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Solange Maria de Almeida*
Rivea Inés Ferreira**
Frab Norberto Boscolo***

ABSTRACT: The aim of the present experimental research was to investigate the effects of electron irradiation on the
collagen content and on the organization of the granulation tissue of skin, in diabetic rats. In this study, 48 Wistar rats
were assigned to 4 groups: control, irradiated, diabetic and irradiated diabetic. First, diabetes mellitus was induced in
the last two groups, by means of a single intravenous injection of streptozotocin. Fifteen days later, all animals under-
went a surgery in order to create an excisional wound on their anterior dorsal skin. On the third post-operative day,
only an approximately 1-cm-wide area around the wounds was exposed to 1 Gy of 6 MeV electron beam radiation,
which was delivered in a single dose. Wound healing was examined by means of polarized light microscopy at 4-, 7-,
13- and 21-day time intervals after wounding. Based upon an essentially qualitative evaluation, it was possible to con-
clude that local electron irradiation and diabetes’ associated dysfunctions caused a decrease in the collagen content of
newly-formed tissue, which was more pronounced in irradiated diabetic animals. The macromolecular organization of
granulation tissue was delayed in irradiated, diabetic and irradiated diabetic animals, in relation to what was observed
in control animals.

DESCRIPTORS: Radiation; Diabetes mellitus; Collagen; Wound healing.

RESUMO: O objetivo desta pesquisa experimental foi estudar os efeitos da irradiacao por elétrons sobre o contetido de
colageno e a organizacdao macromolecular do tecido de granulacéo, na pele de ratos diabéticos. Para tanto, 48 ratos da
linhagem Wistar foram separados em 4 grupos: controle; irradiado; diabético e diabético irradiado. Inicialmente, a dia-
betes melito foi induzida, nos dois ultimos grupos, por meio da administracao intravenosa de estreptozotocina. Apés
quinze dias da inducéo, todos os animais foram submetidos a uma cirurgia para a producao de uma ferida excisional,
na regido dorsal anterior. No terceiro dia pos-operatoério, aplicou-se uma dose unica de 1 Gy, de feixes de elétrons com
6 MeV de energia, em uma area externa que compreendia cerca de 1 cm lateralmente as bordas das feridas. Amostras
teciduais dos 4 grupos foram examinadas por microscopia de luz polarizada aos 4, 7, 13 e 21 dias pés-operatérios. Por
meio de uma avaliacdo essencialmente qualitativa, foi possivel concluir que a irradiacao local por elétrons e as
disfunc¢oes associadas a diabetes determinaram um decréscimo no contetudo de colageno do tecido neoformado, que
foi mais pronunciado nos animais diabéticos irradiados. A organizacdo macromolecular do tecido de granulacao
apresentou-se retardada nos animais irradiados, diabéticos e diabéticos irradiados, em comparacido com os animais
do grupo controle.

DESCRITORES: Radiacao; Diabetes mellitus; Colageno; Cicatrizacdo de feridas.

INTRODUCTION

Although ionizing radiation is unquestionably
one of the medicine’s most useful tools for diag-
nostic and therapeutic purposes, its clinical appli-
cations often result in deleterious effects. The sig-
nificant radiobiological damages, in the form of
poor wound healing, are influenced by the pati-
ent’s systemic health conditions®.

Fibroblasts are involved in the synthesis of colla-
gen, glycosaminoglycans (GAGs), proteoglycans and

adhesive glycoproteins, and are recognized as ha-
ving essential importance in wound healing".
Wound contraction has been ascribed to fibroblastic
activity**. Regarding certain physical agents which
have major impact on the success or failure of
wound healing, several scientific investigations sug-
gest that ionizing radiations inhibit fibroblasts proli-
feration through a direct mechanism®'**. Bernstein
et al? (1994 stated that local irradiation may induce
morphological and physiological alterations in fibro-
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blasts, which may appear as large, unusual stellate
cells, the so-called “radiation fibroblasts”.

