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Although bone marrow aplasia has been considered for the
past decades as the major contributor of radiation-induced
blood disorders, cytopenias alone are insufficient to explain
differences in the prevalence of bleeding. In this study, the
minipig was used as a novel preclinical model of hematopoi-
etic acute radiation syndrome to assess if factors other than
platelet counts correlated with bleeding and survival. We
sought to determine whether radiation affected the insulin-
like growth factor-1 (IGF-1) pathway, a growth hormone with
cardiovascular and radioprotective features. Gottingen and
Sinclair minipigs were exposed to ionizing radiation at
hematopoietic doses. The smaller Gottingen minipig strain
was more sensitive to radiation; differences in IGF-1 levels
were minimal, suggesting that increased sensitivity could
depend on weak response to the hormone. Radiation caused
IGF-1 selective resistance by inhibiting the anti-inflammato-
ry anti-oxidative stress IRS/PI3K/Akt but not the pro-
inflammatory MAPK kinase pathway, shifting IGF-1 signal-
ing towards a pro-oxidant, pro-inflammatory environment.
Selective IGF-1 resistance associated with hemorrhages in the
heart, poor prognosis, increase in C-reactive protein and
NADPH oxidase 2, uncoupling of endothelial nitric oxide
synthase, inhibition of nitric oxide (NO) synthesis and
imbalance between the vasodilator NO and the vasoconstric-
tor endothelin-1 molecules. Selective IGF-1 resistance is a
novel mechanism of radiation injury, associated with a
vicious cycle amplifying reactive oxygen species-induced
damage, inflammation and endothelial dysfunction. In the
presence of thrombocytopenia, selective inhibition of IGF-1

Editor’s note. The online version of this article (DOI: 10.1667/
RR14993.1) contains supplementary information that is available to
all authorized users.

I Address for correspondence: Armed Forces Radiobiology Re-
search Institute, Building 42, 8901 Wisconsin Ave., Bethesda, MD
20889; email: maria.moroni@usuhs.edu.

164

cardioprotective function may contribute to the development
of hemostatic disorders. This finding may be particularly
relevant for individuals with low IGF-1 activity, such as the
elderly or those with cardiometabolic dysfunctions. © 2018 by

Radiation Research Society

INTRODUCTION

The Gottingen minipig (GMP) has a higher sensitivity to
acute ionizing radiation than other species (/) and minipig
breeds (2, 3). Acute radiation syndrome (ARS) in GMP is
characterized by widespread edema and hemorrhages at
relatively low doses, affecting mainly heart, lung, brain and
intestine (4). In the GMP model, damage to vasculature is
considered to be one of the main determinants of
radiosensitivity.

The Gottingen minipig is one of the smallest among the
miniature swine breeds available for research. The small
size of the GMP has been attributed to pituitary dwarfism
and deficiency in growth hormones (GH, IGF-1), since
miniature swine have generally lower levels of growth
hormones compared to conventional breeds (5). The insulin-
like growth factor-1 (IGF-1) is a hormone produced
primarily by the liver in response to the growth hormone
(GH). It is structurally similar to insulin, with which it
shares several intracellular signaling mediators and path-
ways (6, 7). IGF-1 displays pleiotropic functions including
regulation of growth, lipid and carbohydrate metabolism,
apoptosis, oxidative stress and vascular homeostasis in the
heart (8, 9). Environmental stressors that affect the
regulation of the insulin/IGF-1 system are therefore likely
to induce severe cardiovascular damage.

Among the most important cardiovascular functions of
IGF-1 is the regulation of vascular tone through two major,
distinct pathways: the anti-inflammatory/anti-oxidative
stress PI3K/Akt pathway and the pro-inflammatory Grb/
Shc/MAPK (PI3K/Akt independent) pathway [reviewed in
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(10)]. Activation of the IRS/PI3K/Akt leads to the
phosphorylation of eNOS at Ser1179 and increase in the
production of nitric oxide (NO) within minutes. Nitric oxide
is a powerful vasodilator with anti-thrombotic and anti-
inflammatory properties. eNOS produces NO from the
conversion of L-arginine to L-citrulline, in the presence of
tetrahydrobiopterin (BH4). In the absence of BH4, eNOS
becomes uncoupled and catalyzes the formation of
superoxide instead of NO (/7). Alteration in the bioavail-
ability of NO is the determinant of endothelial dysfunction,
a pathology associated with a variety of cardiovascular
diseases and the onset of pro-thrombotic and pro-inflam-
matory vascular features (7). Interestingly, in cases of
endothelial dysfunction, NO is decreased, although eNOS
expression is often found to be increased (/2, 13).

