabetes mellitus. There
is the possibility that these morphological alterations observed in the lung after
the alloxan treatment might be due to the direct action of alloxan per se,
since it has been reported that a large dose of alloxan (by an intravenous
mjection) produced pulmonary oedema (Houssay 1947; Aufdermaur 1948) and
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changes in both the capillary endothelium and the alveolar epithelium of the
lungs (Cottrell et al. 1967). However, the morphological changes observed in
the present experiments were clearly different from those obtained by previous
investigators. Therefore, the alterations in the lung structures of the rats treated
with alloxan are most likely due primarily to diabetes mellitus induced by
alloxan. Furthermore, the dilated endoplasmic reticulum and Golgi saccules
were also observed by Plopper et al. (1978) in the fine structure of the granular
pneumocytes in streptozotocin-diabetic rats, and they attributed those findings
to a depression of the pulmonary metabolic functions associated with diabetes
mellitus.

In diabetes mellitus, glycogen deposits were observed in the epithelial cells
of the distal segment of the proximal convoluted renal tubules, the descending
loop of Henle, hepatocytes, beta cells of pancreatic islets and cardiac muscle
(Scotti 1977). In the present study, it was shown that the intracellular accumula-
tion of glycogen also occured in the granular pneumocytes and the interstitium
of the lungs in diabetic rats. Abnormal accumulation of glycogen is found
in glycogen storage diseases, and is attributable to a change in the intracellular
metabolism of glucose, which shifts the metabolism of glucose to the deposition
of glycogen (Scarpelli et al. 1977). The metabolic fate and the role of glucose
as a metabolic substrate in the lungs have not been adequately defined. Neverthe-
less, most interest has been focused on the role of glucose with respect to
lipogenesis and surfactant metabolism (Tierney et al. 1977). Diabetic rat lungs
show depressed glucose oxidation (Morishige etal. 1977) and a reduced rate
of glucose incorporation into neutral lipids and phospholipids (Moxley et al.
1975). These observations suggest that the disorder of glucose metabolism in
diabetes mellitus may lead to a disturbance of the synthesis of the pulmonary
surfactant in the lungs. In this connection, the decrease in the number of lamellar
inclusion bodies per granular pneumocyte in the diabetic rats observed in the
present experiments is of particular importance, since the granular pneumocyte
is the source of pulmonary surfactant (Kikkawa et al. 1975), and the lamellar
inclusion bodies are the storage organelles (Page-Roberts et al. 1972; Gil et al.
1973). Therefore, the present finding may also indicate that the synthesis of
the pulmonary surfactant in diabetes mellitus is decreased, since the number
of these bodies was diminished as the surfactant decreased (Klaus 1962 ; Schaefer
et al. 1964).

In recent years, numerous qualitative and quantitative electron microscopic
studies have shown that, in general, capillary basement membranes are thicker
in diabetics than in non-diabetics (see Kilo et al. 1972). Furthermore, these
studies have demonstrated that the capillary bed of most, if not all tissues,
are affected to a varying degree. To our knowledge, however, there are very
few reports on the capillary basement membranes of the lung in diabetics.
In the present study, we have shown that capillary basement membranes are
thickened in the lungs, as well as in other tissues. Basement membrane is known
to consist essentially of glycoprotein and an increased accumulation of basement
membrane substance has been reported in the kidney of diabetic patients (Spiro
1971). On the basis of our present findings, it is possible to speculate that
the abnormality in polysaccharide metabolism may also be responsible for the
pulmonary lesion, as well as other lesions in diabetes mellitus.
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The present findings indicate disorders in pulmonary capillaries and in the
metabolism of pulmonary surfactant in diabetic rats, which may cause pulmo-
nary dysfunction in diabetic patients.

Acknowledgments. We thank Prof. W. Doerr, Direktor des Pathologischen Institutes der Universitit
Heidelberg and Prof. K. Nishi, Dept. of Pharmacology, Kumamoto University Medical School
for their kind and helpful advices in the preparation of this manuscript.

