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Abstract

Epidemiological studies indicate long-term risks of ionizing radiation on the heart, even at
moderate doses. In this study, we investigated the inflammatory, thrombotic and fibrotic late
responses of the heart after low-dose irradiation (IR) with specific emphasize on the

dose rate. Hypercholesterolemic ApoE-deficient mice were sacrificed 3 and 6 months after
total body irradiation (TBI) with 0.025, 0.05, 0.1, 0.5 or 2 Gy at low (1 mGy/min) or high dose
rate (150 mGy/min). The expression of inflammatory and thrombotic markers was quantified
in frozen heart sections (CD31, E-selectin, thrombomodulin, ICAM-1, VCAM-1, collagen IV,
Thy-1, and CD45) and in plasma samples (IL6, KC, MCP-1, TNFa, INFy, IL-18, TGFp, INFy,
IL-10, sICAM-1, sE-selectin, sVCAM-1 and fibrinogen) by fluorescence analysis and
ELISA. We found that even very low irradiation doses induced adaptive late responses,
such as increases of capillary density and changes in collagen IV and Thy-1 levels indicat-
ing compensatory regulation. Slight decreases of ICAM-1 levels and reduction of Thy 1 ex-
pression at 0.025—-0.5 Gy indicate anti-inflammatory effects, whereas at the highest dose (2
Gy) increased VCAM-1 levels on the endocardium may represent a switch to a pro-inflam-
matory response. Plasma samples partially confirmed this pattern, showing a decrease of
proinflammatory markers (sVCAM, sICAM) at 0.025-2.0 Gy. In contrast, an enhancement
of MCP-1, TNFa and fibrinogen at 0.05-2.0 Gy indicated a proinflammatory and prothrom-
botic systemic response. Multivariate analysis also revealed significant age-dependent in-
creases (KC, MCP-1, fibrinogen) and decreases (sICAM, sVCAM, sE-selectin) of plasma
markers. This paper represents local and systemic effects of low-dose irradiation, including
also age- and dose rate-dependent responses in the ApoE” mouse model. These insights
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in the multiple inflammatory/thrombotic effects caused by low-dose irradiation might facili-
tate an individual evaluation and intervention of radiation related, long-term side effects but
also give important implications for low dose anti-inflammatory radiotherapy.

Introduction

Epidemiological studies of Japanese atomic bomb survivors [1-3] and medically exposed
groups [4,5] indicate long-term risks of non-cancer health effects, such as cerebrovascular and,
even more commonly, cardiovascular diseases after exposure to ionizing radiation at moderate
doses. In occupational exposed workers, a significant association between radiation and athero-
sclerotic heart disease was observed even at very low doses of ~30 mSv [6].

Radiation-induced heart diseases (RIHD), after irradiation of mediastinal structures, be-
came obvious in the late 1960s, when long-term survival of Hodgkin’s disease patients im-
proved and radiation therapy (RT) was increasingly applied to a broad range of malignant
tumors such as breast cancer [7]. Although RIHD affects any cardiac structure [8], with peri-
cardial involvement being the most common at high doses [9], blood vessels are important tar-
gets of irradiation. Tissue damage, mediated by vascular injury, is thought to be one of the
most consistent pathogenetic mechanisms in delayed radiation injury. Thereby, endothelial
cells in the microvasculature represent the most radiation-vulnerable elements [10].

Vascular injuries caused by high irradiation doses are well studied and include acute vasculi-
tis with heterophil invasion, endothelial cell (EC) swelling, capillary loss, and activation of coa-
gulatory mechanisms, along with local ischemia and fibrosis [11,12]. Estimation of health
effects at low irradiation doses, however, can not be drawn by extrapolation of high-dose ef-
fects. Studies on aortic lesions and serum cholesterol levels after single low-dose exposures re-
vealed that radiation-induced effects were distinctly non-linear with doses. Thereby, the dose
rate turned out to be an important parameter with low dose rates showing rather protective,
but high dose rates exerting protective as well as detrimental effects [13]. Detailed experimental
data concerning low-dose radiation effects on the heart microvasculature or on systemic plas-
ma parameters at late time points are missing so far.

We and others have shown that irradiation triggers inflammatory, thrombotic and fibrotic
processes in the murine vasculature similar to epidemiological and clinical findings in humans
[13-16].

Here we studied for the first time late effects of total body irradiation (TBI) at very low
doses (0.025-2.0 Gy) on the microvasculature of the heart and on plasma markers, with partic-
ular emphasis on different dose rates (1.0 mGy/min and 150 mGy/min). To gain more insight
into the long-term dose response relationship at low-dose exposures, we analyzed 8 relevant
markers (CD31, E-selectin, thrombomodulin, ICAM-1, VCAM-1, collagen IV, Thy-1, CD45)
by quantitative immunofluorescence and 11 systemic plasma markers (IL6, KC, MCP-1, TNF,
TGF, INFy, IL-10, sSICAM-1, sE-selectin, sVCAM-1 and fibrinogen) by commercial ELISA or
cytometric bead array 3 and 5 months after TBI of Apoprotein E”~ (ApoE”") mice. ApoE ™"
mice have elevated plasma cholesterol levels and spontaneously develop atherosclerosis, a mul-
tistep process driven by inflammation [17]. Recent data indicate that ApoE”" mice represent a
more sensitive model than the corresponding wild-type mice [14,18], possibly enabling the de-
tection of even very small inflammatory or thrombotic processes, expected at low
irradiation doses.
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The pathogenetic mechanisms of radiation-induced vascular effects involve the acute induc-
tion of reactive oxygen intermediates [19], which subsequently activate intracellular signal cas-
cades, cytokines, transcription factors and adhesion molecules expressed on ECs, fibroblasts
and leukocytes. Chronic free radical production and oxidative stress, possibly linked by sus-
tained upregulation of NF- B transcription factor towards chronic inflammation, are increas-
ingly implicated in the radiation-induced late tissue injury [20]. In a multistep cascade,
upregulated selectin receptors on ECs may then capture free leukocytes and mediate their roll-
ing and transient adhesion along the vessel wall. Thereafter, adhesion molecules, such as
ICAM-1, VCAM-1 and Thy-1, interact with specific integrins on the leukocytes ensuring their
firm adhesion to ECs. During diapedesis, leukocytes transmigrate through endothelial tight
junctions, which is mediated mainly by CD31 [21-25].