The Grb/Shc/MAPK pathway is used by IGF-1 to
stimulate the expression of endothelin-1 (ET-1). ET-1 is a
vasoconstrictor molecule with pro-inflammatory roles that
antagonizes the function of NO (7, /4). Selective inhibition
of IRS/PI3K/Akt/eNOS-dependent signaling in the presence
of an active Grb/Shc/MAPK/ET pathway causes an
imbalance between the production of NO and ET-1, leading
to endothelial dysfunction and vascular diseases (/0).
Selective insulin/IGF-1 resistance has been shown to affect
a variety of tissues including heart, kidney and liver (/0).
An example of the effect of insulin/IGF-1 selective
inhibition is represented by cardiovascular complications
among diabetic patients. In the arteries of these individuals,
the anti-atherogenic properties of the PI3K/Akt pathway are
lost, whereas activation of the MAPK/ET-1 pathway
promotes pro-atherogenic signaling, eventually causing
development of atherosclerosis (7, 10).

C-reactive protein (CRP) and renin-angiotensin system
(RAS) are among the negative regulators of IGF-1
vascular-protective features. CRP is induced by oxidative
stress, and promotes endothelial dysfunction both in vitro
and in vivo through degradation of vascular protective
layers, induction of NO deficiency, blunting of Akt
activation, uncoupling eNOS and generation of superoxide
(15-20). In children and adults, elevated CRP levels are
associated with impaired vasoreactivity and reduced NO
bioavailability (27, 22). Angiotensin activates redox-
sensitive pathways, including MAPK, and stimulates the
production of oxidative stress through NADPH oxidase
(23). Increase in superoxide can promote the inhibition of
PI3/Akt pathway and decrease NO bioavailability while
inducing ET-1. In the absence of proper regulatory
mechanisms, the overall outcome is a shift towards
vasoconstriction, decreased blood flow, hypoperfusion
and further generation of oxidative stress resulting in a
self-feeding pattern of vascular dysfunction, inflammation
and thrombosis.

Emerging evidence in clinical and laboratory settings
indicates a role for IGF-1 in response to radiation. After
irradiation, IGF-1 and its receptors (IGF-1R) are induced,
and act as a radioprotectant by displaying protection against

apoptosis, DNA damage and oxidative stress (24). In
clinical settings, inhibition of IGF-1 has been proposed for
potentiating the effect of radiotherapy on cancer cells (24).
In the laboratory settings, administration of IGF-1 has been
shown to increase survival, ameliorate organ function at
both hematopoietic and gastrointestinal radiation doses,
stimulate crypt expansion and regeneration (25-30),
mitigate bone marrow toxicity, protect hematopoietic stem
and progenitor cells from apoptosis and stimulate prolifer-
ation and differentiation of the surviving hematopoietic
progenitor (25—30). Furthermore, in animal models receiv-
ing IGF-1, vascular superoxide levels have been shown to
decrease, while NO bioavailability increased (3/). In terms
of late effects, the IGF-1 pathway was found to be
inactivated in cardiovascular endothelial cells isolated from
mice 16 weeks postirradiation with 8 or 16 Gy. This finding
potentially links IGF-1 to radiation-induced cardiovascular
dysfunction (32). In the past several years, we have
developed GMP as an alternative large animal model for
radiation countermeasure testing. We characterized the
hematopoietic and gastrointestinal-ARS and established
translational potential of the model (/, 4, 33-35). To further
advance the development of animal models for radiation
countermeasure testing under the FDA Animal Rule, the
mechanisms of radiation injury and the differential radiation
sensitivity among animal models need to be understood.
Several published studies have indicated that hemorrhagic
disorders may be caused by coagulopathies other than low
platelet counts, for example, abnormal platelet or vascular
function and inflammation (36). IGF-1 has a major role in
maintaining vascular integrity, counteracting inflammation
and providing a protective action against radiation. The
small size of the GMP and its propensity to develop
vascular damage and hemorrhage after irradiation, prompted
us to investigate the association between IGF-1 and
radiation injury. Furthermore, we assessed how radiation
modulated IGF-1 signaling in the GMP, particularly in the
context of the regulation of vascular tone and endothelial
dysfunction.

