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ABSTRACT 
 
 

Ryne Jeffrey DeBo 
 

 
Introduction: 

Ionizing radiation due to clinical, occupational, accidental, or malicious exposures can 

cause normal tissue injuries that produce both early and late adverse effects leading to 

serious morbidity and mortality.   The overall aim of this study was to define cellular and 

molecular changes occurring early and late post radiation exposure and determine 

whether these changes are targetable with a free radical scavenger in NHPs.  The work 

presented in this thesis encompasses three separate studies which utilized two species of 

NHPs, the cynomolgus and rhesus macaque, that have close evolutionary ties to humans 

and extensive use as animal models of cardiovascular and other diseases, providing a 

valuable resource for studying physiologic and pathologic conditions, including the 

pathogenesis of radiation induced injury. 

 

Methods: 

Study 1: The early cellular and molecular effects of ionizing radiation exposure were 

assessed in ovariectomized (surgically post-menopausal) late-middle aged female 

cynomolgus macaques exposed to moderate levels of acute total body ionizing radiation 

(2 and 5 Gy).  Study 2: The late effects of ionizing radiation exposure were assessed in 

male rhesus macaques that were exposed to a single total-body dose of ionizing (6.5 – 8.4 

Gy) 5.6 – 9.7 years earlier at ages ranging ~3 – 10 years old and a cohort of nonirradiated 

controls.  Study 3: The efficacy of a superoxide dismutase (SOD) mimetic (a free radical 

xii 
 



scavenger) at mitigating responses of the lung and heart to thoracic gamma irradiation 

was assessed utilizing 18 male rhesus macaques.  All 18 animals were exposed to 10 Gy 

of ionizing radiation to the thorax, followed by treatment with either saline (n=9) or an 

SOD mimetic (n=9) initiated 24 hours post exposure. 

 

Results: 

Acutely irradiated animals developed hematopoietic syndrome, and reductions in thymus 

weight, thymopoiesis, and bone marrow cellularity.  Acute, transient increases in plasma 

MCP-1 were observed in 5 Gy animals along with dose-dependent alterations in mRNA 

signatures in thymus spleen and lymph nodes.  Animals irradiated several years prior had 

increased incidence of gross myocardial fibrosis, smaller cardiac dimensions at systole 

and diastole, increased levels of circulating MCP-1 and LBP, and increased incidence of 

T2DM.  Treatment with an SOD mimetic alone did not improve survival, pulmonary, or 

cardiac function, prevent radiation induced pneumonitis, or reduce collagen burden in the 

heart or lung.  In conclusion, exposure to ionizing radiation induces acute, chronic, local 

and systemic molecular and cellular changes NHPs, and was not mitigated with 

administration of a free radical scavenger alone.  

 

 

 

 
 
 

xiii 
 



 
CHAPTER 1 

 
 

INTRODUCTION 
 
 

Ryne Jeffrey DeBo 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 
 



Ionizing radiation has been present as long as the universe has existed. Prior to the 

early 1890s, only natural sources of radiation existed, such as those emitted from cosmic 

sources, rocks, soil and air.  In a region now known as Oklo, Gabon, the only known 

natural nuclear reactor on the planet operated in uranium rich soil some 1.8 million years 

ago, and the first use of uranium was in 70 A.D. by the Romans to produce yellow-

colored glass.  Reports on adverse health effects likely attributable to radiation exposure 

first appeared around 1400 A.D., when miners began dying from what was likely lung 

cancer.  It was not until 1895 when Wilhelm Roentgen discovered that X-rays emitted 

from a man-made cathode ray tube could penetrate solid substances and allow him to 

image the bones inside his wife’s hand that we as humans became aware of these rays 

(1).  

Ionizing radiation is any particle or photon of sufficient energy and interaction 

type that generates ions through interactions with atomic electrons or the nucleus.  

Ionizing radiation is produced by radioactive material, nuclear reactions, medical 

equipment used for imaging (X-rays, computed tomography (CT) scans), and cancer 

treatments (teletherapy and linear accelerator devices) (1, 2) and includes α- and β-

particles, γ- and X-rays, neutrons, and high-speed electrons (3).  Alpha particles have 

high mass and high charge and are very densely ionizing, expending their energy very 

quickly, and therefore typically cannot penetrate an ordinary sheet of paper.  Because of 

this, alpha particles are generally considered hazardous only if the source has been 

ingested or inhaled.  Beta particles are more penetrating than alpha particles and can 

cause damage to the skin and superficial body tissues.  Gamma radiation is the most 

concerning source of external radiation because it is highly penetrating and can pass right 
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through the human body, depositing sufficient energy to induce biological damage (1).  

The principal biological effects of ionizing radiation arise from its ability to “ionize” or 

eject electrons from within cells.  Since water is the most abundant molecule in the cell, 

comprising approximately 80% of the cell on a per weight basis, most biological damage 

(70%) is indirectly caused by ionized water molecules that result in free radicals which 

then damage DNA mainly via hydrogen abstraction or hydroxyl addition  (4, 5).  