CD45, a pan leukocyte marker, has been used here to evaluate the presence of leukocytes in
heart tissue with and without IR. IR-induced disturbances in the (anti-)coagulant system may
lead to endothelial damage and chronic organ dysfunction. Thrombomodulin has been includ-
ed in this study, for its function as a crucial player in the maintenance of the haemostatic bal-
ance. It is involved in vascular thromboresistance and anticoagulant homeostasis [26-28] but
may also affect the expression of adhesion molecules [29]. During radiotherapy, dose-depen-
dent increases of plasma TM in cancer patients were observed and it has been suggested as a
marker of radiation-induced endothelial cell injury [30].

Collagen IV, expressed by endothelial and epithelial cells, occurs in the basement mem-
brane, which encloses every capillary, and is involved in blood vessel function, cellular supply
and cell signal cascades [31]. It is used here as an indicator of fibrosis [32-34] and has been re-
ported to change after irradiation [35].

In Japanese atomic bomb survivors and in patients with postoperative radiotherapy, consid-
erable systemic effects of ionizing radiation have been documented. Elevated plasma cytokine
levels, namely IL6 and TNFa, were indicative for a persistent inflammatory status [36,37]. In
contrast, low-dose radiotherapy is known to exert anti-inflammatory effects, involving the
TGFp-induced downregulation of leukocyte/endothelial cell adhesion [38-40].

To study systemic effects of radiation, we measured both, established proinflammatory
(TNFo, KC, MCP-1, IL6, INFy) and anti-inflammatory (T'GFp, IL10) cytokines [37]. Plasma
levels of soluble adhesion molecules (SICAM, sVCAM, sE-selectin) have been proven to be use-
ful markers for the assessment of inflammatory processes involving activation and injury of the
endothelium in various conditions, such as stem cell transplantation-related complications, ra-
diation pneumonitis and coronary disease [41-43]. Fibrinogen is included in this study as sys-
temic biomarker for inflammatory/thrombotic disease [44]. Significant enhancements of
plasma fibrinogen levels have been observed after WBI in rats [45], in previously irradiated
Hodgkin lymphoma (HL) survivors [46], and in subjects with cardiovascular disease compared
to those without [47].

Materials and Methods
Mice, irradiation, tissue preparation

ApoE”" (B6.129P2-ApoE"™"Y™/]) female mice, homozygous null for a functional ApoE gene
(in C57BL/6] background) were transferred at 6 weeks from Jackson Laboratory (Bar Harbor,
ME, USA) to the Chalk River Laboratories (Ontario, Canada). Mice were provided with ad libi-
tum reverse osmosis deionized, UV-light sterilized water and Charles River Rodent Chow no.
5075, autoclaved, normal low-fat (4.5%) diet (Charles River Canada, St. Constant, Quebec). Fe-
male ApoE”" mice were exposed to ®’Co y-radiation (0.025, 0.05, 0.1, 0.5 or 2 Gy) at 8 weeks of
age. Irradiation was performed at either low dose rate (LDR, 1 mGy/min) from an open beam
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Table 1. Samples.

source (GammaBeam 150, Canadian Nuclear Laboratories) on unrestrained mice in their cages
or at high dose rate (HDR, 0.15 Gy/min) in an enclosed irradiator (GammacCell 200, Canadian
Nuclear Laboratories). Animals received their designated dose as a single exposure except
those receiving 0.5 or 2.0 Gy at low dose rate. Those two groups received 100 mGy per day at

1 mGy/min for 5 consecutive days for the 0.5 Gy group or for 5 days/week for 4 weeks for the
2.0 Gy group. Control (0 Gy) mice were handled in the same manner as exposed mice but
placed in a shielded space during the exposure of the test group, with more details described
previously (12). Housing, handling and experimental procedures were conducted in accor-
dance with the guidelines of the Canadian Council on Animal Care (Membership Number
KGO05) and with the preapproval of the local Atomic Energy Canada Laboratories (now Cana-
dian Nuclear Laboratories), Animal Care Committee, Chalk River Laboratories Animal Care
Committee (Protocol 06-02).

Mice were shipped to the University of Ottawa Heart Institute and euthanized with an intra-
peritoneal injection of sodium pentobarbital prior to blood and tissue collections 3 or 6 months
after exposure (at 5 or 8 months of age). Shock-frozen hearts were embedded in O.C.T. tissue-
tek (Sakura Finetek, Torrance, USA) and sent to the University of Leipzig. Cryosections (7 um)
were prepared and stored at —80°C (samples detailed in Table 1). EDTA plasma samples (de-
tailed in Table 1) were sent to the University of Leipzig. There are more plasma samples than
tissue samples, because a part of the tissues was destroyed (defrosted) during transport.