MATERIALS AND METHODS
Animal Care and Irradiation

Male 3-to-5-month-old Gottingen minipigs (GMP; n = 48),
weighing 8-12 kg, and Sinclair minipigs (SMP; n = 24), weighing
10-14 kg, were purchased from Marshall BioResources (North Rose,
NY) and Sinclair BioResources (Columbia, MO), respectively. During
the study period, minipigs were housed in the Veterinary Science
Department, Armed Forces Radiobiological Research Institute (AFR-
RI, Bethesda, MD). All procedures performed in this study were in
accordance with protocols approved by AFRRI’s Institutional Animal
Care and Use Committee (IACUC) and the Guide for the Care and
Use of Laboratory Animals. Throughout the study, animals were
maintained on a 12 h light-dark schedule and were provided with
species-appropriate environmental enrichment. Animal rooms were
maintained at 61-81°F and 30-70% relative humidity. Minipigs were
singly housed to allow individual assessment of feed consumption and
fecal/urine/blood production. Although singly housed, visual, olfac-
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TABLE 1
Survival Rate Monitored of Gottingen and Sinclair
Minipig for 45 Days Postirradiation (0.6 Gy/min TBI
using *°Co Gamma Photons)

Dose (Gy) Gottingen (n = 12/dose) Sinclair (n = 4-6/dose)
1.7 100% Not determined
1.8 Not determined 100%
1.9 75% Not determined
2.1 50% 100%
2.3% 25% 100%

* P =0.024 (log-rank analysis).

tory and auditory contact with other minipigs was allowed to support
their highly social nature. Animals were acclimatized for two weeks,
provided with pig chow twice daily as per animal vendor
recommendations and given free access to water.

Irradiation of minipigs was performed as described elsewhere (4).
Briefly, animals were anesthetized by single intramuscular injection of
a mixture of Telazol® (2 mg/kg) and xylazine (1 mg/kg), and received
total-body irradiation (TBI) using cobalt-60 (“°Co) gamma photons
(0.6 Gy/min). Dose rates in phantoms of various diameters are
characterized annually at AFRRI using alanine dosimetry system
against two national standard laboratories. Real-time dosimetry was
performed for each irradiation with an ionization chamber located in
the radiation field, but not in the path of the radiation beam directed
toward the animal. Radiation doses ranged from 1.7-2.3 Gy (Table 1)
and the day of exposure was considered ‘“day 0”’. The animals were
followed for 45 days postirradiation and were provided minimum
preventive supportive care throughout the course of the study.
Moribund animals were euthanized when they showed at least one
symptom from absolute criteria (nonresponsiveness, dyspnea, hypo-
thermia) or a combination of four nonabsolute criteria [hypothermia,
anorexia, anemia, vomiting/diarrhea, lethargy, vestibular signs and
prolonged hemorrhage (4)]. Animals that survived the entire study
period were considered as survivors, however, the animals euthanized
due to radiation-induced illness were considered decedents. For further
comparisons, animals were grouped into survivors and decedents
regardless of the radiation doses.

Blood and Tissue Collection

Blood samples were collected longitudinally from saphenous or
cephalic vein under isoflurane anesthesia at days -7, -1, +1, +3, +7
and twice weekly thereafter. Samples were collected in EDTA tubes
and immediately processed for complete blood counts with differen-
tials using the ADVIA 2120 (Siemens Medical Solutions Diagnostics,
Dublin, Ireland). Plasma for this study was obtained from a subset of
animals (as indicated in the figure legends). Blood was drawn and
placed in sodium heparin tubes and centrifuged at 1,000g for 10 min
and plasma aliquots were stored at —80°C until used. Animals were
euthanized at the end of the study (day 45) or earlier if they became
moribund due to radiation-induced sickness. Heart rate was monitored
by auscultation at blood collection time points and at euthanasia.
Gross pathological observations of body cavity and organs were
recorded at the time of necropsy. The heart was excised and dissected
into left and right ventricle and atrium, frozen immediately on dry ice
and stored at —80°C until used.

Western Blot Analysis

Cytosolic and membrane proteins extracted from left ventricles
using MEM-PER™ Plus membrane protein extraction kit and
quantified using Pierce™ BCA protein assay kit. Equal amounts of
denatured proteins were separated using 4-12% gradient polyacryl-
amide gels and transferred onto PVDF membrane. Blocking and

incubation with primary and secondary antibodies were performed
using WesternBreeze® Chemiluminescent kit (all reagents from
Thermo Fisher Scientific™ Inc., Waltham, MA). Antibodies used
were: p67-phox, ERK, eNOS and Na'/K*-ATPase (all from Santa
Cruz Biotechnology® Inc., Dallas, TX); Superoxide Dismutase (SOD;
Abcam®, Cambridge, MA); Akt, p-Akt, IGF-1R, p-IGF-1R, GAPDH
(all from Cell Signaling Technology® Inc., Danvers, MA); and p-ERK
and p-eNOS (both from R&D Systems™, Minneapolis, MN).
Densitometric analysis of proteins was performed using Image Lab™
software version 5.2.1 (Bio-Rad® Laboratories Inc., Hercules, CA).
GAPDH and Na'/K'-ATPase were used as the loading control for
cytosolic and membrane fractions, respectively.

