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ABSTRACT: Since hyperglycaemia is known to affect normal pulmonary physi-
ology and biochemistry and few structure-function correlations have been report-
ed, we designed experiments on hamsters subjected to streptozotocin-induced
diabetes or diabetes associated with hyperlipidaemia, and investigated the impact
of these conditions on the lung structure. 

At time intervals ranging 2–24 weeks from the inception of disease (without cor-
recting blood glucose with insulin), the animals were sacrificed, and plasma glu-
cose and cholesterol assayed. The lung was processed for electron microscopy, and
the structural changes of the capillary and venular endothelium, of epithelial cells,
and interstitium were examined. 

In diabetic animals, especially after 6 weeks of disease, a gradual narrowing of
~35% of the capillaries and ~30% of the alveoli, and hyperplasia of the extracel-
lular matrix, rich in collagen bundles, were observed. Frequently, capillaries con-
tained adherent intravascular macrophages suggestive of an inflammatory process.
The capillary endothelium was characterized by numerous plasmalemmal vesicles,
often fused, well-developed synthesizing apparatus (endoplasmic reticulum and
Golgi complex) and cytoskeleton, and an uneven distribution of the anionic sites
on the luminal plasmalemma. The venular endothelium was particularly rich in
Weibel-Palade bodies. The alveolar epithelium was often collapsed, compressing
surfactant within the airspace. The lung interstitium was apparently enlarged, and
the fibroblasts and contractile interstitial cells frequently contained lipid droplets.
These alterations were more pronounced and occurred at a faster rate (4 weeks)
in diabetes associated with hyperlipidaemia. 

The structural modifications reported in this study support the functional dis-
turbances observed in association with hyperglycaemia, sustaining the conclusion
that the lung is an organ affected by diabetes. 
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The impact  of diabetes on the pulmonary system has
so far been documented mainly by mild functional abnor-
malities, such as a reduction in elastic recoil, lung vol-
umes, and pulmonary diffusing capacity [1]. Diabetic
patients show alterations of the outcome of pulmonary
function tests, such as a reduced forced vital capacity
and forced expiratory volume in one second [2]. Recently,
the pulmonary venous resistance was found to be selec-
tively increased 2 weeks after the induction of experi-
mental diabetes [3]. 

The changes in lung biochemistry occurring in dia-
betes consisted in: suppression of aniline p-hydroxylase
activity [4]; a diminished level of insulin-like growth
factor-I (IGF-I) [5]; elevated activity of angiotensin-con-
verting enzyme (ACE) [6]; and increased susceptibility
to glycation of lung proteins [7]. The only structural
modification described, so far, is the thickening of the
alveolar basement membranes in human diabetic lungs
[8], and in rats with streptozotocin-induced diabetes [9].
The cause of the thickening and duplication of base-
ment membranes in diabetes is still not well understood

[10]. Recently, a specific type of nodular fibrosis of the
lung was described in diabetes [11].

In addition, a delayed expression of surfactant pro-
tein A (SP-A) was reported, as well as of hydrophobic
surfactant protein (SP-B, SP-C) in foetuses of strepto-
zotocin-treated rats [12, 13], and an increased muscu-
larization of the pulmonary arteries  of infants of diabetic
mothers, contributing to pulmonary hypertension [14].
An increased susceptibility to specific pulmonary infec-
tions was also described for diabetics [15, 16]. 

Knowledge of the influence of hyperlipidaemia on the
pulmonary system comes from a few early studies on
experimental pulmonary atherosclerosis [17–19]. More
recently, increased levels of cholesterol content in the
lungs [20], systemic induction of 15-lipoxygenase activ-
ity [21], and massive accumulation of foam cells in the
intima of lung muscular arteries during pulmonary athero-
genesis [22] were reported.

Since no correlation exists between these functional
abnormalities and the alterations of the lung structure
in diabetes, we designed experiments to examine the
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effect of streptozotocin-induced diabetes and diabetes
associated with hyperlipidaemia (which frequently occur
concurrently) on the ultrastructural components of the
lung, and discuss the consequences of these alterations
on lung physiology. 

Materials and methods 

Animals

Sixty male golden Syrian hamsters, 3–4 months old,
were maintained in standard housing conditions, on a
14 h/10 h light/dark cycle, and provided with rodent
chow and water ad libitum. The experiments were per-
formed in accordance with "Principles of Laboratory
Animal Care" (NIH publication No. 83-25, revised 1985).