Staining

Sections from two regions of the heart (heart base and apex) were examined. Sections of each
subgroup (dose rate, age) were stained together with samples from sham-irradiated control an-
imals and negative staining controls.

Specimens were stained with hematoxylin/eosin (HE) and sirius red following standard pro-
tocols. For specific immune fluorescence staining, sections were fixed in ice-cold ethanol/ace-
tone, 50/50, for 10 min. Specimens were then washed with PBS (3 min) and incubated in
blocking solution (PBS, bovine serum albumin 2%) for 20 min. Primary antibodies or isotype
specific Ig (negative staining controls) were applied for 1 h diluted in blocking solution.

Dose [Gy]

Dose rate

Age at time of sacrifice Tissue samples Plasma samples

0

0

0
0.025
0.05
0.1
0.5

0.025
0.05
0.1
0.5

2

sham irradiation
sham irradiation
LDR
LDR
LDR
LDR
LDR
HDR
HDR
HDR
HDR
HDR

2 months 4 7
5 months 3 7
8 months 5 7
5 months/8 month 4 of either age 7 of either age
5 months/8 month 4 of either age 7 of either age

5 months/8 month
5 months/8 month
5 months/8 month
5 months/8 month
5 months/8 month
5 months/8 month
5 months/8 month
5 months/8 month

4 of either age
4 of either age
4 of either age
4 of either age
4 of either age
4 of either age
4 of either age
4 of either age

7 of either age
7 of either age
7 of either age
7 of either age
7 of either age
7 of either age
7 of either age
7 of either age

HDR: high dose rate, LDR: low dose rate

doi:10.1371/journal.pone.0119661.t001
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Table 2. Antibodies.

Antibodies Species Source

Primary antibodies

anti-mouse CD31 (IgG2aK) rat eBioscience, San Diego (USA)
anti-mouse E-Selectin chicken R&D Systems, Minneapolis (USA)
anti-mouse Thrombomodulin goat Santa Cruz, Santa Cruz (USA)
anti-mouse ICAM-1 goat R&D Systems, Minneapolis (USA)
anti-mouse VCAM-1 (IgG2aK) rat eBioscience, San Diego (USA)
anti-mouse Collagen IV A3 goat Santa Cruz, Santa Cruz (USA)
anti-mouse Thy-1 (IgG1a) rat Abcam Inc., Cambride (UK)
anti-mouse CD45 goat R&D Systems, Minneapolis (USA)
Secondary antibodies

anti-chicken Cy 5 donkey Jackson Immuno, West Grove (USA)
anti-rat FITC donkey Jackson Immuno, West Grove (USA)
anti-rat Cy 5 donkey Jackson Immuno, West Grove (USA)
anti-goat Cy 5 donkey Jackson Immuno, West Grove (USA)
Control IgG

IgGY chicken chicken R&D Systems, Minneapolis (USA)
IgG1a rat rat R&D Systems, Minneapolis (USA)
IgG2a rat rat eBioscience, San Diego (USA)

1gG goat goat Santa Cruz, Santa Cruz (USA)

doi:10.1371/journal.pone.0119661.t002

Specimens were washed again, and corresponding, fluorescence-labeled, secondary antibodies
were added (Table 2). After 45 min, specimens were rinsed again in PBS and incubated with
DAPI nuclear stain for 5 min (Sigma Aldrich, Saint Louis, USA). Sections were embedded in
Mowiol 4-88/DABCO (Carl Roth GmbH, Karlsruhe, Germany). Lectin-stained heart sections
(fluroescein lycopersicon esculentum tomato lectin, FL-1171, Vector laboratories) were kindly
provided by Fiona Stewart’s laboratory, NKI (The Netherlands Cancer Institute).

Analysis

Quantitative assessment of fluorescence staining: Preview areas of complete myocardial cross
sections were generated using 50x magnification and a semiautomatic immunofluorescence
microscope (Zeiss Axiolmager Z.1, Carl Zeiss Microlmaging, Géttingen, Germany) and associ-
ated microscopic software (Tissue Fax, Tissue Gnostics, Vienna, Austria). Regions of interest
(ROI) were marked and scanned using 50x magnification (Fig. 1A). Specific expression pat-
terns of CD31, intercellular adhesion molecule-1 (ICAM-1), thrombomodulin, thymocyte anti-
gen-1 (Thy-1) and E-selectin, were analyzed only in areas with cross sections of capillaries
around the left ventricle using 200x magnification. Areas with larger vessels, cracks or longitu-
dinal sections of capillaries were excluded from fields of view (FOV). All FOVs within a ROI
were analyzed using semiautomatic cell detection software Tissue Quest (Tissue Gnostics, Vi-
enna, Austria). The number of stained capillaries was normalized on the nuclei count based to
DAPI staining (approx. 1000-8000 per RO], Fig. 1B, C).