ELISA

Previously frozen plasma samples were thawed on ice, clarified by
centrifugation at 10,000g for 30 min at 4°C, and plasma samples were
diluted 1:100 times to measure the concentration of IGF-1 (Biomatik
USA LLC, Wilmington, DE), 1:2,000 dilution to measure CRP
(GenWay Biotech Inc., San Diego, CA), and 1:20 dilution to quantify
BH4 (EIAab®, Wuhan, China). Undiluted plasma samples (50 pl)
were used for quantification of endothelin-1 using a species-specific
ELISA Kit (Cloud-Clone Corp., Katy, TX).

Nitric Oxide Measurement

Total nitric oxide concentrations were determined by enzymatic
conversion of nitrate to nitrite. Plasma samples were filtered using 10
kDa filters (EMD Millipore, St. Charles, MO). Total nitrite
concentration in 1:1 diluted plasma samples were measured using
total nitric oxide and Nitrate/Nitrite assay kit according to manufac-
turer’s instructions (R&D Systems).

Statistical Analysis

Statistical analyses were performed using SPSS® Statistics for
Windows software version 24.0 (IBM® SPSS, Armonk, NY).
Student’s ¢ test and Mann-Whitney U test were used to compare
differences between groups in means or medians, according to data
distribution. Student’s paired ¢ test and the Wilcoxon signed-rank test
were used to compare preirradiation to euthanasia within groups.
Survival time was compared using the log-rank test, and receiver
operating characteristic (ROC) curves were used to describe how well
the IGF-1-to-CRP ratio at euthanasia predicted survival and
hemorrhage in the heart.

RESULTS
Radiation Sensitivity is not Associated with IGF-1 Levels

We established a dose-response relationship for GMP and
SMP that received TBI with “°Co gamma photons and
medical management, as described in the Material and
Methods, to determine the radiosensitivity in these two
minipig strains. Table 1 shows the survival rate per TBI
dose. Doses that were highly lethal for the GMP (2.1 and
2.3 Gy) were not lethal for the SMP (Table 1). Animals
displayed signs of morbidity starting at day 14 postirradi-
ation, as shown by nadir in platelet and neutrophil counts,
reduced activity, petechiae, fever and frank bleeding. All the
animals that received 1.7 Gy TBI survived until day 45.
Moribund animals were euthanized at days 19, 23 and 29
(1.9 Gy); 17, 18, 21, 23, 25, 33 (2.1 Gy); and 14, 15, 15, 15,
16, 18, 18, 20, 27 (2.3 Gy). Decedents were characterized
by multi-organ hemorrhages and faster heart rate at
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FIG. 1. IGF-1 levels. Plasma IGF-1 concentrations in adult male
GMP (n =22) and SMP (n = 24) were quantified using ELISA. Basal

IGF-1 levels before irradiation were marginally higher in SMP
compared to GMP (P > 0.043; Mann-Whitney U test).

euthanasia compared to survivors [decedents (150 = 25) vs.
survivors (128 = 29); P = 0.006]. Heart hemorrhages were
observed in 69% of the animals and degeneration in 31%,
while hemorrhages and degeneration were only observed
sporadically among animals euthanized at the end of the
observation period. In spite of the difference in prevalence
of hemorrhages, all minipigs, with the exception of one,
became thrombocytopenic (<50 X 10°/ul) regardless of
survival: the nadir for platelets among the decedents was 2.4
* 1.3 X 10°/ul, whereas among the survivors it was 10.8 =
1.3 X 10°%/ul (P < 0.01). The difference in platelet levels,
although significant, did not convincingly explain the
striking difference in hemorrhage prevalence observed
between the two groups. Indeed, upon histological analysis
at the completion of the 45-day observation period, heart
hemorrhages were absent in 95% of the survivors, despite
the fact that platelet counts remained below the 10 X 10%/ul
cutoff for spontaneous bleeding (37) in 63% of the minipigs
for an average of 14 *= 8 days (data not shown).

Next, we measured basal IGF-1 concentration in plasma
in a subset of samples taken before irradiation (Fig. 1). The
median IGF-1 value for the GMP was 37.0 ng/ml (minimum
of 10.4; maximum of 105.7) and the SMP was 66.2 ng/ml
(minimum of 12.3; maximum of 234.4). The IGF-1 levels
were only marginally different between the two strains (P =
0.043, Mann-Whitney test). In contrast, the body weight of
the GMP (10.3 = 1.0 kg) was significantly smaller with
respect to the SMP (15.5 = 1.1 kg; P < 0.001), suggesting
that in GMP the IGF-1 signaling was less efficient than in
SMP.

