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ABSTRACT
OBJECTIVE: Amifositine is a phosphorylated thiol that holds its radioprotective actions by several indirect mecha-
nisms. The purpose of this study was to evaluate histopathologically whether amifositine administration prior to 
irradiation would have a long-term protective effect on heart tissue in an experimental rat model.
METHODS: Single dose of 18 Gy radiation and sham radiation exposure were used in related groups. A dose 
of 200 mg/kg of amifostine was injected intraperitoneally 30 min prior to radiation exposure. Analyses were 
performed 6 months after irradiation.
RESULTS: Vascular damage and vasculitis were signifi cantly decreased in amifositine treatment group. At the 
same time, signifi cant thickening of the medial layer was accompanied by vascular damage in irradiated groups. 
The number and severity of myocyte necrosis were diminished with amifostine.
Nevertheless, it could not prevent epicardial and myocardial fi brosis. Severe myocardial fi brosis was observed 
prominently in three regions, particularly on the apex, tips of papillary muscles and in sites adjacent to the atrio-
ventricular valves. The anti-infl ammatory effect of amifostine was not seen.
CONCLUSION: The development of vascular damage and vasculitis were prevented by the use of amifostine. 
There was a correlation between vascular damage and fi brosis development. According to histopathological 
results, amifostine could be used as a protective agent against the side effects of radiotherapy (Tab. 4, Fig. 2, 
Ref. 22). Text in PDF www.elis.sk.
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Introduction

Radiotherapy (RT) has advanced and become one of the impor-
tant treatment modalities for various types of cancers. Nowadays, 
half of all cancer patients receive RT and many of them are suc-
cessfully treated (1). These cancer survivors return to their normal 
lives but normal tissue toxicity of RT is becoming a bigger concern 
over long period of time. Recent data from several independent 
reports have provided substantial evidence that mean heart doses 
of ≤ 20 Gy and even ≤ 5 Gy can increase the risk of cardiac dam-
age (2). Although modern RT techniques have reduced radiation 
exposure of the heart, they may not reduce the cardiotoxicity and 
it appears that these methods may still give rise to cardiovascular 

disease (3). Heart damage caused by RT is called radiation-induced 
heart disease (RIHD). The diagnosis of RIHD is quite diffi cult and 
it can be acute, subacute or chronic. RIHD manifests as pericar-
ditis (both acute and chronic forms), coronary artery disease (ac-
celerated atherosclerosis), conduction abnormalities, valvulitis, 
myocarditis and notably, pericardial and myocardial fi brosis. The 
disease is progressive; therefore, the manifestations may become 
clinically apparent several years after irradiation (4).

The inactive prodrug amifostine (WR-2721), a member of 
sulfhydryl-containing class of agents (a phosphorylated thiol), is 
converted to its active form, WR-1065, by alkaline phosphatase of 
vascular endothelial cells induced dephosphorylation. Amifostine 
holds its radioprotective actions by several indirect mechanisms, 
particularly it scavenges radiation-induced free radicals, repairs 
the chemical damage by donating hydrogen atoms, and induces 
intracellular hypoxia by auto-oxidation (5). Additionally, amifos-
tine may also act as a radioprotector by its direct actions on cells 
by arresting the cell cycle at G1 phase and inducing p21 expression 
(6). There are few articles in literature investigating the protective 
effect of amifostine on RIHD (7, 8). 

The purpose of this study was to evaluate histopathologically 
whether amifositine administration prior to irradiation would have 
a long-term protective effect on heart tissue in an experimental 
rat model.
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Materials and methods

Animal model
All experimental procedures and protocols used in this inves-

tigation were reviewed and approved by the ‘Animal Ethics Com-
mittee of Inonu University” following the approval of the study 
design. Study was designed as a late-stage study comprising a time 
period of 6 months (9). 

Forty male Wistar rats (aged between 10 and 12 weeks with 
body weights between 200 and 250 g) were randomly divided 
into four groups. The number of rats in each group was ten. Each 
group was kept in separate cages in rooms with controlled light 
and temperature adjustments and was fed with standard chow and 
water ad libitum. Group 1 received no amifositine and underwent 
radiation exposure. The rats in group 2 received amifositine and 
underwent radiation exposure. The rats in group 3 received ami-
fositine and underwent sham radiation. The rats in group 4 received 
no amifositine and underwent sham radiation. 