Experimental protocol

The hamsters were divided into three groups: 1) dia-
betics (D), injected i.p. with streptozotocin (Sz) (50
mg·kg-1 body weight (BW)), dissolved in 0.1 M citrate
buffer, pH 4.5; 2) simultaneously diabetics and hyper-
lipidaemics (HD), injected with Sz (as above) and fed
a pelleted chow supplemented with 3% cholesterol and
15% buffer;  and  3) controls (C), untreated age-matched
animals injected with vehicle only. The body weight of
the hamsters, and the evolution of plasma glucose and
cholesterol  were monitored every 2 weeks, for 24 weeks
from the beginning of the experiment. No insulin treat-
ment was used to correct blood glucose concentrations
in the D and HD groups.

Plasma assays

Under light anaesthesia, blood was collected on 2.7 mM
ethylenediamine tetra-acetic acid (EDTA) (1 mg·mL-1

blood), either from the venous orbital plexus of fasted
animals, or from the abdominal aorta at the time of sac-
rifice. Plasma was separated, and glucose and choles-
terol concentrations determined by enzymatic kits (Sigma,
St. Louis, MO, USA), according to the instructions sup-
plied.

Electron microscopy

At regular time intervals (2–24 weeks) after the ini-
tiation of the experiment, animals that showed signifi-
cant loss in body weight and elevated plasma glucose
and/or cholesterol  were selected for examination. Ham-
sters were anaesthesized by an i.p. injection of 5% chlo-
ral hydrate (0.1 mL·100 g-1 BW), and after laparotomy
and catheterization of the abdominal aorta, the vascu-
lature was perfused with phosphate-buffered saline (PBS)
at a constant flow rate of 6 mL·min-1. The vena cava
abdominalis was used as the outlet. The hamsters were
breathing during PBS perfusion, and the airspaces were
not artificially inflated. Through the same route, the tis-
sues were fixed in situ with a mixture of paraformalde-
hyde (2.5%), glutaraldehyde (1.5%) supplemented with
CaCl2 (2.5 mM) in HCl-Na cacodylate buffer (0.1 M,

pH 7.4). After 10 min of vascular perfusion, small frag-
ments of the lung left lobe were excised, and further
fixed in the same fixative (90 min), followed by 1%
osmium tetroxide (OsO4) in the same buffer (90 min),
stained in block with uranyl acetate, dehydrated in grad-
ed ethanols, and embedded in Epon 812. Thin sections
stained with uranyl acetate (7.6%, dissolved in double-
distilled water) and lead citrate (0.4% in 0.1 N NaOH)
were examined with an electron microscope (201C; Philips,
Eindhoven, The Netherlands).

Detection of endothelial anionic sites

For this purpose, after washing-out the blood, cation-
ized ferritin (CF), 1 mg·mL-1, in PBS was perfused for 2
min through the entire vasculature. Afterwards, the stan-
dard protocol described above for electron microscopy
was used.  

Morphometric analysis

These assays were performed to quantify: 1) the percen-
tage of collapsed capillaries and/or alveoli, using feature
counting on ~150 micrographs at ×15,000 magnification,
and displaying 5–7 capillaries per electronmicrograph;
2) the thickening of the fused basal laminae between
endothelium and type I epithelial  cells, evaluated on
~100 electronmicrographs at ×55,000 magnification,
using the minimum thickness method of WILLIAMSON et
al. [23]. The latter implies measurements of the thick-
ness of the capillary basement membrane at two points
where the basement membrane is thinnest. The points
selected must be at least 1 cm apart as measured on
electronmicrograph, and must not overlie pericytes.

Results

Body weight and plasma modifications

Control hamsters (C). The body weight of normal ham-
sters was 93±10 g during the 24 weeks of the experi-
ment; the plasma glucose and cholesterol concentrations
were 100±44 and 79.3±17.3 mg·dL-1, respectively, through-
out the experimental period.

Diabetic animals (D). Body weight, as an overall index
of metabolic disturbance, was lower in the diabetic ham-
sters (55±5g) as compared with that of age-matched con-
trols. An elevated plasma glucose concentration, up to
440±20 mg·dL-1 was detected. As reported for diabetes
[24], the heart showed conspicuous myocardial hyper-
trophy, with thickening of the left ventricular wall and
interventricular septum.