IGF-1, CRP and Angiotensin Il in the Irradiated Gottingen
Minipig

IGF-1 promotes cardiovascular health through the
production of NO and regulates anti-oxidant and anti-
inflammatory mediators. Because of the tissue pathologies
observed in the decedent animals, we investigated whether
irradiation inhibited IGF-1 expression, downstream signal-
ing cascades and regulators of IGF-1 activity. IGF levels
were measured longitudinally in a total of 22 animals. Of
these, 10 completed the 45-day observation period (survi-
vors), and 12 were euthanized during the in-life phase of the
study, due to radiation-induced injury (decedents). Manifest
phase in these animals was characterized by decline in
thrombocytes, granulocytes and erythrocytes; nadir was
reached at approximately day 14—17 postirradiation and
spontaneous recovery was observed in survivors starting
from day 20-23 postirradiation; no recovery was observed
in decedents. IGF-1 concentrations of individual animals,
grouped by survival, are shown in Fig. 2A and B. Mean
values of samples collected before irradiation and euthana-
sia, in animals stratified by survival outcome, are shown in
Fig. 2C. Radiation-induced IGF-1 occurred early in all
animals; however, the radiation response was much stronger
in animals with unscheduled euthanasia. Furthermore, these
animals showed a significant additional induction of IGF-1
starting at the manifest phase of the radiation sickness. Their
IGF-1 levels at euthanasia were significantly higher with
respect to preirradiation levels and to survivor animals (P <
0.01). A dose-dependent effect was not observed.

Next, we determined the relationship between IGF-1 and
its negative regulators, CRP and angiotensin (Fig. 3). Both
biomarkers were measured longitudinally from plasma
samples of each individual animals. Representative exam-
ples of a survivor and decedent animal, are shown in Fig.
3A and B, respectively. In the survivor animal, the dynamic
changes in CRP levels mirrored those of IGF-1. However,
in the lethally irradiated animal, the equilibrium between
IGF-1 and CRP was lost once the animals became sick, and
IGF-1 levels increased regardless of CRP expression (Fig.
3B). Due to the high variability measured among individual
animals for CRP and IGF-1, the reciprocal feedback
between CRP and IGF-1 was quantified as the ratio of
IGF-1 to CRP, normalized for each animal to its
preirradiation values. IGF-1 to CRP ratio was significantly
increased at euthanasia in decedent animals compared to
preirradiation levels (P = 0.007; Fig. 3C). We next
calculated the ratio of IGF-1 to CRP in n = 10 survivors
and n = 12 decedents (Fig. 3D and E). The fold change in
the ratio of IGF-1 to CRP from individual animals was
increased rapidly after day 10 postirradiation in decedent
animals compared to survivors. The average of the ratio at
euthanasia was calculated for animals stratified by either
survival or presence of heart hemorrhage. Values were
significantly higher for those animals with hemorrhages in
the heart (n = 9) with respect to those without hemorrhage
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FIG. 2. Plasma IGF-1 levels increased in decedent GMP. IGF-1 levels were quantified longitudinally in
survivors (n = 10) and decedents (n = 12) using ELISA (panels A and B). Values in scatter plots are IGF-1 levels
from individual animals; each symbol represents an individual animal. Average IGF-1 levels are compared
between preirradiation and euthanasia in survivors (n = 15) and decedents (n = 17) (panel C). IGF-1 was
significantly increased in decedent animals at euthanasia compared to their preirradiation levels (**P < 0.01,
Student’s paired ¢ test, two tails). Values plotted in panel C are mean = SEM.

(n=13, P =0.03), as well as for decedents (n = 12) with
respect to survivors (n= 10, P =0.03; Fig. 3F). Angiotensin
production, on the other hand, did not appear to be
dramatically affected by radiation (Fig. 3G-I).

To confirm the changes in IGF-1 and CRP observed
longitudinally overtime, we analyzed additional samples
taken at euthanasia (Table 2). Mean IGF-1-to-CRP ratio was
compared between survivors and decedents as well as
between animals with and without heart hemorrhages; ROC
curves were used to describe how well the IGF-1-to-CRP
ratio predicted survival and hemorrhage. The area under the
ROC curve exceeded 0.80 for mortality (0.837, CI 0.721—
0.954) and for heart hemorrhages (0.808, CI 0.675-0.941),
indicating that IGF-1 to CRP ratio was a good predictor for
both mortality and heart hemorrhage (Supplementary Fig.
S1; http://dx.doi.org/10.1667/RR14993.1.S1).

