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INTRODUCTION 

Diabetes mellitus (DM) is a chronic degenerative 

metabolic disease that is currently considered one of the 

greatest problems of global public health. It affects the 

survival and quality of life for millions of people around 

the world due to its acute and chronic complications on 

the cardiovascular system, kidneys, retina, and 

nerves.
[1.2.3] 

 

However, several studies suggest that the lungs may also 

be affected by DM because various respiratory function 

abnormalities have been observed in diabetic subjects 

involving lung volume, pulmonary diffusing capacity, 

control of ventilation, bronchomotor tone, and 

neuroadrenergic bronchial innervation.
[4.5] 

 

Nevertheless, unlike cardiovascular disease, 

nephropathy, retinopathy, and neuropathy, diabetic 

pneumopathy has not been fully explored in the 

literature, mainly involving studies on the course of 

morphological, morphometric and ultrastructural changes 

of the lungs under a chronic hyperglycemia regime 

without any treatment over a long period of follow-

up.
[6.7.8]

 

 

Moreover, although hyperglycemia has been recognized 

as the causal link between diabetes and chronic 

complications, the causative mechanisms of diabetic 

lesions are still widely discussed.
[9.10]

 A previous study 

performed in our laboratory showed that oxidative stress 

from increased generation of reactive oxygen species 

(ROS) can play an important role in the genesis and 

progression of kidney injury in alloxan-induced diabetic 

rats.
 [11]

 Thus, we believe that oxidative stress may also 

be one of the mechanisms responsible for the 

development and progression of lung injury and other 

chronic diabetic lesions. 

 

Therefore, the aim of the present study was to investigate 

the long-term effects of alloxan-induced DM on the lung 

tissue of rats maintained with high levels of blood 

glucose compared to age-matched normal control rats 
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ABSTRACT 

Purpose: This study evaluated the long-term effects of alloxan-induced diabetes in rat lungs. Method: Sixty non-

diabetic control (NC) and 60 untreated diabetic (UD) rats were divided into 3 subgroups and sacrificed after 6, 14, 

or 26 weeks. Results: UD rats showed clinical and laboratory signs of severe diabetes throughout the study. Fresh 

and fixed lung weight, fixed lung volume, and lung compliance were significantly reduced in UD rats, whereas 

fresh lung weight relative to body weight was higher after 14 and 26 weeks. LPO free radicals were significantly 

higher in the pulmonary tissue of UD rats, whereas SOD, CAT, and GSH-Px antioxidant enzyme activities were 

lower after 14 and 26 weeks. UD rats showed lung morphological changes characterized by diminution of alveolar 

spaces with alveolar septa thickening and varying degrees of congestion, insudation, and interstitial mononuclear 

inflammatory infiltrate. Morphometric analysis revealed that the total number of alveoli and alveolar and 

endothelial basal laminae thickness were significantly higher in UD than NC rats, whereas alveolar perimeter and 

alveolar surface area were decreased. Ultrastructural changes were observed in all structures of UD alveolar septa 

and included alveolar and capillary lumen narrowing, type I cell degeneration, expansion of interstitial extracellular 

matrix by edema and abundant pynocytotic vesicles, and diminution of type II cell microvilli, which had a high 

amount of mature lamellar corpuscles with a delay in their surfactant output out of the cytoplasm. Conclusions: 

Alloxan-diabetes causes morphological, morphometric and ultrastructural changes in rat lungs. These changes may 

be correlated to oxidative imbalance caused by persistent hyperglycemia. 

 

KEYWORDS: Diabetes Mellitus. Alloxan Diabetes. Diabetic Chronic Lesions. Pulmonary Changes. Morphology. 

Ultrastructure.  
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with an equal follow-up period. We also hope to 

establish the relationship between pulmonary oxidative 

balance and the lesions found in lungs. 

 

MATERIAL AND METHODS 

Animals and groups 

One-hundred and twenty male Lewis rats, approximately 

12 weeks old, were randomly assigned to two 

experimental groups: UD – 60 alloxan-untreated 

diabetic, and NC – 60 non-diabetic control rats. Each 

group was further divided into 3 subgroups of 20 rats 

each, which were sacrificed after 6, 14 and 26 weeks of 

follow-up. At the time of sacrifice, the animals from the 

two groups were 18, 26 and 38 weeks old, respectively.  

 

The use of laboratory animals followed the ethical code 

for animal experimentation of the International Council 

for Laboratory Animal Science (ICLAS) and was 

approved by the Animal Experimentation Ethics 

Committee of our institution. 

 

Diabetes induction and techniques 
Diabetes was induced by alloxan (Sigma Co., Cream 

Ridge, NJ, USA) intravenously using one of the tail 

veins in a single dose of 42 mg/kg body weight. Only 

diabetic rats showing a severe diabetic state with fasting 

glucose >250 mg/dL were included in the experiment. In 

a similar procedure, NC rats received 1 ml of saline. Any 

animals that died after diabetes induction or during 

follow-up were replaced by standbys in their respective 

subgroups to avoid compromising the final number of 

rats in the sample. Diabetic animals affected by 

pneumonia, pyoderma and/or pediculosis were treated 

with antibiotics or topical antiparasitic applications, 

respectively. After diabetes induction, the rats from the 

UD group were left without any control of 

hyperglycemia until the end of the experiment, while 

having age-matched non-diabetic rats with equal follow-

up period served as controls. 