The presence of collagen IV and CD45 was examined in the whole myocardium using 5-10
complete FOVs for analysis and were normalized on the area of the analyzed tissue. For the
vascular adhesion molecule-1 (VCAM-1), examined in the endocardium, only fluorescence in-
tensity was measured.
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Fig 1. Quantitative analysis of staining by Tissue Fax/Quest. a) Regions of interest (ROI) with cross-sectioned capillaries only, were manually marked
and fields of view (FOV) were scanned. Blue = nuclei stained with DAPI, red = capillaries stained with CD31, yellow = ROI, b) DAPI-stained nuclei are
counted as reference parameter and represent the whole cell count within the FOV, ¢) CD31-stained events are counted in corresponding areas.

doi:10.1371/journal.pone.0119661.9001

EDTA plasma samples (7 samples per group) were analyzed for systemic markers of inflam-
mation. Interleukin-6 (IL6), interleukin-10 (IL10), chemokine KC, macrophage chemoattrac-
tant protein-1 (MCP-1), tumor necrosis factor alpha (TNF), interferon (INF) and interleukin-
1beta (IL-1), were measured by cytometric bead array (CBA, BD Biosciences) using the mouse
inflammation kit (BD Biosiences). ELISA measurements were conducted in diluted plasma
samples for soluble adhesion molecules SICAM-1 (1:250, EMICAM12e, Perbio Science), sE-
selectin (1:50, MES00, R&D), sVCAM-1 (1:250, MV C00, R&D) fibrinogen (1:10.000,
EMF2040-AS, BioCAT) and tumor growth factor beta, TGF (1:36, MC100B, R&D) at 450/690
nm (Spectrafluor plus, TECAN).

Statistics

For CD31, CD45, ICAM-1, thrombomodulin, Thy-1, and E-selectin, the following parameters
were analyzed: events, representing the number of positive cells or capillaries (single event rep-
resents a single cell), mean fluorescence intensity (mFI), representing the expression level per
event, and mean area, representing the size of the event. For VCAM-1, only the mFI

was measured.

Effects were analyzed 1) for the main variable: dose and 2) for the covariates: dose rate, age
and region. First, main variables and covariates were analyzed univariately by linear mixed mod-
els accounting for repeated measurements in animals and staining bath as random factors. In
case of univariate significance of covariates, the effect of the irradiation dose was also analyzed
multivariately by adjusting for significant covariates (dose rate, age and region). To estimate the
effect of the age groups, a mixed-model analysis on non-radiated animals was performed, con-
sidering repeated measurements and staining bath as random factors. In addition, subgroup
analyses were performed for age and dose rates using ANOVA. All calculations were performed
using the statistical software package SAS 9.1.3. (2002-2003, SAS Institute Inc., Cary, NC, USA).
Power analysis: Experimental design allows detecting differences of 2.3 SD between 0 Gy and 2
Gy group with 80% power and 5% significance using 4 tissue samples per group. For plasma lev-
els, 7 plasma samples per group allow to detect differences of 1.6 SD. Sample size was calculated
with PASS 2008, Version 08.05. (Hintze J. NCSS LLC, Kaysville, Utah). For correlation analysis
Kendalls tau correlation was used (R, http://www.R-project.org). Statistical significance is
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indicated by asterisk symbols with p-value < 0.05: *, p < 0.01: **, p < 0.001: ***, if not
otherwise indicated.

Results
Irradiation-induced effects on heart tissue

Immunofluorescence staining. Effects of irradiation have been analyzed on eight inflam-
matory/thrombotic markers (CD31, E-selectin, thrombomodulin, ICAM-1, VCAM-1, collagen
IV, Thy-1, CD45). Results are presented as relative values compared to non-irradiated control
animals. Data represent the relative cell counts of marker positive (")
1000 nuclei. In the case of endothelial cells, a single positive cell (event) corresponds to one
capillary (cross-sectioned).

Response towards irradiation was found to be independent of dose rate (high or low), region

cells normalized to

(heart base and apex), and time (3 and 6 months after irradiation). No differential effects could
be detected by subgroup analysis, except for collagen IV. Therefore, data are given as the mean
of all subgroups (HDR and LDR, time, base and apex), except for collagen IV, where time-spe-
cific data are shown.

Analyses of mean area (event size) and evaluation of the mean fluorescence intensity (ex-
pression levels per event) revealed no significant changes for any of the markers, except for
VCAM (only VCAM data are shown). Therefore, we conclude that there are neither significant
radiation-induced changes in cell/capillary size nor in the size of collagen deposits. From our
data, we may also exclude a significant translocation of markers from the nucleus to the outer
membrane as a radiation response, because this would have resulted in a change of the
mean area.

Radiation dose-specific effects on event (cell/capillary) counts have been observed for most
of the markers and are presented below.

Lectin/CD31. CD31 expression varies in the vasculature depending on size and localiza-
tion of the vessels. By consecutive serial staining, we confirmed strict colocalization of lectin,
an endothelial-specific glycoprotein, and CD31 immunoreactivity on microvascular endotheli-
al cells (Fig. 2). Thus CD317™" cell count can be used as a marker for capillary cell count in
the heart.

Specific staining of endothelial markers is demonstrated in fluorescence images showing
positive fluorescence signals on capillaries, endocard (VCAM only) and small vessels (Fig. 3).