Amifostine
The rats in group 2 and 3 were given amifostine 200 mg/kg 

(Ethyol, Medimmune Pharma B.V. the Netherlands) intraperitone-
ally 30 min prior to being exposed to radiation. Sodium chloride 
0.9 % was prepared at an equal volume with amifostine and the rest 
of the procedure was applied identically to rats in groups 1 and 4. 

Radiation Exposure
Prior to radiation exposure or sham radiation, the rats received 

anesthesia using ketamine (Ketalar, Pfi zer Ilaclari Limited Sirketi, 
Istanbul, Turkey) at a dose of 80 mg/kg and xylazine (Rompun, 
Bayer Türk Kimya Sanayi Limited Sirketi, Istanbul, Turkey) at 
a dose of 5 mg/kg via an intraperitoneal injection. The rats were 
immobilized in supine position on a rough surface by taping the 
extremities. In groups 1 and 2, radiation was delivered in the supine 
position on a Cobalt-60 unit using an anterior fi eld in size of 2.5 
x 2.5 cm2 and a single fraction of 18 Gy defi ned for a depth of 2.5 
cm through an anterior portal. The rest of the body was shielded 
with lead plates. In group 3, sham radiation was delivered on a 
Cobalt-60 unit over the same fraction duration. Following radia-
tion exposure or sham radiation, the animals were closely observed 
until recovery from anesthesia. 

Euthanasia
The rats were euthanized 6 months following radiation ex-

posure or sham radiation. Prior to euthanasia, the rats received 
anesthesia with propofol (Propofol, Abbott Laboratuvari Anonim 
Sirketi, Istanbul, Turkey) at a dose of 50 mg/kg administered via 
an intraperitoneal injection. Euthanasia was performed by trans-
cardiac perfusion of 0.9 % sodium chloride.

The histopathologic evaluation
Hearts were dissected rapidly from the mediastinum and kept 

in 10 % buffered formaldehyde for 24 hours. Longitudinal tis-
sue slices of 3–4 mm in thickness on average showing the four 
chambers of the heart were taken after following the routine tis-

sue processing. Two different levels of section (4 μm thick) were 
obtained. Sections were stained using hematoxylin and eosin for 
general tissue characterization. Total collagen accumulation was 
determined by preparing tissue sections with Masson’s trichrome 
stain. The blinded histopathological evaluation was performed 
under the light microscope (Olympus BX51, Japan) using a semi-
quantitative scoring system for the severity and extent of histologi-
cal parameters, in which left and right ventricles were examined 
separately according to the three layers of the heart (endocardium, 
myocardium, epicardium).

Infl ammation, thrombus, fi brosis, myocyte necrosis and vas-
cular damage were also the items used to describe radiation injury 
to the ventricles. The degree of infl ammation for each of layers 
of the ventricles was scaled from 0 to 3 as (0) no infl ammation, 
(1) mild, (2) moderate or (3) severe infl ammation. Thrombus 
was defi ned as existent (1) or absent (0). Myocyte necrosis was 
graded as (0) no necrosis, (1) single cell necrosis, (2) more than 
one cell. Fibrosis in the myocardium of ventricles was quantifi ed 
by a graded scale from 0 to 4 as follows: (0) no fi brosis, (1) one 
small area affected, (2) area of less than 5 % affected, (3) area of 
5–10 % affected or (4) over 10 % affected (7). Mesh confi guration 
was defi ned as the presence of the web form of fi brosis covering 
each myofi bril and was described as present or absent. Fibrosis of 
endocardial and epicardial layers were defi ned as existent (1) or 
absent (0). Additionally, vascular damage in the myocardium of 
ventricles was scored according to a graded scale from 0 to 3 as 
follows: (0) no fi brosis while the thickness of adventitia is up to 
50 % of the media, (1) mild fi brosis while adventitia = media, (2) 
moderate fi brosis with thickness of adventitia being greater than 
twofold of the media, (3) severe fi brosis with thickness of adven-
titia being greater than threefold of the media (7).