Diabetic and hyperlipidaemic hamsters (HD). The ham-
sters subjected simultaneously to diabetes and hyper-
lipidaemia exhibited essentially similar changes in terms
of body weight and glycaemia as those in the diabetic
group,  but at a faster rate [24]. In addition, in HD ani-
mals, the plasma cholesterol increased steadily during
the experiment, and attained the highest values (900±100
mg·dL-1) after 24 weeks of combined disease.
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Pathomorphological alterations of the lung in diabetic
hamsters

The pathological changes of the lung structure occurred
gradually, but were particularly evident after 6 weeks of
hyperglycaemia. After that, the modifications observed
developed into more advanced changes of the endothe-
lia (of capillaries and venules), epithelia, and intersti-
tium, leading  at 18 and 24 weeks of disease to a generally
altered structure of the diabetic lung.

Lung capillaries. At the beginning of the experimental
period, lung capillaries had a round contour and gener-
ally normal structure. Progressively, but particularly after
6 weeks of diabetes, the structure of the capillary  endothe-
lial cells was altered. The cytoplasm displayed an abun-
dant  biosynthesizing apparatus (endoplasmic reticulum
and Golgi complex), organelles involved in degradation
(multivesicular bodies and lysosomes), a large number
of plasmalemmal vesicles (caveolae) often fused, and a
relatively well-developed cytoskeleton (microfilaments
and microtubules) within an apparently enlarged endo-
thelial cell (fig. 1a). Sometimes, the endothelial plasma-
lemma displayed irregularities that protruded into the
capillary lumen (fig. 1b). 

In hyperglycaemic animals, exposure of the lung vas-
culature to cationized ferritin (CF), led to a patchy de-
coration of endothelial plasmalemma. As shown in figure
1b, the CF-detectable anionic-sites appeared clustered
over small areas of the luminal membrane, leaving large
zones devoid of CF-decoration. This was in contrast to
the aspect of capillaries in normal animals, where the
CF-decorated anionic sites had a homogeneous distri-
bution over the endothelial luminal plasmalemma (fig.
1b, inset). 

Within the capillary lumen, intravascular macrophages
were often found adhering to the endothelium (fig. 2a). 

At 18 and 24 weeks of hyperglycaemia, morphome-
tric analysis indicated that ~35% of the capillaries and
~30% of the alveoli had become narrowed or even par-
tially collapsed structures (fig. 2b and c). Morphometric
analysis indicated that, progressively, during the 6th to
24th weeks of the experiment, an increase of up to  four-
fold (above control) had occurred in the thickening of
the fused endothelial and epithelial basal laminae (fig.
2d). The enlargement of the basal laminae and peri-
capillary interstitium occurred focally, but was distrib-
uted throughout the microvasculature.

Lung venules. In diabetes, the venular endothelium show-
ed numerous features in common with the capillary
endothelium, such as frequent plasmalemmal vesicles,
sometimes fused, well-developed synthesizing appara-
tus and lysosomes, and a patchy and scarce decoration
of the plasmalemma with CF-detectable anionic sites
(fig. 3). The most striking feature of the venular endothe-
lium in diabetes consisted in the abundance of Weibel-
Palade bodies (fig. 3). 

Alveolar epithelium. Type I epithelial cells presented no
evident structural changes, except for some apparently
enlarged intercellular junctions (fig. 2d). As already men-
tioned, the basal lamina interposed between these cells

and the capillary endothelial cells was thickened (~four-
fold), a feature that may impede the normal air-blood
barrier function.  In addition, starting with 6 weeks of
diabetes, frequent focal enlargements (nodules) of extra-
cellular matrix were observed beneath the type I epi-
thelial cells (fig. 2a, inset, and 2d). 

Type II epithelial cells appeared structurally normal.
As in the case of type I cells, the underlying extracel-
lular matrix was hyperplasic and apparently enriched in
collagen bundles and elastin. 

Interstitium. Starting 6 weeks into the experiment, the
connective tissue cell components, such as fibroblasts
and contractile interstitial cells, often contained numer-
ous lipid droplets (figs. 2b and 4b). Also, the matrix
fibres (collagen and elastin) were apparently more abun-
dant than in normal lung (figs. 1b and 4a). This increase
in extracellular matrix could contribute to the narrow-
ing of capillaries, as well as to the enlargement (in some
areas) of blood and airspaces (fig. 4a). Often, within the
reduced alveolar space, the tubular myelin and surfac-
tant were compressed (fig. 5).