CD31/E-selectin and thrombomodulin. These three markers showed similar responses
to irradiation and, therefore, they are presented together (Fig. 4A). CD31 staining showed a
slight dose-dependent increase of capillary numbers. Significance was reached after 2 Gy IR
compared with sham-irradiated controls. E-selectin and thrombomodulin immunoreactivity
followed this pattern. These findings indicate that the newly built capillaries express E-selectin
and thrombomodulin protein (Fig. 4A). The size of capillaries did not change (data not
shown). ICAM-1/Thy-1 and CD45: ICAM cell counts also increased slightly at 2 Gy, although
not reaching significance. In contrast, low doses caused a slight decrease of ICAM-1""*
Thy-1, another adhesion molecule expressed on endothelial cells but also on fibroblasts,

showed a similar decrease of immunoreactive cell counts. A significant effect was seen begin-
+ve

cells.

ning at very low doses of 0.025 and continuing up to 0.5 Gy. CD45
slightly reduced at low doses (Fig. 4B). VCAM-1 was expressed only at very low levels on
capillaries, which did not allow for quantification. Therefore, we evaluated VCAM response
after low-dose irradiation on the endocardium, which had high expression levels. Mean fluo-
rescence intensities showed a dose-dependent enhancement of VCAM expression. Significant
increases were found after 2 Gy IR (Fig. 4C). For the lack of an appropriate reference

cell counts were only

PLOS ONE | DOI:10.1371/journal.pone.0119661 March 23, 2015 7/19



Low-Dose Irradiation Affects Expression of Inflammatory Markers

Fig 2. Detection of CD31*"® and Lectin*'® vessels in serial sections. a) Lectin (yellow), b) serial section (7 ym apart) stained for CD31 (red), ¢) Matching
areas are indicated in green (artificial colours).

doi:10.1371/journal.pone.0119661.9002

parameter, such as nuclei count, analysis of VCAM-1"" cell count (events) could not be con-

ducted. No changes of VCAM-1"" total areas were observed. Collagen IV*"* cell counts in 5-
months-old animals (3 months after irradiation) increased significantly even at the lowest dose

Fig 3. Immunofluorescence staining of endothelial markers. Specific expression of endothelial proteins is shown in red (artificial colour) and nuclei
counterstaining in blue (DAPI). CD31 a), E-selectin b), thrombomodulin ¢), ICAM-1 d), VCAM-1 e) and, Thy-1 f) were expressed on capillaries, small vessels
(arterioles, venules) and endocard. Staining was quantitatively assessed only on capillaries, except for VCAM, which was evaluated on the endocard only.

doi:10.1371/journal.pone.0119661.g003
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Fig 4. Dose-specific effects on tissue markers. Quantification of immunofluorescence stainings is presented in panel a) for CD31, thrombomodulin, E-
selectin; b) ICAM-1, Thy-1, CD45; c) for VCAM, and d) for collagen IV. The number of specifically stained cells per 1000 nuclei around the left ventricle of the
heart was normalized on 0 Gy values (= 1). Only for VCAM-1 c¢), relative values of mean fluorescence intensity (mFI) from endocard stainings are presented.
Except for collagen 1V d), where age-specific data are shown, data are given as mean of all subgroups (HDR and LDR, at 5 and 8 months, corresponding to 3
and 6 months after irradiation, base and apex) + SEM, n = 16. Asterisks indicate p-values < 0.05: *, p < 0.01: **,p < 0.001: ***,

doi:10.1371/journal.pone.0119661.9004

of 0.025 Gy, with 0.5 Gy dose exerting the strongest effect. In contrast, analysis of 8-months-
old animals (6 months after irradiation) revealed only weak changes (Fig. 4D). The mean area
did not change, indicating that irradiation has no effect on the size of the collagen deposits
(data not shown).

Histological findings. HE and sirius red stainings were performed on all animals to get an
overview of irradiation-induced morphologic alterations.

One animal, irradiated with 0.5 Gy (LDR, 5 months group), showed a distinct, sub-endocar-
dial region with disseminated lipocytes, enclosed by disorganized collagenous strands. Immu-
nofluorescence staining revealed an accumulation of CD45"" and of collagen IV cells
(Fig. 5A-C). Four animals, irradiated with 2 Gy (LDR, 8 months group), showed broad fibrotic
strands crossing the right ventricle, but no accumulation of leukocytes or collagen IV cells.
These findings have been observed in 2 different cross sections of approx. 300 um distance
(Fig. 5 D-F). None of the sham-irradiated control animals showed similar changes.

Irradiation-induced effects in plasma samples

Effects of irradiation have been analyzed on eleven inflammatory/thrombotic plasma markers
(IL6, KC, MCP-1, TNF, TGF, INF, IL-10, sSICAM-1, sE-selectin, sVCAM-1 and fibrinogen) 3
and 6 months after irradiation at HDR and LDR. Statistical analysis revealed subgroup-specific
responses. Therefore values of plasma markers 3 and 6 months after irradiation at HDR and
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@’PLOS ‘ ONE

Low-Dose Irradiation Affects Expression of Inflammatory Markers

“07um’,
—

Fig 5. Histological findings. Upper row: one animal of the 5-month group (0.5 Gy, LDR) showed disseminated collageneous stripes (*) after sirius red
staining a), corresponding accumulations of b) CD45""® and c) collagen IV*'® cells. Lower row: in four animals of the 8-month group (2 Gy, LDR) similar
findings were found: broad collagenous scars d) going along with CD45*"® e) and collagen IV*V® f) immunoreactivity.

doi:10.1371/journal.pone.0119661.9005

LDR are presented in separate diagrams (Fig. 6A-D) as relative mean + SEM compared to con-
trol samples of sham-irradiated animals. Values for INF and IL-10 before and after irradiation
were too low to be measured accurately. Therefore, they are not presented in the figure. Never-
theless, it can be stated, that no massive increase of both markers took place as levels stayed
around lowest standard concentration (2.5 pg/ml). Exposure at LDR compared to sham irradi-
ation led to a significant increase of proinflammatory cytokines (TNFo, MCP-1) and to a pro-
thrombotic response with enhanced fibrinogen levels in animals examined 3 months after
irradiation. Also KC levels tended to increase, whereas levels of the soluble adhesion marker
sICAM decreased significantly. A local enhancement of TGFB was found at 0.05 Gy only