 

Animals from both experimental groups were sacrificed 

under general anesthesia using ketamine cloridrate at a 

dose of 100 mg/kg body weight, associated with xylazine 

cloridrate at a dose of 25 mg/kg body weight, 

administered intramuscularly (Rhobifarma Ind. 

Farmacêutica, Hortolândia, SP, Brasil). Blood was 

collected during follow-up by cutting a section from the 

distal end of the tail and at the time of sacrifice via 

cardiac puncture, with the chest open. Euthanasia was 

performed by exsanguination, followed by 

infradiaphragmatic sectioning of the vena cava. 

 

Clinical and laboratory analysis 
At 2 weeks after initiation of the experiment or diabetes 

induction (initial parameters) and after 6, 14 and 26 

weeks of follow-up, rats from the two experimental 

groups were housed in metabolic cages to measure their 

body weight, 24-hour water intake, 12-hour food intake, 

24-hour urine volume, blood and urinary glucose, 

glycosylated hemoglobin (HbA1c) and plasma insulin. 

Blood and urinary glucose were measured via a standard 

enzymatic method (Johnson & Johnson Inc., New 

Brunswick, NJ – USA), HbA1c via agarose gel 

electrophoresis (Sebia Inc., Norcross, GA, USA), and 

plasma insulin via radioimmunoassay using a Coat-A-

Count kit (Diagnostic Products Co., Los Angeles, CA, 

USA). 

 

Macroscopy and lung tissue analysis 

After anesthesia, a midsternotomy was performed, and 

the lungs and heart were removed “en bloc
”
 and then 

further separated. The lungs from 10 rats in each 

subgroup were excised and immediately weighed to 

obtain fresh weights (g). The mass of both fresh lungs 

relative to the body weight (g/100 g) was also calculated 

in each study period. Then, a 20 G endotracheal tube was 

tied in place to obtain lung compliance. Thus, the lungs 

were inflated with 10% phosphate buffered 

formaldehyde. Fixed lung volumes (ml) were calculated 

by the quantity of formalin used for lung inflation and 

lung compliance by the ratio between the volume of 

formalin infused and the perfusion pressure used, which 

was maintained at 25 cm H2O. Lungs were maintained 

inflated for fixing with 10% formalin for 72 h and further 

used for scanning light microscopy. Lung tissue from 10 

other rats in each subgroup was used to evaluate 

pulmonary oxidative stress and ultrastructural analysis 

for transmission electron microscopy. 

 

Biochemical markers of oxidative stress 

Fresh pulmonary tissue of each sacrificed animal from 

two experimental groups was analyzed for oxidative 

stress markers, namely lipid hydroperoxide (LPO) 

concentration and superoxide dismutase (SOD), catalase 

(CAT), and glutathione peroxidase (GSH-Px) enzyme 

activities using specific reagents (Cayman Chemical Co., 

Ann Arbor, MI, USA). 

 

Morphological and Morphometric Analysis 

After fixing, 5 lungs from each subgroup sacrificed at 6, 

14 and 26 weeks were randomly cut sagittally, and 

fragments from the midsagittal slice were obtained. They 

were embedded in paraffin, cut into 5-μm-thick slices 

and stained with hematoxylin and eosin (HE). The 

presence of fatty deposits in the pulmonary artery 

endothelium and their trunks was examined using the oil 

red staining. For morphological and morphometric 

analysis, images of 20 histological sections of each lung 

were captured at final magnifications ranging from 100 

to 400x and digitized, using an optical microscope 

connected to a computerized digital image system; thus, 

a total of 100 histological sections were analyzed per 

subgroup of rats. In the morphological analysis, the 

pulmonary cytoarchitecture, alveolar wall thickening, 

and the presence of transudate, edema, congestion, 

hemorrhage, and inflammatory infiltrate, intra-alveolar 

and/or interstitial, were analyzed. Morphometric studies 

were performed using a KS-300 image analyzer and 

software. The total number of alveoli/μm
2
, alveolar 

perimeter (μm), and alveolar surface area (μm
2
) were 
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measured. For the morphometric analysis, cross-sections 

of 50 random pulmonary alveoli were measured in each 

rat lung, and in total, 250 measurements were performed 

for each analyzed parameter. Only alveoli with a well-

defined and complete structure were selected, and any 

alveolus cut tangentially was excluded from the analysis. 

All analyses were performed by the same investigator 

who was unaware of the experimental group to which the 

material belonged.  