Diabetes mellitus has been clinically and expe-

rimentally associated with impaired wound hea-
ling>"'®#**, Previous studies have indeed found data
to support evidence of dysfunctions in polymor-
phonuclear leukocytes, macrophages and fibro-
blasts, with a prolonged inflammatory phase, de-
creased biosynthesis of collagen and GAGs, which
result in significant delay in the formation of gra-
nulation tissue®>'*!6222%
Despite the great number of currently available
experimental researches in radiobiology, few in-
vestigations have focused on the synergistic rela-
tionship between pre-existing diabetes and local
electron irradiation. Therefore, the aim of the pre-
sent work was to study the combined effects of dia-
betes mellitus and a low dose of electron radiation
on skin collagen content and on the organization of
the granulation tissue.

MATERIAL AND METHODS

The experiment was carried out with 48 male
Rattus norvegicus Albinus, Wistar strain, weighing
200-250 g. The animals were randomly divided
into 4 groups: control, irradiated, diabetic and ir-
radiated diabetic. The experimental protocols were
approved by the Ethical Committee for Animal Re-
search, Institute of Biology, State University of
Campinas (CEEA).

After 16 hours of fasting, diabetes mellitus was
induced by injecting streptozotocin dissolved in ci-
trate buffer (0.01M, pH 4.5), in a single dose of
35 mg/kg of body weight, into the penis vein, un-
der ether anesthesia. The control rats received an
injection of saline solution at the same volume.
The progress of the disease was monitored weekly,
with the utilization of Glico-fita® (Lilly — Brazil).
Other parameters used to characterize the diabetic
state of the animals were polydipsia and weight
loss. Polyuria was also observed, but not quantita-
tively measured.

Fifteen days after induction, all animals were
anesthetized with 3% pentobarbital sodium, in a
single dose of 40 mg/kg of body weight, adminis-
tered intraperitoneally, and underwent a surgi-
cal procedure in order to make a standardized
excisional rectangular skin wound measuring
2.5x 1.5 cm on the anterior dorsal region. On the
third post-operative day, only an approximately
1-cm-wide area around the wounds was locally
exposed to 6 MeV electron beam irradiation with
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a single dose of 1 Gy. The electron beams had
uniform penetration to a depth of 1 cm in the
skin''. The wound and the rest of the animal’s
body were otherwise shielded by 4 mm of lead.

Wound healing was examined at 4, 7, 13, and
21-day time intervals after wounding. Under 3%
pentobarbital sodium anesthesia, the entire wound
region, with liberal margins of surrounding skin,
was excised in depth to include underlying connecti-
ve tissues above the external fascia of the dorsal
muscles. The excised skin was fixed in 10% forma-
lin, dehydrated in graded alcohol solutions, embed-
ded in Paraplast’ plus (Oxford Labware) and cut in
5-um-thick serial sections. Tissue sections were exa-
mined by means of polarized light microscopy.

For specific identification and evaluation of the
maturation of collagen fibers, some tissue sections
were stained with picrosirius red (PSR). The sec-
tions were deparaffinized, hydrated, and stained
for 1 hin a 0.1% solution of Sirius Red dissolved in
saturated picric acid. By means of histochemical
reaction with collagen molecules, PSR enhances
the normal birefringence of collagen types I, II, III,
and IV'. Under polarized light, the color of
PSR-stained collagen varies as a function of the
structural and biochemical properties of the colla-
gen fibers. The spectrum of colors includes green,
yellow, orange, and red, in a progressive way ac-
cording to the packing of collagen molecules'.

In order to detect linear dichroism, other pro-
cessed sections were stained with 0.025% toluidi-
ne-blue aqueous solution, at pH 4.0. Linear dich-
roism is related to the macromolecular association
between GAGs and collagen fibers. When staining
is carried out, toluidine-blue molecules arrange
themselves along the collagen fibers, according to
the disposition of GAGs molecules. This produces
linear dichroism, when tissue is examined under
polarized light. Dichroism only appears when ori-
ented association between GAGs and collagen fi-
bers is settled, which, on the other hand, indicates
the macromolecular organization of the granula-
tion tissue.