(Fig. 6A). At the later time point, 6 months after exposure, TNFo. and MCP-1 levels dropped
back to control, whereas elevated fibrinogen levels persisted and sVCAM/sICAM levels in-
creased at the highest dose (2 Gy). Responses were observed already at very low doses (0.025
Gy for sICAM and fibrinogen) but more parameters changed at doses of 0.05 Gy and higher
(Fig. 6B). Similarly to LDR, exposure at HDR significantly enhanced TNFa and MCP-1 levels
3 months after irradiation (Fig. 6C). Levels of soluble adhesion molecules (mainly sVCAM)
were significantly reduced 3 months, but also 6 months, after exposure. In contrast to LDR, fi-
brinogen levels remained unchanged after exposure at HDR, and expression of the anti-inflam-
matory marker TGFp decreased at both time points. TGFp measurements, however, showed a
high level of variance, sometimes resulting in trends rather than in significances. In addition, a
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Fig 6. Dose-dependent effects on plasma markers. Concentrations of plasma markers were measured 3 (a, ¢) and 6 (b, d) months after irradiation at the
indicated doses at low dose rate (LDR, a,b) and high dose rate (HDR, ¢,d). Values are presented as mean + SEM, relative to sham-irradiated control (0 Gy =
1). Missing bars in Fig. 6C are due to analytical failure. Asterisks indicate p-values < 0.05: *, p < 0.01: **, p < 0.001: *** compared to control.

doi:10.1371/journal.pone.0119661.g006

concomitant decrease of proinflammatory cytokines (TNFo, MCP-1, KC and IL6) was ob-
served 6 months after irradiation (Fig. 6D). Kendall tau correlation analysis demonstrated a
significant overall correlation of proinflammatory cytokines (TNFa, KC, IL6 and MCP-1) in
all groups (p < 0.05). These markers increased in the LDR group simultaneously 3 and 6
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Fig 7. Age-specific effects on tissue markers in nonirradiated mice. The expression of a) CD31, E-selectin, thrombomodulin, ICAM-1, VCAM-1, Thy-1
and of b) CD45 and collagen IV*¥€ cells is presented in sham-irradiated 0 Gy control mice at 2, 5, and 8 months of age. The relative number of specifically
stained cells per 1000 nuclei around the left ventricle of the heart is given (mice at 2 months = 1, mean + SEM, n = 8). Asterisks indicate p-values < 0.05: *,
p <0.01: ** p <0.001: *** compared to the 2-month group.

doi:10.1371/journal.pone.0119661.g007
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months after exposure, whereas in the HDR group elevated values were found only 3 months
after irradiation. Six months after irradiation at HDR a significant decrease of these markers
might indicate a counter-regulatory response.

From the panel of 11 candidate markers investigated here, TNFo, MCP-1, sSICAM, sVCAM,
TGFp and fibrinogen, turned out to be the most sensitive markers to evaluate systemic plasma
responses towards low-dose irradiation.

Age-specific effects

Analysis of basal marker expression in non- or sham irradiated animals revealed a significant
age effect. Data are given as the mean of all subgroups (sham irradiation with high dose rate
[HDR] and low dose rate [LDR]) + SEM, presented as absolute values per 1000 nuclei. Analysis
for endothelial proteins (CD31, E-selectin, thrombomodulin, ICAM-1, VCAM-1 and Thy-1)
revealed a significant age-dependent increase at 5 and 8 months compared with animals at 2
month of age (Fig. 7A). For CD45 and collagen IV cells, adverse findings could be observed:
cell counts decreased to minimum levels at 5 months and increased at 8 months back to levels
at 2 months of age. These findings reached significance levels for collagen IV*"* cells at 5 and 8
months (Fig. 7B). Some proinflammatory cytokines (KC, MCP-1) and fibrinogen behaved sim-
ilarly and increased significantly at the age of 5 and 8 months compared with 2-month-old ani-
mals. In contrast, soluble adhesion molecules (sVCAM, sICAM and sE-selectin) levels slightly
decreased with age. Only IL6, TGF and TNF levels did not change (data not shown).

Discussion

High radiation doses are known to induce cardiac microvascular damage and are often associ-
ated with inflammatory and fibrotic changes [15,48-50]. The effects of low doses on the vascu-
lature however, are non-linear and can not be extrapolated from high doses. High-dose
irradiation entails both protective and harmful effects but very low doses (0.025-0.05 Gy),
given at a low dose rate, were shown to be protective [13]. Different dose rates are affiliated
with partly contrary effects on atherosclerotic lesion growth and severity. Moreover, the time
point of applied irradiation has a large influence at the disease progression [51].

In this study we examined late effects of low-dose irradiation with specific emphasis on
heart microvascular damage, using an atherosclerosis-prone ApoE ™~ mouse model. We dem-
onstrate here, that low doses from 0.025 Gy may induce significant changes on the expression
of inflammatory and thrombotic markers. In tissues, we found these effects to be independent
of the dose rate applied and similar at 3 and 6 months after irradiation, except for collagen I'V.
In contrast, plasma markers showed more dose rate- and time-dependent variation.