 

Ultrastructural analysis 

Lungs from 5 random rats in each subgroup were 

removed after 6, 14 and 26 weeks of follow-up. They 

were sagittally cut into 3-mm-thick slices and pre-fixed 

in 2.5% glutaraldehyde for 30 minutes. After pre-fixing, 

lungs were again cut into 1-mm-thick cylindrical 

fragments, post-fixed in osmic acid, dehydrated, and 

embedded in epoxy resin (Araldite). Five tissue blocks 

were prepared from each lung, and ultrathin sections 

were examined by transmission electron microscopy at 

final magnifications between 6,500 and 42,000x. Ten 

electron micrographs were taken from each lung tissue 

block, giving a total of 50 micrographs per evaluation 

time. Wherever possible, electron micrographs were 

taken of structures with linear images and without angles 

or artifacts. Tangentially sectioned capillaries were 

excluded from analysis. In this investigation, we 

analyzed the structure of the alveolar septa and capillary 

lumen, the type 1 and type 2 pneumocytes, and the 

surfactant density. Alveolar epithelial (AE) and 

endothelial capillary (EC) basal laminae (BL) thickening 

at three distinct points in the membranes was also 

measured. Digital image morphometry with a Leica Quin 

Lite 2.5 was used to measure BL thickening. Values 

were expressed as means ± SD of the three 

measurements taken (μm). 

 

Statistical analysis: Clinical and laboratory data, 

absolute and relative fresh lung weights, fixed lung 

weights, fixed lung volumes, lung compliance, and 

morphometric data were analyzed via one-way analysis 

of variance (completely randomized design), 

complemented with multiple-comparison tests according 

to Tukey-Kramer (homogeneous variables) or Mann-

Whitney and Kruskal-Wallis (heterogeneous variables). 

All statistical analyses were based on a significance level 

of 5% (P<0.05). 

 

RESULTS 

Clinical and laboratory findings 

NC rats had clinical and laboratory parameters consistent 

with those observed in animals of the same strain 

throughout the study period. In contrast, UD rats without 

any hyperglycemic control evolved with low body 

weight gain and significant increases (P <0.01) in water 

intake, food intake and urine output compared with NC 

animals. Blood and urine glucose levels and glycosylated 

hemoglobin were also consistently elevated in diabetic 

rats, and plasma insulin levels were significantly lower 

than that in the NC rats (P <0.001). The clinical and 

laboratory data are shown in Fig. 1 and Fig. 2. 

UD rats showed a significant reduction in fat mass and 

muscle in the entire body compared to NC rats. This 

weakness of body mass was more evident in animals 

sacrificed at 26 weeks of follow-up. UD rats also showed 

frequent episodes of skin infections (pyoderma) and were 

also more prone to pneumonia and lice infestations.  

 

There were no deaths in the NC group. Approximately 

32% from the initial lot of animals that received alloxan 

died in the first two weeks after diabetes induction due to 

metabolic disorders and drug toxic action. Another 15% 

were not diabetic or evolved with mild or moderate 

diabetes (<250 mg/dL) and were excluded from the 

experiment. Of the 60 UD animals placed in follow-up, 

approximately 13% died in late follow-up (up to 26 

weeks), primarily due to ketoacidosis (1 rat) and 

pulmonary infection (7 rats). 

 

 
Figure 1: Mean ± SD of body weight (A), water intake 

(B), food intake (C) and diuresis (D) observed in rats 

from the two experimental groups. 

 

 
Figure 2: Mean ± SD of fasting glycemia (A), urinary 

glucose (B), glycosylated hemoglobin (C), and plasma 

insulin (D) observed in rats from the two 

experimental groups. 

 

Pulmonary oxidative stress markers 

The LPO concentration in pulmonary tissue of the UD 

rats was significantly higher than that in the NC rats (P < 

.01) at 6, 14, and 26 weeks of follow-up. There were 
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significant (P < .01) reductions in SOD, CAT and GSH-

Px enzyme activity values in UD pulmonary tissue at 14 

and 26 weeks after diabetes induction compared with 

NC. Pulmonary oxidative stress was also strongly related 

to diabetes duration and was more intense after the 14th 

week of diabetes. Table 1 shows these data. 

 

Table 1: Lipid hydroperoxide concentration (LPO) and superoxide dismutase (SOD), catalase (CAT), and 

glutathione peroxidase (GSH-PX) pulmonary tissue enzyme activities in the two experimental groups. 

Follow-up 

Parameters Groups 6wks 14wks 26wks 

LPO 

(nmol/g) 

NC 40.67 ± 0.52 41.21 ± 0.49 46.58 ± 0.78 

UD 71.30 ± 0.53* 77.80 ± 0,55* 98.25 ± 0.86* 

SOD 

(U/g) 

NC 81.37 ± 0.64 79.48 ± 1.05 70.47 ± 0.93 

UD 78.40 ± 1.28
ns

 53.23 ± 0.59* 47.53 ± 1.20* 

CAT 

(μmol/g) 

NC 67.84 ± 0.74 64.75 ± 1.46 66.48 ± 0.98 

UD 66.50 ± 1.15
ns

 50.76 ± 1.02* 41.58 ± 1.23* 

GSH-Px 

(μmol/min/g) 

NC 11.63 ± 0.63 10.30 ± 0.50 6.68 ± 0.37 

UD 10.86 ± 0.76
ns

 5.51 ± 0.32* 3.27 ± 0.56* 

LPO: * NC < UD: P < .01 at 6, 14, and 26 wks; SOD/CAT/GSH-Px: 
ns

 NC = UD: P > .10 at 6 wks; SOD/CAT/GSH-

Px: * NC > UD: P < .01 at 14 and 26 wks. 

