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The aim of the investigation is complex study of the mechanisms of radiation-induced collagen damage and following recovery of its
structure on various levels of multilayer organization.

Materials and Methods. Rat tail tendons were used as the model of collagen containing tissue. The animals were exposed to radiation at
the dosage of 2, 4, 6, 8, and 10 Gy using gamma-apparatus “Luch-1” (Russia) in vivo. The collagen structure was studied 1 and 7 days after the
radiation by trypsin-resistance test, differential scanning calorimetry, confocal microscopy with second-harmonic generation imaging, and cross
polarization optical coherence tomography.

Results. There were determined certain regularities of collagen structural changes depending on radiation time. One day after the radiation
of collagen containing tissue the leading processes were those of collagen structural damage at molecular level due to reactive oxygen species
exposure. Within a week after the radiation, the collagen structure recovered partially, and therefore, there recovered its resistance to proteolytic
activity. lonizing radiation initiated the cascade of reactions beginning with direct and indirect protein damage, and resulting in its remodeling as

a result of nonenzymic bridging between triple helix forming quaternary structure of collagen.
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The problem of radiation-induced changes of normal
tissues is still of current interest [1]. The degree of
radiolesions at early or late stages after radiation exposure
can vary from clinically insignificant changes to major
complications that have a significant effect on patient’s
life quality [2]. For the development of effective preventive
measures, diagnostic and treatment modalities, it is required
to carry out a detailed study of the mechanisms of damage
growth and following regeneration of biological tissues.

The important role in tissue changes induced by
ionizing radiation belongs to progressing microcirculation
abnormality, as well as collagen destruction that results in
scar changes and mediated vascular obliteration [3-5]. Until
now collagen molecule fragmentation and degradation of its
structure due to the direct peptide chain breaking, as well as

cross linkage formation in indirect impact of reactive oxygen
species have been considered as the prominent mechanisms
of radiation-induced damages of structural and functional
status of collagen [6-9]. For the past 5 years, using modern
techniques there have been carried out the investigations
that have made it possible to acquire extensive information
on the mechanisms of radiation-induced collagen damage
[10-13]. However, these researches are aimed to study
collagen remodeling processes occurring when skin
allografts (alloderm) are sterilized by ionizing radiation.
In in vitro experiments there were used radiation doses
(2-30 kGy) much exceeding the doses used in radiation
therapy. The dynamics of changes and following recovery of
collagen structure in vivo in radiation doses used in radiation
oncology is unresearched so far.
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The aim of the investigation was to study dose-time
relations of collagen changes on different levels of its
multilayer organization exposed to ionizing radiation at early
stages of radiation-induced damage.

Materials and Methods. Rat tail tendons were used as
the model of collagen containing tissue. This tissue due to
quasi-crystalline uniaxial molecule folding into fibrils, fibrils
into fibers, and fibers — into bundles, is an ideal model
system, the changes of which can be definitely interpreted.
The experiments were carried out on white outbred rats
(28 animals) kept in standard conditions of animals quarters.
When carrying out the experiments, ethical principles were
kept inviolate according to European Convention for the
protection of vertebrata used for experimental and other
scientific purposes (the Convention was passed in Strasburg,
18.03.1986, and adopted in Strasburg, 15.06.2006). The
animals were exposed to single radiation under general
anesthesia (Zoletil, 50 mg/kg) on external-beam radiotherapy
apparatus “Luch-1” (Russia) in vivo in the doses of 2, 4, 6, 8,
and 10 Gy. The collagen structure was studied 1 and 7 days
after the radiation by a complex of methods.

Trypsin-resistance test is a classical approach to reveal
the degradation degree of collagen molecules since
this proteolytic enzyme induces the depolymerization of
damaged molecules only, while three-helix intact molecules
appear to be tryprin-resistant [14]. The samples of prepared
tendon were air-dried for 24 h at 37°C, then incubated
in trypsin solution (concentration — 1 mg/ml, enzyme-
substrate ratio — 1:10) with sodium azide (0.02%) added.
The quantitative characteristic of trypsin-resistance is
sample weight loss after incubation.

Water sorption ability of collagen matrix model depends
not only on its composition but also on the interaction of
matrix biopolymers determining the amount of polar groups
available for water adsorption, and other characteristics
of its molecular and supramolecular structure. Thus, the
change in water balance is an integral characteristic of
changes that have impact on mechanical properties of
connective tissue as well. Water content in samples
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The observed heat effect of collagen denaturation AH was
counted on per sample dry basis.

To describe collagen structure at the level of fibers
and bundles there was used multiphoton microscopy with
second-harmonic generation (SHG). The researches
were carried out on microscope “LSM Meta” (Karl Zeiss,
Germany). Excitation was performed by pulse (100 fs)
radiation of Ti:sapphire-laser (MaiTai HP, Spectra Physics,
USA) at 800 nm length wave, pulse recurrence frequency
being 80 MHz. Every image line was averaged by 8 scans
to improve signal-noise ratio. The samples were fixed in
4% formaldehyde solution; and immediately before imaging
collagen bundles ~400 pm in diameter were isolated from
tissue preparations and placed between cover glasses to
prevent dehydration.