References

Aufdermaur M (1948) Effects of alloxan in rabbit. Schweiz Z Pathol Bakteriol 11:42-53

Bloodworth JMB Jr (1963) Diabetic microangiopathy. Diabetes 12:99-104

Cottrel TS, Levine R, Senior RM, Wiener J, Spiro D, Fishman P (1967) Electron microscopic
alterations at the alveolar level in pulmonary edema. Circ Res 21:783-797

Gil J, Reiss OK (1973) Isolation and characterization of lamellar bodies and tubular myelin from
rat lung homogenates. J Cell Biol 58:152-171

Houssay BA (1947) Various types. J Physiol 39:249-261

Kikkawa Y, Yoneda K, Smith F, Packard BE, Suzuki K (1975) The type II epithelial cells of
the lung. I Chemical composition and phospholipid synthesis. Lab Invest 32:295-302

Kilo C, Vogler N, Williamson JR (1972) Muscle capillary basement membrane changes related
to aging and to diabetes mellitus. Diabetes 21:881-905

Klaus M (1962) Alveolar epithelial cell mitochondria as source of the surface-active lung lining.
Science 137:750-751

Kuhn III C (1977) The cells of the lung and their organelles. In: Lung biology in health and
disease. Vol 2, The biochemical basis of pulmonary function. Marcel Dekker Inc, New York
and Basel, p 3-48

Morishige WK, Uetake C, Greenwood FC, Akaka J (1977) Pulmonary insulin responsivity. In
vivo effects of insulin on the diabetic rat lung and specific insulin binding to lung receptors
in normal rats. Endocrinology 100:1710-1722

Moxly MA, Longmore WJ (1975) Studies on the effects of alloxan and streptozotocin induced
diabetes on lipid metabolism in isolated perfused rat lung. Life Sci 17:921-926

Page-Roberts BA (1972) Preparation and partial characterization of a lamellar body fraction from
rat lung. Biochim Biophys Acta 260:334-338

Plopper CG, Morishige WK (1978) Alterations in granular (type II) pneumocyte ultrastructure
by streptozotocin-induced diabetes in the rat. Lab Invest 38:143-148

Robert MF, Neff RK, Hubbell JP, Tacush HW, Avery ME (1976) Association between maternal
diabetes and the respiratory distress syndrome in the newborn. N Engl J Med 294:357-360

Scarpelli DG, Chiga M (1977) Cell injury and errors of metabolism. In: Pathology, seven edn,
CV Mosby Company, St Louis, p 90-147

Schaefer KE, Avery ME, Bensch K (1964) Time course of changes in surface tension and morphology
of alveolar epithelial cells in CO,-induced hyaline membrane disease. J Clin Invest 43:2080-2093

Scotti TM (1977) Heart. In: Pathology, seven edn. CV Mosby Company, St. Louis, p 737-855

Spiro RG (1971) Glycoproteins and diabetic microangiopathy. In: Joslin’s diabetes mellitus. Lea
& Febiger, Philadelphia, p 146-156

Stauffacher W, Renold AE (1971) Pathophysiology of diabetes mellitus. In: Joslin’s diabetes mellitus.
Lea & Febiger, Philadelphia, p 35-98

Sugahara K, Tsuji K, Araki Y, Toyama N, Morioka T (1978) Low arterial oxygen tension in
diabetic patients. Jap J Anesthesiol 27:473-478

Sugahara K, Ushijima K, Morioka T, Kato N, Kawaguchi K (1979) Diffusing capacity of the
lung and low P,O, in diabetic patients. Jap J Anesthesiol 28:1722-1725

Tierney DF, Levy SE (1977) Glucose metabolism. In: Lung biology in health and disease, Vol 2,
The biochemical basis of pulmonary function. Marcel Dekker Inc, New York and Basel, p 105~
125

Williamson JR, Volger NJ, Kilo C (1969) Estimation of vascular basement membrane thickness.
Theoretical and practical considerations. Diabetes 18:567-578

Williamson JR, Kilo O (1976) Basement membrane thickening and diabetic microangiopathy. Dia-
betes 25:925-927

Accepted October 20, 1980