Alveolar macrophages. These cells displayed an appar-
ently normal structure except that, at 24 weeks of hyper-
glycaemia, cholesterol crystals were often detected in
the cytoplasm. 

Alterations of the lung in combined diabetes and hyper-
lipidaemia

In HD hamsters, the alterations of the lung cells and
interstitium were similar to those described for diabetic
animals, except that they appeared at a faster rate, i.e.
at 3–4 weeks of combined hyperglycaemia and hyper-
lipidaemia rather than at 6 weeks, as found for diabe-
tic animals. Thus, the capillary endothelial cells of HD
hamsters showed: overexpression of the biosynthesizing
machinery; a gradual but constant reduction in density
of decoration of the luminal plasmalemma with CF-
detectable anionic sites; thickening of the basal lamina;
and focal enlargement of the pericapillary matrix. Figure
6 shows an example of lung structure in an HD animal
at 18 weeks of combined disease; the characteristic nar-
rowing of the alveolar space, and the apparently en-
larged interstitium containing elastin, collagen bundles,
and numerous lipid-loaded interstitial cells were often
observed. 

Discussion

The results obtained in this study indicate that, in
hamsters (not treated with insulin), diabetes induces sev-
eral pathomorphological modifications of the lung, such
as: changes the capillary and venular endothelium; hyp-
erplasia of the basal lamina and extracellular matrix;
and enlargement of the interstitium, within which lipid-
loaded interstitial cells occurred. These alterations are
more prominent and occur at a faster rate in hamsters
subjected to the combined effect of hyperglycaemia and
hyperlipidaemia. These results are in good agreement with
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Fig. 1.  –  Lung capillary of a 6 week old diabetic hamster. a) The partially collapsed capillary is surrounded by endothelial cells (ec) appar-
ently expanded, containing a large number of plasmalemmal vesicles (v), some of them fused (fv), microfilaments (f) and microtubules (t).
(Internal scale bar=0.290 µm). b) Anionic sites of the endothelial luminal plasmalemma, detected by perfusion in situ of cationized ferritin (CF),
are unevenly distributed, as indicated by the patchy CF-labelling as opposed to even CF-decoration of normal (control) hamsters (inset). Note
the enlarged extracellular matrix (em) present between endothelial cell (ec) and type I epithelial cell (ep). (Internal scale bar=0.120 µm; and for
inset=0.160 nm). l: capillary lumen; A: alveolar space.
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Fig. 2.  –  Modification of the structure of the lung of a 24 week old diabetic hamster. a) Some capillaries are characterized by the presence
of intravascular macrophages (M) presenting areas closely adherent to the lining endothelial cell (ec). (Internal scale bar=0.770 µm; and for
inset=0.200 µm). b) Narrowing of the capillary lumen (l) leads, in some areas, to capillary occlusion (arrows) that even after perfusion retains
the plasma in the vascular space. Contractile interstitial cells (ic) contain cytoplasmic lipid droplets (ld). (Internal scale bar=0.640 µm). c) The
avesicular zone of a collapsed capillary. (Internal scale bar=0.200 µm). d) Focally expanded extracellular matrix (em) often underlies type I
epithelial cells. (Internal scale bar=0.140 µm). CF: cationized ferritin; A: alveolar space; s: surfactant; bl: basal lamina; ep: type I epithelial
cells. 
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Fig. 3.  –  Lung venular endothelium of a 6 week old diabetic hamster perfused in situ with cationized ferritin (CF). The endothelial cell (ec)
exhibits numerous Weibel-Palade bodies (WP) and plasmalemmal vesicles (v), often fused (fv). In the subendothelium, collagen bundles (arrow-
heads) and elastin (e) are present. Inset: high magnification of a Weibel-Palade body showing the cross-sectioned tubular inclusions. l: lumen;
ly: lysosome. (Internal scale bar=0.320 µm; and for inset=0.140 µm).

Fig. 4.  –  Lung interstitium of a 24 week old diabetic animal. a) The expanded interstitium is characterized by frequent collagen bundles (arrow-
heads) that appear cut longitudinally or transversally. (Internal scale bar=0.220 µm). b) In the apparently enlarged interstitium, the interstitial
cells (ic) contain lipid droplets (ld). l: capillary lumen; ec: endothelial cell; A: alveolar space; ep: type I epithelial cell; e: elastin (Internal scale
bar=0.310 µm). 
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previous studies on micro- and macrovascular chan-ges
that take place in diabetic and hyperlipidaemic hamsters
[24].