Cross polarization optical coherence tomography (CP
OCT) was used to monitor the changes at the level of tendon
general architectonics [16]. This modality enables to image
an object in direct and orthogonal polarization simultaneously
with resolution of 10-15 pm, at a depth of 1-2 mm in real
time mode. The presence of tissue anisotropic properties
results in interferential pattern in a receiving signal, and it is
manifested on tomograms as a regular repetition of dark and
bright bands with z, period. The researches were carried out
using CP OCT in vivo throughout the length of the prepared
tendon under general anesthesia.

Results. There was determined a certain regularity of
collagen structural changes depending on post-radiation
period. Weight loss of intact tendon samples in trypsin
solution was no more than 2% due to the proteolysis of
noncollagen proteins of tissue matrix. 24 h after radiation
there was observed a 5-10% increase in tendon weight
loss compared to intact samples, the differences between
the weight loss of intact and irradiated samples appeared
to be statistically significant regardless of radiation dose.
Sample weight loss was growing linearly with the increase
of radiation dose. A week after radiation sample weight loss
reduced, thought it did not reach the initial level (Fig. 1).

was measured gravimetrically, after swelling of

dried preparations in 0.16 M NaCl solution for 6 h
at 37°C. Water content was represented as weight

of water per 1 g of dried tissue preparation.
Differential scanning calorimetry (DSC) is
direct and most effective technique for recording

thermal denaturation of proteins on thermograms.
It enables to determine the proportion of intact

macromolecules (by transition heat helix-coil — AH)
and perfection of fibrillar packing (by denaturation

Sample weight loss, %

temperature — Tg); moreover, T, dynamics
indicates the changes of the degree of intercross-
linking of collagen fiber [15]. The tendon samples
for DSC were kept at —20°C, and immediately
before the analysis they were withdrawn and
incubated in 0.15 M NaCl solution for 1 h at room
temperature. The investigations were performed
on a differential scanning calorimeter “Mettler
TA 4000”. The samples weighting 7-10 mg were

2 4 & 8 10
Radiation dose, Gy

B — intact; B -— 24 h after; M — a week after

put into a sealed aluminium box and heated in
DSC30 cell from 5 to 100°C at scan rate 10°/min.

Collagen structural changes in early radiation-induced damage

Fig. 1. Weight loss of tendon samples in trypsin solution depending on the
dose and post-radiation period
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On DSC thermograms of tendon samples (Fig. 2) when
heated two processed are seen. The first process proceeds
at 25°C, is exothermic and related to the formation of
hydrogen bonds between polar groups of collagen and
water molecules [15]. The second process is endothermic
and reflects the ingress of heat in helix-coil transition of
collagen macromolecules, i.e. denaturation process [15, 17—
19]. For intact samples the exothermic transition heat was
AH=—(5+1) J/g. Denaturation was performed at 66.7+1.2°C
and was characterized by heat AH, = 42.1+0.5 J/g of dry
tissue preparation. This value corresponds to the heat of
collagen denaturation in tissues of tendons and ligaments
[18, 19]. lonizing effect had significant influence on the
type and characteristics of denaturation endotherm, which
was presented by several peaks, maximum ones being
at 63.7+1.2°C, 67.0+1.5°C and 71.0+1.5°C, and AH
value decreased up to 31.1+3.5 J/g 24 h after radiation.
A week after radiation exposure denaturation temperature
increased, its growth correlated positively with radiation
dose (Fig. 2, b), and peaks with maximum values lower than
collagen T, in intact tissue disappeared (Fig. 2, a, curve 4).

24 h after the radiation, sorption capacity of dried

tendon samples increased significantly, that indicated the
molecular structural damage and proved the results of
trypsin-resistance test (Fig. 3, a). A week after the radiation
the tendon sorption capability decreased proportionally to
radiation dose (Fig. 3, b).

The study of tendon structure using multiphoton
microscopy on SHG-images of intact samples showed fibers
to be closely packed in parallel primary and secondary
bundles (Fig. 4, a), on which there was regular acute-
angled folding (crimps) characteristic of tendon tissue [20].
SHG-images of irradiated samples 24 h after the radiation
demonstrated fiber structure to be preserved, though
there was significant stratification of secondary bundles,
particularly typical of folding area (Fig. 4, b, c¢). A week after
the radiation there was a marked increase in the number of
these crimps compared to intact samples (Fig. 4, d).