Statistical analysis
Median item scores for fi brosis, presence of mesh confi gura-

tion, thrombus, infl ammation, vascular damage and necrosis were 
compared using the Mann–Whitney U test. Correlation between 
the parameters was determined using the Bi Variate Correlation 
(Pierson) test (r = correlation coeffi cient). Statistical signifi cance 
was defi ned as the p value being less than or equal to 0.05. Num-
ber of items related with the parameters was given as numbers 
(n) in brackets.

Results

Histopathologic evaluation 
Chronic infl ammation

Myocardial infl ammation in all groups is presented in Table 
1. No signifi cant difference was found between groups 1 and 2 
which we expected owing to the protective effect of amifositine. 
Statistical differences were found between the RT groups and 
controls but it has no importance in terms of protection. Epicar-
dial infl ammation showed results similar to those of myocardial 
infl ammation (Tab. 2). Histopathologically, pronounced infl am-
mation in both ventricles was found in groups 1 and 2 compared 
to that in ventricles in groups 3 and 4. 
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differences were found between groups 1 and 2, groups 1 and 3, 
and also between groups 1 and 4 in the myocardium of the right 
ventricles (p = 0.011, p = 0.003, p = 0.001, respectively). Addi-
tionally, vasculitis was seen in the right ventricular wall (myo-
cardium and epicardium) in group 1 (n = 6) and group 2 (n = 1). 
It was found signifi cantly higher in group 1 than in group 2 (p = 
0.027), group 3 (p = 0.014) and group 4 (p = 0.014). The number 
and severity of vasculitis was found signifi cantly diminished in 
group 2 (Fig. 1E,F) compared to group 1 (Fig. 1C,D). Vasculitis 
of the epicardial vasculature has a similar severity to myocardial 
equivalent (Fig. 2C). At the same time, signifi cantly thickened 
medial layer in association with vascular damage was seen in ir-
radiated groups (groups 1 and 2). 

Myocyte necrosis 
Necrosis was seen in groups 1 and 2 (Fig. 2D). There were 

5 fi ndings of myocyte necrosis in group 1 [right ventricle, grade 
1 (n = 3); left ventricle grade 1 (n = 3), grade 2 (n = 1)] while 3 
were detected in group 2 [left ventricle grade 1 (n = 1), grade 2 
(n = 1)]. We did not fi nd any necrosis in non-irradiated groups. 
The number and severity of necrosis was prominently observed 
to be high in group 1 in comparison with group 2. The obser-
vational difference did not end up with statistical difference (p 
= 0.124). 

 
  Groups

 Myocardial infl ammation scores
 Signifi cant p values

0 1 2 3

RV

1 0 5 5 3 0.03 (G1–3)
2 0 4 4 2 0.02 (G2–3)
3 0 0 0 0
4 0 0 0 0 0.01 (G1–4)

LV

1 0 5 3 2 0.03 (G1–3)
2 0 4 3 2 0.04 (G2–3)
3 0 0 0 0  
4 0 0 0 0 0.02 (G1–4)

RV – right ventricle, LV – left ventricle; bracket indicates group differences

Tab. 1. Distribution of myocardial infl ammation in all groups.

 
 Groups

 Epicardial infl ammation scores
Signifi cant p values

0 1 2 3

RV

1 0 7 6 1 0.04 (G1–3)
2 0 3 3 2 0.03 (G2–3)
3 0 0 0 0  
4 0 0 0 0 0.01 (G1–4)

LV

1 0 2 1 0  
2 0 2 1 1 0.045 (G2–3)
3 0 0 0 0  
4 0 0 0 0  

RV – right ventricle, LV – left ventricle

Tab. 2. Distribution of epicardial infl ammation in all groups.