 

Macroscopy analysis 

Absolute and relative fresh lung weights 

Fresh lung weights were significantly reduced in UD rats 

compared with NC rats (P<.001) throughout the study. In 

contrast, considering the ratio of fresh lung weights 

relative to body weights, the values were significantly 

higher than those in NC rats at 14 and 26 weeks of 

follow-up (P<.01); (Table 2). 

Fixed lung weights, fixed lung volumes and lung 

compliance 

Fixed lung weights, fixed lung volumes, and lung 

compliance were also significantly reduced in UD rats 

compared with NC rats (P<.0001) throughout the study 

(Table 3). 

 

Table 2: Mean ± SD of fresh lung weights (g), and ratio between fresh lung weights and body weights (flw/bw) in 

rats from the two experimental groups 

Parameters 

Groups Follow-up (weeks) fresh lung weights (g) body weights (g) Ratio: flw/bw 

NC 

6 2.20 ± 0.21 350.5 ± 15.6 0.0062 

14 2.37 ± 0.36 436.4 ± 30.0 0.0054 

26 2.16 ± 0.26 532.0 ± 47.3 0.0040 

UD 

6 1.52 ± 0.11** 250.2 ± 10.5** 0.0060
ns

 

14 1.88 ± 0.87** 288.2 ± 18.6** 0.0065* 

26 1.83 ± 0.78** 295.4 ± 20.8** 0.0061* 
 ns 

NC = UD:P>.10 at 6 wks; * NC<UD:P<.05 at 14 and 26 wks; ** NC>UD:P<.01 at 6, 14 and 26 wks 

 

Table 3: Mean ± SD of fixed lung weight (g), fixed lung volumes (mL), and lung compliance in rats from the two 

experimental groups.  

Parameters 

Groups Follow-up (weeks) fixed lung weights (g) Infused volume (mL) lung compliance (mL/cm H2O) 

NC 

6 10.92 ± 0.64 12.15 ± 0.11 0.6075 ± 0.008 

14 13.19 ± 0.83 12.58 ± 0.07 0.6290 ± 0.020 

26 12.86 ± 0.92 12.66 ± 0.76 0.6330 ± 0.013 

UD 

6 7.36 ± 0.92* 9.07 ± 0.08* 0.4538 ± 0.004* 

14 6.99 ± 1.07* 9.00 ± 0.16* 0.4502 ± 0.008* 

26 7.08 ± 0.80* 8.96 ± 0.94* 0.4480 ± 0.008* 
 *
NC > UD: P< .0001 at 6, 14, and 26 wks. 

 

Morphologic findings 

UD rats showed histopathological changes in the lungs, 

which included varying degrees of congestion, 

insudation, intra-alveolar plasmorrhagy and interstitial 

mononuclear inflammatory infiltrate, affecting almost 

the entire lung parenchyma. Decreased alveolar spaces 

with alveolar septa thickening characterized by increased 

interstitial extracellular matrix were mainly observed in 

UD rat lungs sacrificed later at 14 and 26 weeks of 

follow-up. Despite the severity of morphological lesions 

in UD rat lungs, lesions or fatty deposits were not 

observed in the endothelium of the pulmonary arteries 

and their trunks, even in animals sacrificed later. All 

morphological abnormalities observed in NC rats were 
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consistent with those expected for their age for the same 

period of follow-up. Fig. 3 illustrates the morphological 

findings in rats from the two experimental groups. 

 

 
Figure 3: Lung alveoli of non-diabetic control (NC) 

and untreated diabetic (UD) rats sacrificed at 26 

weeks of follow-up. Note in A: alveolar structure of 

NC rats, showing the alveolar space areas with 

normal dimensions and alveoli quantity preserved in 

number (HE 10x); B: alveolar structure of UD rats, 

showing decreased alveolar space areas and increased 

number of alveoli (HE 10x), which indirectly shows 

the lower alveolar distension; C: morphological 

structure of the alveolar septa of NC rats, showing 

thin walls with no inflammatory changes (HE 40x); 

D: morphological structure of the alveolar septa of 

UD rats showing thickening and intense interstitial 

mononuclear inflammatory infiltrate, with fibroblasts 

and collagen filling all of the alveolar interstitium 

(HE 40x); E: Histologic section of the pulmonary 

artery wall showing the intimal layer of the vascular 

endothelium with no lesions and fatty deposits 

(arrow). Note the presence of normal fatty tissue (f) in 

the vascular interstitium (oil red - 40x). 