Local effects of exposure on heart tissue

+ve

The significant increase of CD31™"° cells indicates a gain of capillaries after irradiation with 2
Gy. This might be regarded as a compensatory mechanism since replacement cell proliferation
can be induced when cell depletion reaches critical levels [52]. However high IR doses (16 Gy)
lead to irreversible damage and decrease the microvascular density [50]. We found no changes
in capillary size e.g. by endothelial swelling and CD31 expression/cell remained stable. Reports
on human umbilical vein ECs [53], dermal microvascular ECs [54], and human lung microvas-
cular ECs [55] showing significant increases in CD31 expression and/or size 3-21 days after
5-10 Gy irradiation imply that these parameters may be also affected but at higher doses than
used here.

The dose-dependent changes in cell counts of the endothelial cell markers CD31, thrombo-
modulin, and E-selectin were highly similar, and show nearly identical curve shapes.
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Therefore, we assume that the increase of thrombomodulin and E-selectin™* cells at 2 Gy is
mainly attributable to the increment of capillaries. The lack of an irradiation effect on mFI
(protein expression) or mean area (cell size) supports the notion, that irradiation at these doses
has no long-term effect on these markers. Other groups observed an early response resulting in
increased expression of E-selectin, a few hours after irradiation with low to high doses (0.5-10
Gy) [56-58]. Underpinning the short-term dynamic of this marker, unchanged levels of E-
selectin have been reported in irradiated HUVEC (2-10 Gy) evident 1-10 days after irradiation
[59].

For thrombomodulin, increased immunoreactivity and release as an acute response, fol-
lowed by a downregulation at later time points, has been reported after high dose IR. In
HUVECs IR-induced damage was associated with an acute release of thrombomodulin at 24 h
after irradiation at 12.5 Gy, followed by a reduced capacity of the cells to produce and release
thrombomodulin 6 days after exposure [27]. Studies in human and rat intestines revealed a sig-
nificant reduction in the microvascular thrombomodulin expression 2-56 months after high-
dose (33.6-55 Gy) IR [60,61]. Depending on the genetic background, differential results have
been shown in ApoE ™" versus C57BL/6] mice [18]. For low doses, as applied in our study, no
valid data are available so far.

In this study, no significant changes of ICAM-1 expression in the heart microvasculature
were detected, and only a slight reduction of ICAM at very low doses was seen. Others found
increased ICAM-1 levels at earlier time points (3 h - 10 days) after irradiation with moderate to
high doses (5-25 Gy) in human endothelial cells in vitro [54,59,62], in human skin organ cul-
tures [56] and in vivo in rat liver [63]. Apparently, ICAM levels normalize within a few weeks
after IR, though VCAM-1 and leukocyte adherence may remain elevated [64]. In accordance,
we found small increases of VCAM-1 expression on the endocardial endothelium at 0.5 Gy,
reaching significant levels at 2 Gy. This is in line with our previous findings in A. saphena,
showing increased VCAM immunoreactivity 3 months after 2 Gy IR [65] and suggests a late
inflammatory response at higher doses. Irradiation-induced alterations of VCAM-1 expression
have also been described at early time points (several days) in numerous tissues
[54,56,59,63,64] indicating acute and chronic response of this marker after IR.

Cardiac fibrosis is one of the late sequelae of high-dose IR. Thereby, fibrosis is often preced-
ed by inflammation and capillary injury, followed by an increased synthesis of extracellular ma-
trix (ECM) including collagens [66,67]. Collagen IV, produced by interstitial fibroblasts and
cardiomyocytes, is a major component of basement membranes [34,68]. It accumulates during
early fibrotic processes in numerous organs [32,33,69] and initiates collagenous replacement.
Publications about expression of collagen IV alpha 3 in the heart vary widely and certainly spe-
cies-specific differences exist [69,70]. In contrast to the well known localization of collagen 1/2
around the myocyte fibers, we found collagen 4 to be located mostly in small deposits in close
association with endothelial cells. In accordance, collagen IV alpha 3 chains have been de-
scribed to directly interact with endothelial surface receptors, namely integrins [71], playing a
role in endothelial cell migration during angiogenesis.

Data about collagen IV alterations after IR are rare. We could demonstrate for the first time
significantly enhanced collagen IV deposits 3 months after IR with very low dose levels (0.025
Gy), which returned to control levels at 6 months. This time course follows reports about early
increased collagen deposits at 20 but not at 40 weeks after high dose IR (16 Gy) in mice [72].
Similarly, Miller et al. reported elevated collagen IV levels 4-5 months following irradiation of
up to 14 Gy [35]. Collagen IV deposits were, in our case, not necessarily linked with leukocyte
invasion. Only in a few animals with massive fibrotic strands in sirius red staining were in-
creased leukocyte counts also detected. In contrast, at very low doses, leukocyte numbers were
slightly diminished with a minimum at 0.025 Gy but returned to normal at 2 Gy. These
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findings support the assumption that very low dose IR primarily induces anti-inflammatory ef-
fects, in contrast to higher doses [13,51].