RESULTS
PSR histochemical reaction

4" post-operative day

In control animals, although the first popula-
tion of collagen fibers exhibited polarization colors
in the red-orange range, collagen was sparse and
immature. In the granulation tissue from the irra-
diated animals, the predominant polarization co-
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lors were in the orange-yellow range, implying even
more sparse and immature collagen fibers, in com-
parison to control animals. Specimens from diabe-
tic animals exhibited intense yellow-green birefrin-
gence, which suggests that the collagen content
was reduced and collagen fibers were very loosely
packed. Irradiated diabetic animals’ specimens
presented significantly higher frequency of gree-
nish-yellow polarization colors than the diabetic
specimens, consistent with weakly birefringent fi-
bers. Comparing the latter group to the irradiated
animals’ specimens, one would infer that contras-
ting reduction in collagen content was markedly
evident.

7" post-operative day

As a consequence of the evolution of granula-
tion tissue, the pattern of polarization colors
changed. Collagen fibers exhibited gradual in-
crease in the wavelengths of polarization colors,
from control to irradiated diabetic specimens.
Collagen fibers from control specimens appeared
more packed and presumably, better aligned,
which suggests the beginning of macromolecular
organization of granulation tissue. The granula-
tion tissue of irradiated animals exhibited polari-
zation colors from red to orange, which indicates
an increase in collagen content, even though fi-
bers were still immature. Comparing the diabetic
and irradiated diabetic groups with the group of
irradiated animals, it was possible to notice an
increase in the frequency of orange and yellow
collagen fibers in both diabetic groups, whereas
a very low amount of red fibers were observed. In
irradiated diabetic animals, however, collagen
appeared more sparse and immature in relation
to diabetic animals.

13" post-operative day

In the specimens from control animals, it was
possible to observe an intense red birefringence,
indicating the concentration of more tightly-pac-
ked matured collagen. The granulation tissue from
irradiated animals exhibited less packed interme-
diate collagen fibers in comparison to the control
group, as expressed by some foci of orange-yellow
birefringence. In relation to the 7™ post-operative
day, both diabetic and irradiated diabetic groups
indeed had an increase in orange and red birefrin-
gence. On the other hand, comparing these two
groups to the irradiated group, it was possible to
infer that, in spite of the increase in collagen con-
tent, collagen fibers were not so packed as in the

irradiated specimens. In fact, in the granulation
tissue of irradiated diabetic animals, collagen fi-
bers were even more loosely packed.

21 post-operative day

The granulation tissue of control animals pre-
sented the most elevated pattern of red birefrin-
gence, in relation to the specimens from the other
groups studied in this research (Figure 1A). In this
phase, the granulation tissue from irradiated ani-
mals also exhibited a significant increase in red bi-
refringence, however, not with the same intensity
observed in the control specimens (Figure 1B). In
comparison with the histological findings of the
13™ post-operative day, granulation tissue from di-
abetic animals presented a significant increase in
red birefringence, which was not only consistent
with an increase in collagen content, but also with
the beginning of macromolecular organization of
granulation tissue (Figure 1C). Concerning the ir-
radiated diabetic group, red birefringence was
clearly evident. However, comparing these speci-
mens with those from irradiated and diabetic ani-
mals, it was possible to observe that granulation
tissue had a progressively lower amount of packed
collagen fibers (Figure 1D).

Examination of linear dichroism
Control and irradiated animals

On the 4™ post-operative day, there was no
dichroism in both control and irradiated groups.
On the 7" post-operative day, dichroism was evi-
dent in the control, but it was still not present in
the irradiated group. On the 13" and 21* post-ope-
rative days, dichroism was clearly evident in the
control and irradiated groups.

Diabetic and irradiated diabetic animals

On the 4™, 7" and 13" post-operative days, there
was no dichroism in the diabetic and irradiated dia-
betic groups. On the 21* post-operative day, the
granulation tissue presented a very clear dichroism
in both diabetic and irradiated diabetic groups.