IGF-1 Downstream Signaling Pathways Shifted towards
Pro-oxidant Environment in the Heart

Loss of regulatory feedback between IGF-1 and CRP
suggested that IGF-1 lost a part of its downstream signaling,
and prompted us to investigate the IGF-1 receptor (IGF-1R),
components of both the IRS/PI3K/Akt/eNOS and Grb/Shc/
MAPK/ET pathways and enzymes involved in the regula-
tion of the redox system. Expression of IGF-1R was
increased among decedent animals (P < 0.01), whereas its
activity (p-IGF-1R) was decreased by more than twofold (P
< 0.001) compared to survivors (Fig. 4A and B). PI3/Akt
activity was significantly reduced in decedents, as shown by
an approximately twofold decrease in the phosphorylation
of Akt compared to survivors (P < 0.001); total Akt levels
remain unaffected (Fig. 4C and D). Less dramatic changes
were observed in the activity of p44/42 MAP kinases with

respect to Akt (Fig. 4E and F). Taken together, these
findings suggest that the anti-inflammatory, anti-oxidant
pathways were preferentially inhibited in decedent animals.
Next, we measured pro- and anti-oxidant enzyme
expression. A greater-than-twofold increase in the expres-
sion of p67-phox, a regulatory subunit of NADPH oxidase 2
(NOX?2), was observed in decedents compared to survivors
(P < 0.01; Fig. 5A), whereas expression of SOD and
catalase was only marginally decreased (P < 0.05). These
observations indicate an imbalance between the pro-oxidant
and anti-oxidant defense in the heart of decedent animals.

eNOS, BH4 and Vascular Dysfunction

eNOS is an enzyme essential for a healthy cardiovascular
system due to its ability to produce NO. Functional catalysis
of eNOS is contingent upon its ability to couple NADPH
oxidation with NO synthesis, for which the redox-sensitive
cofactor BH4 plays a crucial role. The antithetic ability of
eNOS to produce either NO or superoxide depending on the
bioavailability of BH4, and the shift towards a pro-oxidant
milieu in the decedent animals, prompted us to evaluate
eNOS expression and activity in the heart of irradiated
minipig, as well as plasma concentration of BH4, NO and
ET-1. Both eNOS and phospho-eNOS were increased in
decedents compared to survivors, however, the increase in
the p-eNOS expression was not statistically significant (Fig.
6). BH4 levels decreased in decedents over time at a faster
rate compared to survivors (Fig. 7A and B). Analysis of
BH4 comparing euthanasia with preirradiation values
revealed a greater-than-twofold drop (P < 0.01; Fig. 7C).
Similarly, over time, assessment of total nitrite as an index
of NO indicated that levels increased shortly after
irradiation but eventually declined significantly when the
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FIG. 3. Dynamic changes in the expression of IGF-1 and CRP. Plasma IGF-1 and CRP levels were compared
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CRP, however, the equilibrium was lost when the animals became sick due to radiation injury (panel B). Fold
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analyzed using Student’s paired ¢ test; n = 10—12/group. *P < 0.05; **P < 0.01. Each symbol in panels D, E, G
and H represent an individual animal.
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TABLE 2
IGF-1-to-CRP Ratio at Euthanasia in Gottingen
Minipigs after TBI

Groups No. of animals Mean = SD  Median
Decedents* 17 1.98 = 1.057 1.69
Survivors 23 1.17 £ 0343 1.13
Heart hemorrhage present 15 2.02 = 1.086 1.69
Heart hemorrhage absent 25 1.21 = 0423 1.16

* One animal was found dead; plasma sample was not available for
analysis.

animals became sick and moribund (Fig. 7D-E). Nitrite
concentration at euthanasia was dramatically decreased with
respect to preirradiation values (P < 0.001; Fig. 7F). These
observations indicate a potential role played by BH4 and
NO in radiation-induced lethality. Unlike BH4 and NO, ET-
1 levels were not significantly different between survivors
and decedents and did not decline at euthanasia (Fig. 7G-I).
However, the ratio between ET-1 to BH4, as well as ET-1 to
NO, was significantly increased in the decedent animals,
indicating a strong imbalance in the regulation of vascular
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(panels C and D). Differences were observed in the expression of total ERK1/2 and p-ERK-1/2 but they were not
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of survivors vs. decedents. **P < (0.01; ***P < 0.001.

tone and a shift towards vasoconstriction (Fig. 8 A—F). The
large standard deviation in Fig. 8F reflects two extremely
high values of the ET-1-to-NO ratio that fall outside the
range reported in the scatter plot.