 

Morphometric Analysis 

The total number of alveoli in UD rat lungs was higher 

than that observed in NC, whereas alveolar perimeter and 

surface area were significantly reduced throughout the 

study (P<.01). Table 4 shows the morphometric findings 

in rat lungs from the two experimental groups. 

 

Table 4: Mean ± SD of the total number of alveoli/µm
2
, alveolar perimeter (µm) and alveolar surface area (µm

2
) 

in lungs of rats from the two experimental groups. 

Parameters 

Groups 
Follow-up     

(weeks) 

Total number of 

alveoli/µm
2
 

Alveolar 

perimeter (µm) 

Alveolar surface area 

(µm
2
) 

NC 

6 94.82 ± 17.37 1,207.39 ± 533.60 22,187.34 ± 3,238.00 

14 102.71 ± 17.12 1,268.80 ± 326.04 22,746.04 ± 2,202.70 

26 112.68 ± 18.36 1,116.30 ± 285.02 21,814.02 ± 1,692.50 

UD 

6 129.09 ± 23.83* 182.62 ± 62.43* 14,611,11 ± 1,255.40* 

14 133.48 ± 18.42* 242.10 ± 76.40* 14,027.03 ± 1,932.60* 

26 140.56 ± 19.75* 186.20 ± 66.40* 13,145.30 ± 1,386.80* 
 *
NC< UD: P< .001 at 6, 14, and 26 wks for total number of alveoli; *NC>UD: P<.001 at 6, 14, and 26 wks for 

alveolar perimeter and alveolar surface area. 

 

Ultrastructural analysis 
Changes compromising all structures of the interalveolar 

septa were observed in UD rat lungs as early as 6 weeks 

of diabetes. These changes were markedly severe in rats 

sacrificed at 26 weeks of diabetes compared with NC rat 

lungs where ultrastructural changes have not been seen 

or had little intensity. Among the various types of lung 

injuries observed in UD rats, the main alterations 

included the thickening of the alveolar epithelial (AE) 

and endothelial capillary (EC) basal laminae, the 

narrowing of the alveolar and capillary lumen, type I 

alveolar cell degeneration, the expansion of the alveolar 

interstitium, and type II alveolar cell disorganization 

characterized by diminution of the amount of microvilli 

and a delay in the surfactant output out of the cell 

cytoplasm. Despite this alteration, the number of lamellar 

bodies in type II alveolar cells was apparently normal. 

Fig. 4 illustrates the ultrastructural findings of rat lungs 

in the two experimental groups. 

 
Figure 4: Electron micrographs of interalveolar septa 

from non-diabetic (NC) and untreated-diabetic (UD) 

rat lungs at different sacrifice periods. A: overview of 

alveolar wall of an NC rat sacrificed at 6 weeks 

showing type 1 alveolar epithelial cells (ep1) turned 

into the alveolar lumen (AL) and endothelial cells (en) 

of an alveolar capillary with erythrocytes (er) into the 
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capillary lumen. Note that alveolar and endothelial 

cells are separated by a thin fused basal laminae (bl); 

B: detail of an interalveolar septum of an NC rat 

sacrificed at 26 weeks with erythrocytes (er), 

endothelial capillary cells (en), type 1 alveolar 

epithelial cells (ep1), and a thin fused basal laminae 

(bl); C: type 2 alveolar epithelial cell of an NC rat 

sacrificed at 26 weeks with abundant microvilli (mi) 

protruding into the alveolar lumen (AL). Note the 

cytoplasm containing the characteristic osmiophilic 

lamellar bodies (lb), which store surfactant, and a 

rich complement of organelles such as endoplasmic 

reticulum (eR) and mitochondria (m); D: 

interalveolar septa of a UD rat sacrificed at 26 weeks 

with type 1 alveolar epithelial cells (ep1) disposed on 

the alveolar epithelial basal laminae (AEbl) with 

varying degrees of thickening. The capillary lumen 

(CL) is partially collapsed and surrounded by the 

endothelium (en) containing a large number of 

plasmalemmal vesicles (clear cells). Endothelial cells 

resting on the endothelial capillary basal laminae 

(ECbl), which is intensely thickened; E: portion of an 

alveolar septum of a UD rat sacrificed at 26 weeks 

showing thickening of endothelial capillary basal 

laminae (ECbl) and expansion of the interstitial 

extracellular matrix (em), which is characterized by 

the infiltration of edema, and abundant pynocytotic 

vesicles (v), collagen bands (co), elastin (el) and 

fibroblast-like cells (Fb); F: small portion of an 

alveolar septum of a UD rat sacrificed at 26 weeks 

showing numerous corpuscles of Weibel-Palade (W) 

and plasmalemmal vesicles (v); G: type 2 alveolar 

epithelial cell of a UD rat sacrificed at 26 weeks with 

few microvilli (mi) protruding into the alveolar lumen 

(AL). Note that the cell cytoplasm is poor in 

organelles and contains a higher amount of remnants 

of mature surfactant-rich lamellar bodies (lb) than in 

the NC rat; H-I: illustration  of two fused basal 

laminae (bl) of alveolar septa from rats sacrificed at 

26 weeks showing remarkable thickening in UD (H) 

compared with that observed in NC rat lung (I). 