Fig. 1. A–B: Normal vascular and myocardial appearance (A: H&E 
x200, B: Masson’s trichrome staining x200), C–D: Vascular damage 
and vasculitis characterized by infl ammation and fi brinoid necrosis in 
the vessel wall of radiation group (Group 1). (C: H&E, x40; D: Mas-
son’s trichrome staining, x40), E–F: Diminished vascular damage (Ar-
row 1) and vasculitis (Arrow 2) in amifostine treatment group (Group 
2) (E: H&E, x40; F: Masson’s trichrome staining, x40)

A B

C D

E F

 
 Groups

Grades of vascular damage
Signifi cant p values

0 1 2 3

RV

1 0 8 0 2  
2 0 4 0 0 0.011 (G1–G2)
3 0 0 0 0 0.003(G1–G3)
4 0 0 0 0 0.001 (G1–G4)

LV

1 0 3 0 0  
2 0 4 0 0 NS (G1–G2)
3 0 0 0 0 0.04 (G1–G3)
4 0 0 0 0 0.03 (G1–G4)

RV – right ventricle, LV – left ventricle

Tab. 3. Distribution of vascular damage in all group.

 
 Groups

Grades of myocardial fi brosis
Signifi cant p values

0 1 2 3 4

RV

1 0 1 4 2 2  
2 0 1 6 2 0 NS (G1–G2)
3 0 0 0 0 0 0.01 (G1–G3)
4 0 0 0 0 0 0.001 (G2–G4)

LV

1 0 5 2 2 0 0.001 (G1–G4)
2 0 3 3 2 0 NS (G1–G2)
3 0 0 0 0 0 0.045 (G2–G3)
4 0 0 0 0 0 0.001 (G2–G4)

RV – right ventricle, LV – left ventricle

Tab. 4. Distribution of myocardial fi brosis in all groups.

Vascular damage 
While normal vascular structures were existent in groups 3 

and 4 (Fig. 1A,B), vascular damage was seen in groups 1 and 
2 which were exposed to radiation (Figs 1C,D,E,F, 2A,B). We 
found that right ventricles were more affected in group 1 accord-
ing to the vascular damage scoring. In group 2, right and left 
ventricles were equally affected (Tab. 3). Statistically signifi cant 
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Fibrosis 
Myocardial fi brosis was seen particularly in irradiated groups 

but ameliorative effect of the amifositine could not be found as 
shown in Table 4. Epicardial fi brosis was found more in the right 
ventricle in groups 1 and 2 [right ventricle (n = 8 in group 1, n = 
7 in group 2), left ventricle (n = 1 in group 1, n = 3 in group 2)]. 
We observed myocardial fi brosis that started from the perivascular 
area and then progressed into the interstitial fi eld among the myo-
fi brils (Fig. 2E). Fibrosis is the fi nal result of the damage affl icted 
to capillary networks by radiation; therefore, we searched for cor-
relation and found signifi cance between the vascular damage and 
fi brosis development in the right and left ventricles in group 1 (r 
= 0.715, r = 0.823), while a similar correlation was found in left 
ventricle in group 2 (r = 0.821)

Mesh confi guration 
This parameter was present in group 1 with 7 in the right ven-

tricle and 4 in the left ventricle (Fig. 2F). Group 2 had 7 on the 
right and 6 on the left. The only statistically signifi cant difference 
was found between groups 2 and 4 (p = 0.017). Mesh confi guration 
was slightly higher in number and severity in group 2 (especially 
in the left ventricle) when compared to group 1. 

Thrombus 
No thrombus formation was observed in the ventricles of the 

rats in any of the groups.

Discussion

In the present study, we have demonstrated that amifostine 
is able to prevent radiation-induced heart disease, i.e. to reduce 
vasculitis and vascular injury at 6 months after irradiation. This is 
the fi rst histopathological report of long-term protection against 
radiation-induced cardiac damage.