DISCUSSION

The Gottingen minipig is a sensitive model of radiation
injury, characterized by occurrence of hemorrhages at
relatively low radiation doses. The GH/IGF-1 pathway
plays a critical role in the maintenance of cardiovascular
health and growth, and has been shown to elicit beneficial
responses against the effects of radiation injury (24). Here
we sought to determine if GH/IGF-1 was expressed at lower
levels in the GMP with respect to the SMP, a breed with a
growth curve steeper than that observed for the GMP and

less sensitive to radiation [(2) and our data]. In addition, we
investigated the IGF-1 downstream signaling pathways
PI3K/Akt/eNOS and MAPK/ET-1, the negative regulators
of IGF-1 cardiovascular-protective function (CRP and
angiotensin), pro- and anti-oxidant enzymes, as well as
markers of endothelial dysfunction, with the goal of
elucidating the mechanisms leading to radiation-induced
vascular damage observed at hematopoietic acute radiation
syndrome (H-ARS) doses in the GMP model.

Under identical conditions, TBI doses sufficient to cause
high lethality (70%) in the GMP had no effect on the
survival of the SMP, confirming the relative radiosensitivity
of the GMP compared to the SMP. IGF-1 expression levels
between the two breeds were barely different, despite the
large difference in body size. These findings were
surprising, suggesting that the efficiency of the IGF-1
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pathway in the GMP might be lower with respect to other
strains and may require higher concentrations of the ligand.
Evidence supporting an unusual GH/IGF-1 axis in the
Gottingen with respect to other minipig strains has been
reported in studies performed by others. In a study by
Johansen et al. (19), the lack of GH secretion after
intravenous glucose tolerance testing and high-fat/high-
energy feeding in the obese GMP was attributed to a
possibly unusual GH/IGF-1 axis. Similarly, a study on the
effect of somatostatin, a GH-inhibiting factor, and GH
secretion in minipigs of different body size, suggested that
GH was significantly higher at baseline in the larger
German Landrace minipig with respect to the small GMP
(age matched, 68 months old), and that the response to
growth hormone-releasing factor and somatostatin were
significantly different between the two breeds, suggesting
significant differences in the control of GH release (38, 39).

We next assessed variation in the blood levels of IGF-1
after irradiation in the GMP. IGF-1 was expected to confer
some protection from radiation and to be associated with
survival, as evidenced in mouse studies (25-28) and by the
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FIG. 6. Altered expression and the activity of eNOS in decedents.
Panel A: Representative Western blots show the expression of eNOS
in the heart membrane fractions of survivors and decedents.
Immunoblots were performed using antibodies against eNOS and p-
eNOS (S1177) and were normalized to Na*/K*-ATPase. Panel B:
Densitometric analysis of p-eNOS, total eNOS and the ratio of p-
eNOS to eNOS. The expression of total p-eNOS and eNOS was
increased in decedents, however, the increase in p-eNOS was not
statistically significant. All data are expressed as mean relative fold
changes = SEM; n = 10-13/group. Student’s ¢ test was used for
comparison of survivors vs. decedents. *P < 0.05.

use of IGF-1 inhibitors to sensitize cancer cells to radiation
therapy (24). As expected, we found that IGF-1 was
induced by radiation; however, elevated IGF-1 levels were
found to be positively associated with lack of survival and
heart hemorrhages, suggesting that radiation might alter
downstream signaling of IGF-1. An association between
decreased NO signaling and bleeding has been demonstrat-
ed in the brain of a mouse model of experimental malaria,
where administration of NO donors restored NO signaling
and reduced vascular leakage and petechiae (40). We
therefore measured downstream targets of IGF-1 involved
in the regulation of NO synthesis as well as CRP and
angiotensin, to evaluate if radiation inhibited NO production
and caused a disturbance in the NO and ET-1 balance.
IGF-1 and CRP, but not angiotensin II, were consistently
and significantly induced in decedent animals with respect
to preirradiation levels. Receiver operating characteristic
(ROC) curves were used to describe how well the IGF-1 to
CRP ratio at euthanasia predicted survival and hemorrhage
in the heart. The area under the ROC curve exceeded 0.80
for both cases, indicating good prediction and pointing to an
important role for the loss of equilibrium between IGF-1
and CRP in the development of radiation injury. In
surviving animals, IGF-1 exhibited an exquisite cross-
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Student’s paired # test was used for comparison of preirradiation to euthanasia. n = 8/group. *P < 0.01; **P <