DISCUSSION

Concerning fibroplasia, the appearance of gra-
nulation tissue following PSR staining corrobora-
tes the suspected delay in this event, for irradia-
ted, diabetic and irradiated diabetic animals. On
the 4" post-operative day, it was possible to notice
a considerable difference in birefringence inten-
sity, which was more pronounced in control ani-
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FIGURE 1 - Photomicrographs of the granulatioﬁ tissue on the 21st post-operative day. A: control animal; B: irradiated

animal; C: diabetic animal; D: irradiated diabetic animal. (picrosirius red staining - original magnification:

6.3 x 1.25 x 10).

mals. However, this characteristic was very subtle
in the specimens from irradiated diabetic animals.
In spite of the progressive increase in birefringen-
ce, considering the evolution of the granulation tis-
sue, on the 21* post-operative day, the granulation
tissue from control animals presented a higher
amount of collagen fibers, which were more tightly
packed than those of the irradiated, diabetic and
irradiated diabetic animals. The characteristics
observed in the specimens from irradiated diabetic
animals, which were more severe in comparison
with those from irradiated and diabetic animals,
suggested that 1 Gy of 6 MeV electron irradiation,
delivered in a single dose, has potentiated the dele-
terious effects of diabetes mellitus on fibroplasia.
These results highlight two hypothesis: 1) a de-
crease in the biosynthesis of collagen might have
occurred; and 2) during the organization process,
the newly-formed collagen fibrils did not become
as closely packed as those in the granulation tis-
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sue from control animals. That could be attributed
to structural damages in collagen or alterations in
the metabolism of GAGs.

A significant reduction in collagen fibers content
in the granulation tissue from diabetic animals was
observed by Devlin et al® (1996), Tengrup et al.'®
(1988), Spanheimer et al.'® (1988) and Weringer,
Arquilla*(1981). Tengrup et al.’®* (1988) mentioned
that a persistent inflammatory reaction with accu-
mulation of polymorphonuclear leukocytes might
partly account for the low collagen content in gra-
nulation tissue, since these cells contain collagen
degrading enzymes, e.g. collagenase. On the other
hand, Weringer, Arquilla® (1981) observed that fi-
broblasts from healing wounds of diabetic hams-
ters contained irregularities in their cytoplasm,
which were indicative of internal degeneration.
They proposed that this occurred probably in res-
ponse to an altered extracellular environment, for
example, high glucose, edema, and low insulin.
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Vizioli" (1971) stated that the organization of
the granulation tissue is only established when the
synthesis of GAGs reaches its maximum. In this
study, it was possible to observe linear dichroism
in control and irradiated specimens on the 7™ and
13™ post-operative days, respectively, which evi-
denced that granulation tissue was beginning its
macromolecular organization. These histological
features are in agreement with those described by
Monteiro® (1999). With respect to both diabetic
groups, linear dichroism was detectable only on
the 21* post-operative day. The delayed macromo-
lecular organization of the granulation tissue in ir-
radiated animals allowed us to suppose that irra-
diation might not only have negatively influenced
fibroplasia, but has also retarded the synthesis of
GAGs. The longer delay in detecting dichroism in
the specimens from diabetic and irradiated diabe-
tic groups suggests that diabetes might also have
negatively influenced the metabolism of GAGs. Ta-
king into account that linear dichroism was detec-
table on the 13™ post-operative day in the speci-
mens from irradiated animals, we may infer that
the deleterious effects of diabetes mellitus are more
intense than the radiobiological damage caused by
local electron irradiation.

Drézdz et al.® (1981) suggested that the influen-
ce of irradiation on connective tissue leads to the
degradation of ground substance and observed
that irradiation produced severe disturbances in
the metabolism of GAGs. The direct mechanism of
these changes, however, is still unknown. Hugen-
berg et al.’’ (1989) observed that x-irradiation with
doses of 10, 100 and 500 Gy determined a reduc-
tion in the synthesis of sulfated GAGs. Almeida’
(1997) found lower quantities of GAGs in the gra-
nulation tissue from irradiated animals and pro-
posed three explanations: 1) a reduction in the bio-
synthesis of GAGs; 2) a delay in the synthesis
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