The cytoprotective mechanism of amifostine is complicated, 
involving free-radical scavenging, DNA protection and repair 
acceleration, and induction of cellular hypoxia by auto-oxidation 
(10). Amifostine is believed to be more effective for normal tis-
sues from damage caused by radiation and chemotherapy. The 
only exception is the central nervous system because amifostine 
does not cross the blood-brain barrier. Normal tissues have many 
vessels that contain higher levels of alkaline phosphatase. This en-
zyme activity is also higher in alkaline pH than in normal tissues. 
Several other mechanisms were proposed to explain the selective 
radioprotection by amifostine, including protection of DNA by 
metabolites of amifostine, causing hypoxia in normal tissues by 
increasing oxygen consumption, and accelerated recovery of nor-
mal endothelial cells (11). 

Radiation causes damage to cells by two mechanisms resulting 
in direct and indirect effects. If radiation interacts with the atoms 
of the DNA molecule, or other cellular component critical to the 
survival of the cell, it is referred to as a direct effect. Indirect effect 
develops through reactive oxygen species (ROS) that occurs as 
a result of water radiolysis in cells exposed to ionizing radiation.

Direct effect of RT can be seen in all layers of the heart. The 
cellular level of RIHD can be explained with oxidative stress 
which induces endothelial dysfunction and myocardial remodeling 
characterized by hypertrophy, apoptosis, altered gene expression 
and increased matrix metalloproteinase activity. Endothelial dys-
function is a primary basic mechanism behind radiation-induced 
vascular damage. This dysfunction manifests itself by neutrophil 
chemotaxis, impaired nitric oxide-mediated relaxation (vasodi-
latation) and ruined adhesions between endothelial cells at early 
periods of the radiation exposure which we did not study (12).

Certain cytokines and growth factors may stimulate radiation-
induced fi broblast proliferation, collagen deposition and fi brosis 
at the late stages of RT. These changes affect the vessels of each 
dimension. Damage to the large vessels can result in accelerated 
atherosclerosis and vasculitis whereas the infl uence of capillary 
vessels eventually leads to interstitial fi brosis (pericellular and 
perivascular) (13). 

Chronic infl ammation 
Staging of histopathological effects of radiation was pub-

lished by Fajardo and Stewart. It is described to be as follows: 
acute stage (6–48 hours), latent stage (2–70 days), late stage (> 70 
days) (9). In this study, myocardium and epicardium were affected 
layers from chronic infl ammation. Anti-infl ammatory effects of 

A B

C D

E F

Fig. 2. A: Vasculitis of the epicardial vasculature (H&E, x200), B: 
Myosit necrosis characterized by macrophage infi ltration (Myophagia) 
(H&E, x200), C: Myocardial fi brosis starting from the perivascular 
area and then progressing into the interstitial fi eld among the myofi -
brils (H&E, x200), D: Dense fi brosis covering each myofi bril forming 
mesh confi guration at the apex of the heart (H&E, x200), E–F: Vascular 
damage characterized by perivascular fi brosis, thickening of muscular 
layer and collagen fi bers between myofi bril (interstitial fi brosis) (E: 
H&E, x200; F: Masson’s trichrome staining x200).
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amifostine following radiation exposure is not clear in literature 
but some authors demonstrated an anti-infl ammatory property of 
amifostine in acute infl ammation (14). Nevertheless, we did not 
fi nd any amendatory effect on chronic infl ammation.

Vascular damage
Radiation-induced vascular injury is defi ned by macrovascu-

lar injury characterized by accelerated atherosclerosis (coronary 
artery disease) and microvascular injury manifested by a reduced 
capillary density causing pericellular and perivascular interstitial 
fi brosis in myocardium. Another type of vascular injury is vascu-
litis which is seen mostly in large vessels (15). 

We have seen both forms of macrovascular injury. Amifostine 
pretreatment has signifi cantly reduced vascular damage and vas-
culitis. This protective effect may be due to the lowered levels of 
ROS. Taunk et al explained the mechanism of vascular damage 
and vasculitis by suggesting that the endothelial cells injured by 
radiation secrete some adhesion molecules and growth factors 
prompting activation of the infl ammatory response and conse-
quently fi brosis. Infl ammatory response develops with monocyte 
chemotactic factor, tumor necrosis factor (TNF), and interleukins 
(IL), on the other hand platelet-derived growth factor (PDGF), 
transforming growth factor b (TGF-b), basic fi broblast growth fac-
tor (bFGF), insulin like growth factor (IGF), and connective tissue 
growth factor (CTGF) are profi brotic cytokines (12). 