Micrographs with 17,000 (A) and 42,000x final 

magnifications (B-I).  

 

Ultrastructural morphometric analysis of the AE and 

EC basal laminae 

The AE and EC basal laminae were significantly thicker 

in UD rat lungs than in NC rats (P<.01) throughout the 

study. There were no significant differences in the 

morphometric measurements of both basal laminae in 

lungs of UD rats sacrificed at 6, 14 or 26 weeks of 

follow-up. Table 5 shows the measurements of AE and 

EC basal laminae in rat lungs from the two experimental 

groups. 

 

Table 5: Mean ± SD of thickness of the alveolar epithelial (AE) basal laminae and the endothelial capillary (EC) 

basal laminae in lungs of rats from the two experimental groups. 

Parameters 

Groups Follow-up (weeks) AE basal laminae (µm) EC basal laminae (µm) 

NC 

6 0.0876 ± 0.0032 0.1612 ± 0.0115 

14 0.1034 ± 0.0038 0.1802 ± 0.0105 

26 0.0845 ± 0.0028 0.1492 ± 0.0112 

UD 

6 0.1543 ± 0.0028* 0.2440 ± 0.1240* 

14 0.1635 ± 0.0040* 0.2836 ± 0.0130* 

26 0.1803 ± 0.0020* 0.3004 ± 0.0138* 
  
NC < UD: P<.01 at 6, 14 and 26 wks. 

 

DISCUSSION 

Despite the negative impact of diabetes mellitus (DM) on 

quality of life and survival of diabetic patients, the 

pathophysiological mechanisms involved in the genesis 

and progression of chronic diabetic lesions are still not 

fully known. Thus, the use of appropriate animal models 

that closely mimic the changes observed in humans is 

considered of utmost importance for filling these 

knowledge gaps. 

 

This study showed that intravenous administration of 

alloxan is capable of inducing persistent diabetes in the 

rat, characterized by clinical signs of severe diabetes 

associated with a chronic state of hyperglycemia and 

hypoinsulinemia, with high levels of glycosylated 

hemoglobin. As previously observed in our laboratory 

while studying kidneys, eyes and rat nerves, 
[12.13.14]

, we 

observed that alloxan-induced diabetes was also capable 

of inducing characteristic histological and ultrastructural 

changes in the lungs, which may be considered a suitable 

model for studies of diabetic chronic lung disease. 

 

However, diabetic lung lesions have been poorly 

explored in the literature, with few long-term studies 

describing the course of histopathological changes under 

a chronic hyperglycemia regime without any metabolic 

control. These alterations could explain the several 

abnormalities of the respiratory function observed in 

diabetic patients.
[4.5]

; however, the real implications of 

these changes in clinical practice are still very 

controversial.
[15] 

 

In this study, we found that fresh and fixed lung weights 

were significantly reduced in untreated diabetic (UD) 

rats compared with those in non-diabetic control (NC) 

rats, although they were increased in relation to body 

weight. Fixed lung volume and lung compliance were 

also significantly decreased in diabetic rats throughout 

the study. These findings have also been reported by 
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others. Ofulue et al. 
[16]

 found that specific lung volume 

and weight in relation to body weight were increased in 

streptozotocin (STZ)-induced diabetic rats at 7 weeks of 

diabetes. Sahebjami & Denholm.
[17]

 observed that dry 

weight, air and saline lung volumes, and lung 

compliance were significantly lower in both young and 

adult STZ-induced diabetic rats compared with controls 

at 8 weeks of diabetes. 

 

Reduction in the lung mass and volume, with retraction 

and compliance loss in diabetes, may be a result of 

increased amounts of collagen and elastin related to the 

biochemical alteration of connective tissue components 

induced by chronic hyperglycemia. Ofulue et al. 
[16.18]

 

confirmed this hypothesis when they found that the 

amounts of collagen and elastin were increased in lungs 

of STZ-induced diabetic rats, whereas degradation of 

connective tissue was decreased. These alterations could 

explain in part the reduced pulmonary elastic recoil and 

the restrictive ventilatory changes observed in diabetic 

patients.
[19.20]

 

 

According to Sandler.
[21]

 it is possible that the prolonged 

exposure of connective tissue proteins to hyperglycemia 

may result in excessive nonenzymatic glycosylation 

(NEG) of lysine or hydroxylysine residues and the 

development of impaired or abnormal cross-links. 