0.001. BH4 =

regulation with CRP, whereas the equilibrium between IGF-
1 and CRP was lost in decedents. In this group, IGF-1 levels
increased regardless of CRP expression, suggesting poten-
tial onset of IGF-1 resistance. Our data confirmed that the
IGF-1/PI3K/Akt pathway was inhibited in GMP decedent
animals, while the MAPK pathway remained active.
Analysis of SMP plasma and heart tissue lysates showed
similar inhibition of the IGF-1/PI3/Akt pathway in
decedents compared to survivors (data not shown). This
situation was suggestive of selective insulin/IGF-1 resis-

tetrahydrobiopterin; NO = nitric oxide; ET-1 = endothelin-1.

tance, where the MAPK/ET-1 pathway prevailed over the
PI3K/Akt pathway and mediated inflammation and vascular
dysfunction. Indeed, we showed that the ratios between ET-
1 and BH4 as well as ET-1 and NO were enhanced
dramatically among decedent animals. In addition, these
animals had increased levels of CRP and p67-phox, a
subunit of NOX2. p67-phox is necessary for NOX2
activation and production of superoxide [reviewed in
(41)]. In a published clinical study of chronic heart failure,
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upregulation of CRP was shown to be associated with
increased expression of p67-phox (47).

Induction and phosphorylation of eNOS in spite of Akt
inactivation was not surprising. Thrombin and histamine
have been shown to phosphorylate eNOS on Ser-1177
through AMPK and independent of PI3K/Akt, under
oxidative stress conditions (42—46). Therefore, induction
of eNOS expression and phosphorylation were expected to
occur under oxidative stress independent of Akt activity.
However, in the pro-inflammatory and pro-oxidative
milieu described above for the decedent animals, activa-
tion of eNOS may cause severe harm. The production of
NO requires eNOS to be properly coupled through the
action of BH4. Under conditions of oxidative stress, BH4
is oxidized to BH2, causing eNOS to uncouple and to
produce superoxide instead of NO, altering the NO/ET-1
equilibrium and promoting vascular dysfunction (47, 48).
CRP can also uncouple eNOS, directly or through
induction of NADPH oxidase and reactive oxygen species
(ROS) production (49, 50). Our data suggest that decline in
BH4 levels and increase in inflammatory and pro-oxidant
mediators induced eNOS uncoupling and further increased
oxidative stress at the expense of NO production. As a
consequence, decedent animals were characterized by a
significant drop in NO levels and extensive vascular
damage.

CONCLUSIONS AND LIMITATIONS

In conclusion, we suggest that onset of selective IGF-1
resistance may play a critical role in the etiology of the H-
ARS. According to this paradigm, radiation-induced
selective IGF-1 resistance is associated with inhibition of
the anti-inflammatory anti-oxidative stress PI3K/Akt path-
way, whereas the pro-inflammatory MAPK kinase pathway
remains at least partially functional. The pro-oxidant, pro-
inflammatory environment favors oxidative stress, uncou-
pling of eNOS, imbalance between NO and ET-1, onset of
endothelial dysfunction and development of pro-inflamma-
tory, pro-thrombotic endothelial features, furthering a
vicious cycle that amplifies ROS-induced damage which,
in the presence of thrombocytopenia, can lead to bleeding.
Indeed, factors other than low platelet counts are necessary
to provoke bleeding, as demonstrated by a study on models
of localized dermatitis, stroke and lung inflammation in
thrombocytopenic mice (57/). In these models, massive
hemorrhage occurred only in the area of inflammation and
was not observed mice that had no inflammation, in spite of
their thrombocytopenic status.

We also propose that the radiosensitivity of the GMP may
be due to innately low IGF-1 activity, which was selected
through genetic drifting to ensure the small size of the breed
(5, 52), and to a predisposition to develop endothelial
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dysfunction (53). In the human population, IGF-1 levels are
found to be decreased among the elderly, and both high and
low concentration of IGF-1 are at the center of several
pathological conditions including cardio-metabolic syn-
drome, diabetes, atherosclerosis, burn and wound injury,
systemic inflammatory response syndrome, neurodegener-
ation and Alzheimer’s disease (54-59). For these cases, a
relatively small dose of environmental stressors might be
sufficient to further alter downstream signaling of the IGF-1
pathway, triggering selective resistance and promoting self-
perpetuating oxidative stress, inflammation and vascular
damage while inhibiting production of NO. Further
characterization of the insulin/IGF-1 pathway as a target
for countermeasure development, biomarker discovery and
relationship with survival and co-morbidities is warranted.
The value of the current work is limited by the use of a
single animal model. If confirmed in multiple animal
species, our findings may have important implications for
the etiology and treatment of ARS.

SUPPLEMENTARY INFORMATION

Fig. S1. ROC curves for IGF to CRP ratio as a predictor
of heart hemorrhages and mortality.
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