Myocyte necrosis
Necrosis can occur as a result of microvascular ischemia (15). 

The existence of myocyte necrosis in long term is probably de-
pending on continuous microvascular damage. Histologically, we 
observe reduced necrosis in group 2 but this was not showing any 
statistically signifi cant difference between groups 1 and 2. This 
result showed that amifostine has a partial potential to reduce 
myocyte necrosis and microvascular injury.

Fibrosis
The mechanisms of fi brosis that occurs due to radiation has 

not yet been fully clarifi ed; however, it is hypothesized that cells 
are damaged due to radiation beams leading to the breakdown of 
the capillary networks, thereby causing repeated episodes of isch-
emia and ultimately fi brosis (15). It is shown in varying degrees of 
interstitial fi brosis and/or perivascular fi brosis in the ventricle (9, 
16, 17). Experimentally, an exposure of 20 Gy radiation leads to 
myocardial degeneration and becomes apparent in rats at around 6 
months after irradiation and is preceded by a marked reduction in 
capillary density (18). In this study, variable degrees of ventricular 
fi brosis were seen in all layers of irradiated groups similar to the 
fi ndings described in literature. 

Epicardium and myocardium are the two layers in which fi -
brosis has been observed to be most prominent. Radiotherapy 
group (group 1) manifested all grades of fi brosis in both sides of 
ventricles. 

Fibrillar collagen appears after cardiocyte necrosis in order to 
replace the lost cells (19). It is reported that perivascular fi brosis 
of intramural arterioles, thickening of preexisting collagen fi bers 

and an increase in the number of fi bers could be seen between 
viable myocytes after the radiation exposure (20). We saw the 
same observation similar to our previous study (21), namely that 
myocardial fi brosis started from the perivascular area and then 
progressed into the interstitial fi eld among the myofi brils. In the 
set of mesh confi guration, severe myocardial fi brosis was seen at 
apex of the heart; tip of papillary muscles and in areas where the 
ventricle wall was adjacent to the atrioventricular valves. 

The literature does not clearly denote that amifositine treatment 
reduces fi brosis but Kruse et al showed lower fi brosis scores for 
atrial appendages, left ventricles and perivascular fi brosis in ani-
mals treated with amifostine prior to irradiation when compared 
to those with the same irradiation dose (7). In contrary to this, we 
found that amifostine treatment did not decrease myocardial fi -
brosis, and our conclusion is that it was far from being effective 
in protecting from myocardial fi brosis.

Mesh confi guration
Mesh, which is a form of fi brosis, stands out when the severity 

of fi brosis is increased. Mesh was found in study groups as ex-
pected but we could not observe benefi cial effects of preventing 
the mesh. The development of fi brosis is a process form of car-
diomyopathy and valvular heart diseases that form the subgroup 
of RIHD. Furthermore, valve regurgitation and/or stenosis caused 
by fi brosis have been reported in literature (22). In the present 
study we have not demonstrated that amifostine is able to prevent 
radiation-induced reduction in terms of fi brosis occurrence at 6 
months after irradiation.

Thrombus formation
Intraventricular and/or intravascular thrombus was not identi-

fi ed. Radiation may not be a direct thrombogenic effect or thrombus 
may have occurred and dissolved in the early stage.

Conclusion

Elementary pathological lesions of RIHD are fi brosis, vas-
cular damage, vasculitis and myocyte necrosis in the heart. 
Myocardium and epicardium were the mostly affected layers of 
the heart.

The development of vasculitis and vascular injury was pre-
vented by amifostine treatment. Fibrosis formation of myocardial 
and epicardial layers were not decreased by the use of amifositine 
treatment. The number and severity of myocyte necrosis were ob-
served to be diminished by the amifositine treatment despite the 
statistically non-signifi cant result. The anti-infl ammatory effect of 
amifositine was not found in chronic infl ammation.

Prevention of RIHD with the use of amifositine is encourag-
ing based on histopathological results that we brought forward 
in this study.
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