Because cross-linking of collagen and elastin is 

important in conferring both strength and elasticity to 

lung connective tissue, excessive NEG may result in 

impairment of lung properties. This hypothesis has been 

postulated previously by others.
[22]

 

 

We also found that UD rats showed innumerous 

morphological changes in the lungs that affected almost 

the entire pulmonary parenchyma. These changes were 

progressive and were closely correlated with diabetes 

duration. Diabetic microangiopathy in the lung was 

found to involve the capillaries of alveolar septa and was 

manifested by congestion, insudation, intra-alveolar 

plasmorrhagy, interstitial inflammatory infiltrate, 

thickening of the basal laminae, and expansion of 

interstitial extracellular matrix. These findings were also 

observed by Kodolova et al.
[7]

 while studying the lungs 

of autopsied patients with DM at various degrees of 

severity and duration. Forgiarini-Jr et al.
[23]

 also found an 

increase in the extracellular matrix in STZ-induced 

diabetic rats, as evidenced by the presence of an 

inflammatory process in lung tissue as well as an 

increase in the thickness of the alveolar-capillary 

membrane and fibrosis. 

 

Alveolar perimeter and alveolar surface area were also 

significantly reduced in UD rats in our study. 

Consequently, the total number of alveoli in the lungs of 

these rats was higher than that observed in the controls. 

More alveoli per unit volume with a decrease in the 

surface area and an increase in the surface-to-volume 

ratio were also observed by Kida et al.
[24]

 in lungs of 

growing STZ diabetic rats. Similar findings were also 

reported by others.
[16]

 

 

Despite all of the morphological and morphometric 

changes observed in pulmonary tissue of alloxan-induced 

diabetic rats, we found no lesions or fatty deposits in the 

endothelium of the pulmonary arteries and their trunks. 

This finding has already been previously observed in our 

laboratory studying the aorta and the iliac, renal and 

coronary arteries of diabetic Wistar rats, even in those 

sacrificed at 50 weeks after diabetes induction.
[25]

 

Despite abnormalities observed in the lipid metabolism 

of the pulmonary artery and lungs during insulin 

deficiency, Reinilä et al. also found no injuries in elastic 

arteries (aorta, main pulmonary arteries) of STZ diabetic 

rats two months after diabetes induction.
[26]

 However, 

these authors found significant basement membrane 

thickening of smooth muscle cells of the muscular 

pulmonary arteries in 40% of diabetic animals. From our 

perspective, the rat may not be a suitable model of 

diabetic macroangiopathy because of having elevated 

heart rate (350-450 bpm) and slightly lower systolic 

blood pressure than that observed in humans.
[27]

  

 

In this study, we also found ultrastructural changes 

compromising the alveolar septa that included the 

thickening of alveolar epithelial (AE) and endothelial 

capillary (EC) basal laminae, the narrowing of the 

alveolar and capillary lumen, the degeneration and 

atrophy of type I alveolar epithelial cells, the expansion 

of interstitial extracellular matrix by edema and abundant 

pynocytotic vesicles, and evident ultrastructural 

disorganization of type II alveolar epithelial cells. These 

ultrastructural changes were progressively and closely 

correlated with diabetes duration and were markedly 

severe in diabetic rats sacrificed at 26 weeks of diabetes. 

 

The thickening of AE and EC basal laminae is 

considered an ultrastructural hallmark in diabetic patients 

and in animal models of diabetes. 
[28]

 Vracko et al. 
[29]

, 

while studying lungs from autopsied patients, found that 

these basement membranes were significantly thicker in 

diabetic patients than they were in age-matched control 

subjects. Similar results were also found by Weynand et 

al. 
[30]

 in lung and kidney autopsied samples from 6 

diabetics and 6 control subjects. However, in contrast to 

our findings, the degree of thickening of both membranes 

as observed by the two mentioned studies did not 

correlate significantly with patient age or with known 

duration of diabetes. Those authors admitted, however, 

that failures in the analysis of this correlation may have 

occurred because the actual diabetes duration was not 

well known in many patients. 

 

A narrowed or collapsed alveolar and capillary lumen 

associated with EC basal laminae thickening was also 

found by Popov & Simionescu 
[8.31]

 while studying mice 

and hamsters rendered diabetic by STZ at time intervals 

ranging from 2-24 weeks after diabetes induction. 

Similar to our findings, these authors also observed 
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hyperplasia of the extracellular matrix, which was rich in 

collagen bundles, with numerous plasmalemmal vesicles 

in the capillary endothelium and Weibel-Palade bodies in 

the venular endothelium. These signs are indicative of 

severe inflammatory and thrombogenic responses of the 

vascular endothelium, as well as high transcytosis of 

macromolecules through the cell membranes.  