Thy-1, is species-dependently expressed on fibroblasts [73] and endothelial cells [74], but
also on T-cells and neurons [75,76]. Thy-1 induction seems to play an important role in the
acute and chronic inflammatory response and has been shown to mediate leukocyte adherence
to microvascular cells in the lung [74]. The here observed dose-dependent decrease of Thy-1""°
cell counts 3 and 6 months after irradiation exposure, therefore, might be interpreted as a late
downregulation of endothelial inflammatory response at low doses (significant changes were
found at 0.025 up to 0.5 Gy). However, loss of Thy-1 is associated with a profibrotic phenotype
in lung fibroblasts [77]. In this respect, together with the elevated collagen IV levels, Thy-1 de-
crease might also indicate fibroblast activation. Activated fibroblasts can trigger numerous pro-
cesses like fibrosis and myocardial hypertrophy [78] and might contribute to a compensatory
response of the heart towards low-dose IR.

Systemic effects of exposure on plasma markers

The radiation-induced local anti-inflammatory effects described above, were paralleled by an
increase of plasma markers, like fibrinogen, TNFo. and MCP-1, indicating a long term systemic
prothrombotic and proinflammatory response, already at very low doses (from 0.025 Gy on-
wards). The parallel decrease of TGFp, an anti-inflammatory marker, might further enhance
the cytokine release. Such effects have been widely described before, but only for higher doses
and mostly after short observation periods [37]. Long-term effects (120 days) were found after
10 Gy TBI exposures leading to significantly enhanced fibrinogen levels [45]. Van der Meeren
et al. reported increases of IL6 and KC after TBI in C57BL6/] mice exposed to lethal doses of
gamma rays 10 to 18 days after irradiation. Cytokines can be released by endothelial cells as
well as by leukocytes. Circulating adhesion molecules, however, are shed from their counter-
parts mainly located on endothelial cells and, therefore, indicate more clearly a vascular re-
sponse. In contrast to cytokines and fibrinogen, sSICAM and sVCAM levels decreased after
irradiation exposure of doses below 2 Gy. This indicates an anti-inflammatory vascular effect
and goes along with decreases of ICAM and Thy-1 presented in the heart immunofluorescence
stainings. The data fit well also into our recent findings in the same mouse cohort, where we
showed, that low-dose exposures up to 0.5 Gy result in a significant decrease of the number
and average aortic lesion area 3 months after irradiation exerting protective, anti-inflammatory
effects [13].To date, however, we can not exclude that soluble adhesion molecules increase
acutely but transiently and that the late-time decrease found here, represents a counter-regula-
tory/compensatory effect. Although the increase of soluble adhesion markers in inflammatory
processes and during irradiation is well described [41-43], long-term responses are rarely re-
ported so far. Stewart et al. measured sVCAM and sSICAM levels in ApoE™" mice 28 weeks after
single radiation doses of 14 Gy to the neck and found no differences between irradiated and
nonirradiated groups, indicating that even high doses of local irradiation do not translate into
long-term systemic effects [16].

Our investigation of a broad panel of markers clearly shows, that only some inflammatory
markers stay elevated after longer periods of time. From 11 candidate plasma markers only six,
TNFa, MCP-1, sSICAM, sVCAM, TGEFB, and fibrinogen, showed changes 3 or 6 months after
irradiation. Effects were non-linear with doses up to 0.5 Gy. Especially acute markers as IL-6
and sE-selectin might only transiently increase, as suggested by others [41]. To get a clearer pic-
ture of the short- and long-time responses of these markers, we will evaluate short term effects
of low-dose irradiation in a similar experimental setting in the next future.
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Age-related effects

The age-dependent significant increases of basal inflammatory marker expression between 2
and 5-8 months in ApoE”" mice (Fig. 7) is possibly a result of the enhanced LDL-cholesterol
plasma levels, which induces, among other processes, the expression of leukocyte adhesion
molecules in endothelial cells [79]. We could also demonstrate significant age-related changes
of plasma markers in ApoE”~ mice, which is in line with recent studies showing increases in
circulating inflammatory markers in the elderly [80,81]. An evaluation of systemic markers of
inflammation in atomic bomb survivors revealed collective effects of radiation and aging, pos-
sibly enhancing the persistent inflammatory status in this group [36].

Conclusion

We have shown that low irradiation doses (from 0.025 Gy) induce local and systemic changes
in an inflammatory-prone genotype. Thereby, high dose rates exerted more pronounced effects
than low dose rates, although the general pattern of response was similar. Screening of 19 in-
flammation-related candidates revealed 11 markers (MCP-1, TNF, TGF, (s)ICAM-1, (s)
VCAM-1, fibrinogen, Thy1, collagen IV, CD31) to be of high value to identify even small late
effects of low-dose irradiation. Our findings in ApoE” mice suggest that low radiation doses
(0.025 - 0.5 Gy) induce adaptive late responses, such as increases of capillary density and
changes of collagen IV and Thy-1 tissue levels, may reflect compensatory regulations in the
heart. Only at the highest dose (2 Gy), the enhancement of VCAM-1 expression on the endo-
cardium may indicates a proinflammatory response. On the other hand, a reduction of inflam-
matory vascular markers along with decreases of soluble adhesion molecules in the blood at
0.025-0.5 Gy underpins the anti-inflammatory characteristics of low-dose irradiation. The sys-
temic increase of TNF and MCP-1 at 0.025-0.5 Gy might indicate a differential response of
markers, additionally derived by leukocytes.

The new insights into the multiple low-dose radiation-induced inflammatory/thrombotic
changes, may give important implications for the anti-inflammatory radiotherapy. The system-
ic changes of plasma markers may facilitate an individual evaluation of radiation-related, late
adverse effects and even initiate adequate intervention strategies. If these effects are relevant in
metabolically normal people or only in such with metabolic risk factors, such as elevated cho-
lesterol levels, remains to be determined.
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