One special characteristic was the decreased labelling
and patchy distribution of CF-detectable anionic sites
of the endothelial plasmalemma in lung capillaries and
venules both of D and HD group hamsters. This mod-
ification appeared soon after the induction of disease,
and is analogous with that reported for diabetic arterial
endothelium [25], myocardial and retinal capillary endo-
thelium [24], and endocardium [26]. The lack of a con-
tinuous anionic charge on the luminal surface of the
endothelial cells may impede the relationship of the lat-
ter with the circulating blood cells (that also have a net
negative charged surface), as well as with the circulat-

ing plasma macromolecules. This may account for sev-
eral functional abnormalities that are ascribed to the dia-
betic lung. 

The endothelial cells were rich in cytoskeletal elem-
ents, and displayed numerous fused plasmalemmal vesi-
cles, a feature that was also reported for endocardial
endothelium in diabetes [26]. The fused plasmalemmal
vesicles may represent an additional route for transendo-
thelial transport, and could explain the increased per-
meability for water, electrolytes and plasma molecules,
known to occur in diabetes. The large number of copies
of Weibel-Palade bodies detected in the lung venular
endothelium may account for the reported elevation of
plasma concentration of von Willebrand factor in dia-
betes [27].
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Fig. 5.  –  Compressed lung alveolar space of a 24 week old diabetic hamster. Over a large surface, the alveolar space (A) becomes collapsed,
displaying compressed surfactant, which appears as tubular myelin (t) or as a multilayered structure (s). Note the osmiophilic type I epithelial
cell (ep1), whose contorted contour (arrows) is accompanied by interstitial tissue (is), as well as the presence of apparently frequent collagen
bundles (arrowheads), and elastin (e). l: vascular lumen; ec: endothelial cell; ep: type I epithelial cell. (Internal scale bar=0.430 µm).
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Interestingly, despite the extensive blood removal be-
fore tissue fixation, the diabetic hamster often displayed
pulmonary intravascular macrophages (PIM) still adhe-
rent to the endothelium. Although PIMs have not been
found in the vessels of normal hamsters, in diabetic ani-
mals their presence was common. This population of
mature phagocytic cells was reported to occur in rumi-
nants, pigs and cats [28], and is relevant for pulmonary
inflammation and associated injury. The occurrence of
intravascular macrophages in the diabetic lung could be
correlated to inflammatory reactions, since recent data
have shown that macrophage-derived cytokines were in-
creased in the serum of patients with insulin-dependent
diabetes mellitus [29].

Compared to the normal lung morphology [30], the
examination and morphometric data of the hamsters
lungs in diabetes, and diabetes associated with hyper-
lipidaemia showed that ~35% of the capillaries and ~30%
of alveoli became narrowed and apparently compressed;
this may be due, in part, to the pressure exerted by the
hyperplasic perivascular extracellular matrix, epithelial

extracellular matrix and interstitium. These modifications
induce an increased thickness of the air-blood barrier,
that may impede the gas transport, and could promote
an uneven distribution of surfactant over the collapsed
alveolar epithelial cells. These changes appear earlier
and faster in diabetes associated with hyperlipidaemia,
which indicates that hyperglycaemia and hyperlipid-
aemia have a cumulative effect. 

To a certain extent, the structural changes observed
in the pulmonary extracellular matrix of hamsters with
diabetes or diabetes associated with hyperlipidaemia
could be ascribed to the appearance of glycation of pro-
teins in diabetic conditions [7], lung collagen being sub-
jected to the Maillard reaction [31]. 

With the data so far obtained, we cannot ascertain whe-
ther the changes observed are reversible, as reported for
some biochemical parameters in experimental hypergly-
caemia that were corrected to basal conditions [5, 6, 32].

Taken together, the results reported here provide the
structural correlate of the functional and biochemical
disturbances associated with diabetes.  
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Fig. 6.  –  Lung fragment of a hamster after 18 weeks of combined diabetes and hyperlipidaemia. Note the collapsed alveolar space (A), the
enlarged interstitium rich in elastin (e) and collagen bundles (arrowheads), and the presence of interstitial cells (ic) containing lipid droplets (ld).
l: vascular lumen; ec: endothelial cell. (Internal scale bar=0.210 nm).
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