 

Alterations of type II alveolar epithelial cells were also 

observed by Sugahara et al.
[6]

 in approximately 50% of 

alloxan-induced diabetic rats sacrificed at 2 weeks of 

diabetes and 87.5% at 4 weeks. In this latter sacrifice 

period, the average number of lamellar inclusion bodies 

decreased to approximately half of that of the control 

animals. This finding was also reported by others 
[23.32]

, 

suggesting that surfactant production was reduced in UD 

rats. In our study, however, the number of lamellar 

bodies was apparently normal, but type II alveolar 

epithelial cells had a significant diminution in the 

number of microvilli and a high amount of mature 

lamellar corpuscles, with a delay in their surfactant 

output out of the cytoplasm. Despite the decreased 

amount of lamellated bodies, all other findings observed 

in the type II alveolar epithelial cells from rat lungs in 

our study were confirmed by Lysenko et al.
[32]

 

 

Macroscopy, morphological, morphometric, and 

ultrastructural changes observed in rat lungs support the 

conclusion that the lungs, such as the kidneys, eyes and 

nerves, may also be considered a target organ of diabetes 

and may explain the various functional respiratory 

disturbances observed in diabetic subjects. Nonetheless, 

the pathophysiological mechanisms involved in the 

genesis and progression of chronic diabetic lesions of the 

lungs and other organs are not yet fully known. Evidence 

that elevated reactive oxygen species (ROS) generation 

and altered redox balance may be present during the 

glucose auto-oxidation process and protein glycation has 

suggested that oxidative damage plays a key role in the 

genesis of diabetic complications.
[33.34]

  

 

The results of the present study strongly suggest that 

oxidative stress is also seen in pulmonary tissue from 

alloxan-induced diabetic rats, as demonstrated by 

elevated LPO concentrations and reduced SOD, CAT, 

and GSH-Px activities. In this study, pulmonary 

oxidative stress also had a strong relationship with 

diabetes duration; this association was more intense after 

14 weeks of diabetes. Similar results were also reported 

by others.
[35.36.37]

                

 

Nevertheless, it is controversial whether oxidative 

damage induces or promotes diabetic lesions, or whether 

it is simply just one step in a complex phenomenon with 

several other mechanisms.
[38]

 However, it is widely 

known that oxidative damage can play an important role 

in regulating cellular adhesion, proliferation, migration, 

and cell signaling of the extracellular matrix 
[39]

 and may 

alter the structure and permeability of the cellular 

membrane and intracellular organelles such as 

mitochondria and rough endoplasmic reticulum. These 

factors affect ionic turnover through the membrane, 

cellular oxidative process, and protein synthesis. 
[40]

 ROS 

generation may also attack lysosomes and cellular DNA, 

making the cell more susceptible to damage from toxic 

products and mutations that can lead to cell death.
[40.41]

  

 

Oxidative stress does not seem to be a solitary pathway 

in the development of diabetic complications as 

demonstrated in several studies, involving mainly kidney 

lesions. 
[38.39.42.43.44]

 One well-known mechanism of 

cellular damage is mediated by advanced glycation end-

products (AGE). These substances result from protein 

peroxidation and may inactivate various enzymes 

responsible for molecular turnover at cellular membranes 

and organelles.
[42.43.45]

 In the lungs, abnormalities 

observed in connective tissue synthesis and turnover may 

be secondary to the NEG process and AGE.
[42.43]

 and 

may lead to thickening of the basement membranes in 

capillaries, as shown in our and other studies either in the 

AE or EC basal laminae.
[7.29.30]

 

 

Another harmful mechanism observed in glucose-

independent tissues (e.g., nervous tissue) is activation of 

polyol enzyme pathways, where hyperglycemia may 

increase sorbitol levels in the cells, elevating their 

osmolarity, which may cause cellular death.
[38]

 

Hyperglycemia may also activate the hexosamine 

pathway, which is responsible for converting glucose 

into compounds derived from acetylglucosamine that 

modulate the expression of various proteins and 

substances, such as plasminogen activator inhibitor-1 

(PAI-1) and transforming growth factor-beta 2 (TGFβ2), 

which may contribute to the vascular thrombosis and 

excessive production of collagen matrix on the vascular 

endothelium. These mechanisms are directly implicated 

in the genesis and evolution of diabetic 

microangiopathy.
[39]

 Augmented production of protein 

kinase-C (PKC) formed from free fatty acid oxidation 

may reduce nitric oxide concentrations in diabetic tissue 

and also elevate the amount of TGFβ2 and vascular 

endothelial growth factor-A (VEGF-A). These 

substances may primarily contribute to narrowing of the 

capillary net, a reduction in vascular blood flow, and an 

increase in collagen matrix deposits on the vascular 

endothelium, elevating the risks of vascular thrombosis 

and occlusions.
[44] 

  

CONCLUSIONS 

Alloxan-diabetes causes morphological, morphometric 

and ultrastructural changes in rat lungs, demonstrating 

that these organs may also be considered a target of 

diabetes. It may also explain the various functional 

respiratory disturbances observed in diabetic subjects. 

The observed changes may be strongly correlated with 

oxidative imbalance caused by persistent hyperglycemia, 

indicating that any treatment proposed to prevent, 

stabilize, or reverse chronic diabetic lesions must first 

include the effective control of hyperglycemia, which 

seems to be the only way to control ROS and AGE 
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generation as well as the mechanisms directly involved 

in the molecular pathways responsible for cellular 

damage in diabetes. 
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