Tissue anisotropy including birefringent effect is due
to the ordered structure of rod-like collagen molecules
in tendon [21]. The difference in refraction index for
orthogonal polarization produces the repetition of dark
and bright bands on CP OCT-images (Fig. 5), oscillation
period of interference signal being 90 pm. The analysis of
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Fig. 2. Typical DSC-thermograms of tendon samples (a): 3 — intact; 2 — 2 Gy, 24 h; 1 — 4 Gy, week; 4 — 8 Gy, week
and the dependence of collagen denaturation temperature in tendon tissue a week after ionizing radiation on radiation
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Fig. 3. The change of hydration level of dry samples of irradiated tendons of rat tails 24 h (a) and one week (b) after

the radiation
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Fig. 4. SHG-images of rat tail tendons: a — intact sample; b — 24 h after radiation, 4 Gy; ¢ — 24 h after radiation, 6 Gy; d — a week after

radiation, 6 Gy
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Fig. 5. Cross polarization optical coherence tomography images of tendon depending on radiation dose

and post-radiation periods

CP OCT-images of tendon samples exposed to ionizing
radiation in the doses from 2 to 10 Gy showed oscillation
period to remain unchanged in these post-radiation periods,
and the absence of serious damages of ordered anisotropic
collagen packing.

Discussion. The fact of collagen structural damage
caused by ionizing radiation has been known since the
middle of XX c. and widely covered in literature [7-9]. The
authors have pioneered in representing the dynamics of
degenerative and regenerative processes of anionic protein
of connective tissue in vivo at all levels of its multilayer
organization depending on the dose and post-radiation
period. Collagen changes have been found to develop
mainly at molecular level, as well as fiber level, and have
several stages. The first stage is characterized by partial
bond damage of three-helix structure that is reflected in
decreased resistance to proteolytic impact, denaturation
temperature reduction and the increase of sorption capacity
compared to intact samples. Low-temperature peak
(shoulder) on DSC-thermograms 24 h after the radiation
indicates the appearance of less stable collagen fracture
in the samples (See Fig. 2). Thus, 24 h after the radiation
there is partial matrix disorganization consisting in the
degradation of some collagen macromolecules and the
damage of their interaction with other chemical components
of matrix.

A week after the radiation there is observed the
rearrangement of collagen structure with the increase in
the number of cross-links that is supported by denaturation
temperature increase and the reduction of sorption capacity
of samples compared to the control ones. These cross-
links can form due to the condensation of amino groups of
lateral chains of the residues of lysine and allysine, which
in its turn forms due to oxidative deamination of NH,-group

Collagen structural changes in early radiation-induced damage

by reactive oxygen species, the generation of which is
observed under gamma radiation. Malonaldehyde may play
a significant role in radiation-induced damage, its level in
the body increases greatly under ionizing radiation [11].
A week after radiation AH value of helix-coil transition and
exothermic heat effect of formation of hydrogen bonds of
water-bridging structures return to the level of intact tendon.
It means that collagen macromolecules in these samples
are in conformation of triple helix. Significant increase of
T, of basic collagen fraction indicates the difficulties in the
formation of amorphous phase from quasi-crystalline [22].
These difficulties are related to the excess of intermolecular
cross-links limiting polypeptide chain mobility and preventing
the transition of triple helix into a random coil [22, 17].

There should not be ruled out that the stratification of
tertiary bundles observed in SHG-images of tendon is
related to damage fibroblasts located between secondary
and tertiary bundles [22]. The observed increase of crimps
in irradiated samples correlates with a well-known fact of
reduction of Young’s modulus of connective tissues exposed
to gamma radiation. The growing number of crimps is the
indicator of tension decrease in tissues (including internal
stress), and their presence ensure tissue stretching in low
stress levels [20].

When tissue architectonics is changed, there is the
change of the degree of its anisotropy and refraction index;
as well there changes oscillation period of interference signal
and, therefore, the band width on CP OCT-tomograms.
Thus, CP OCT is extremely sensitive diagnostic modality in
collagen matrix degradation, especially in tissues with dense
and organized packing, as it is in tendon. The absence of
qualitative and quantitative changes on CP OCT-tomograms
of irradiated tendons clearly indicates the architectonics
of connective tissue in total doses from 2 to 10 Gy to be
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generally preserved. Our findings agree the results reported
in the work [13], in which by means of transmission electron
microscopy there was shown the absence of collagen fibril
changes and their packing in rat skin tissue exposed to
ionizing radiation in the dose of 10 Gy.

Conclusion. 24 h after the radiation of collagen-
containing tissue the leading processes are those of
collagen structural damage at molecular level due to reactive
oxygen species exposure. Within a week after the radiation,
the collagen structure partially recovers and, therefore,
there recovers its resistance to proteolytic activity. lonizing
radiation initiates the cascade of reactions beginning with
direct and indirect protein damage, and resulting in its
remodeling as a result of nonenzymic bridging between
triple helixes forming quaternary structure of collagen.
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