Radiation exposures associated with weapons detonations or nuclear accidents are 

uncontrolled and result in unpredictable exposures.  The main sources of acute radiation 

are gamma rays and neutrons.  In the minutes, days, and months following nuclear events 

radioactive fallout may become a concern. Fallout occurs as radioactive debris 

contaminated with alpha, beta, and gamma emitters are deposited into the environment.  

This debris may deposit on the ground and skin of anyone in the area.  During this time 

alpha and beta-emitting isotypes in the air may be inhaled or ingested from the 

contaminated air, food and water sources.  These exposures result in large numbers of 

acute radiation injuries and long-term medical complications in survivors (6-8).   

Clinical radiation exposures are much more controlled and highly planned.  Today 

the majority of cancer patients in the U.S. are treated via linear accelerators that produce 

x-ray radiation through the acceleration of electrons.  While linear accelerators have 

replaced most 60Co teletherapy machines in the U.S., 60Co remains widely used in other 

parts of the world (2).  Even with technological advances, the therapeutic potential of 

radiotherapy in malignancy is limited by the risk of severe, adverse, acute and chronic 

effects on surrounding normal tissues (9, 10).   
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The issues surrounding radiation exposure and the subsequent development of 

health problems are broad and complex.  This is best highlighted by a recent 

comprehensive collection of data on the consequences of Chernobyl published in the 

Annals of the New York Academy of Sciences.  Prior to the meltdown up to 90% of 

children were considered healthy in Kiev, Ukraine.  That figure is now 20%; morbidity 

has increased several times since the accident for all age groups, as has the frequency of 

disease, whether malignant, non-malignant, vascular, immune, or due to accelerated 

aging (8).  Long-term follow up on survivors of the atomic bombs dropped on Hiroshima 

and Nagasaki in August, 1945 has revealed that survivors have increased risk of death, 

higher cancer incidence,, increased incidences of noncancer diseases including 

cardiovascular disease (CVD), impaired growth, and reached menopause earlier 

compared to Japanese residents not in either of those cities at the time the bombs were 

dropped.  Many of these survivors also suffered severe acute radiation effects such as hair 

loss, burns and bleeding (7, 11).   

Radiation exposure issues currently encompass significant areas of interest such 

as national security and improving quality of care and patient outcomes at medical 

facilities. The threat of a large scale exposure event has dramatically increased over the 

past decade (12). Regardless of exposure type, medical facilities are currently ill-prepared 

to mitigate the negative health effects of radiation exposure.  This deficiency is largely 

due to the lack of knowledge surrounding the etiology of acute tissue damage and the 

subsequent time course of long-term post radiation health complications (13), thus 

highlighting the need for further investigation into the mechanisms of tissue injury (14-

16). 
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 Exposure to ionizing radiation results in normal tissue injuries that manifest as 

both early and late effects, which can cause serious morbidity and mortality, and are of 

concern in clinical, accidental or malicious exposures (7, 8, 15, 17-19).  Early effects 

generally occur in organs/tissues that are self-renewing, highly proliferative and highly 

radiosensitive in nature such as the gut, bone marrow, epidermis, and lung (20-23).  

Symptoms appear rapidly, occurring during or shortly after exposure and are classified as 

part of the acute radiation syndrome (ARS).  ARS is the result of the exposed tissues’ 

impaired cell production capacity coupled with increased cell death resulting in 

progressive cell loss.  This process is accompanied by, and at least partially due to, 

increases in oxidative stress and inflammation induced by the radiation exposure (13, 15, 

24).  Clinically, due to concern over inducing severe adverse radiation effects on normal 

healthy tissue, total dose delivered per fraction is limited, thus restricting the potential 

therapeutic benefit of high dose radiotherapy in controlling malignancies (9).  

Historically, weapon detonations and radiological accidents such as that which occurred 

in Hiroshima, Nagasaki, Chernobyl, and Fukushima have highlighted the scale and 

severity of radiological injury that can occur (7, 11, 25-27).  Such incidents serve as a 

reminder of the dire need for the further development of medical countermeasures to 

minimize the impact of ARS (15, 16, 28).  

The delayed effects of acute radiation exposure (DEARE) are of increasing 

concern as epidemiological studies have begun highlighting increased morbidity and 

mortality amongst radiotherapy-treated long-term survivors of cancer, as well as 

accidental and malicious exposures (8, 12, 13, 17, 18, 29-39).  DEAREs are found in 

essentially every tissue/organ system, and are largely considered irreversible and 
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progressive (16, 24).  DEAREs are also a growing, significant clinical issue; since 

currently approximately two-thirds of all cancer patients receive radiotherapy sometime 

during their course of treatment (9, 10). With an estimated 50 million cancer survivors 

worldwide having been treated with radiotherapy (40), rising survival rates (41) and an 

estimated doubling of new cancer patients, reaching 2.6 million cancer diagnoses a year 

in the U.S. alone by the year 2050 (42)  DEAREs will likely remain a significant clinical 

issue for the foreseeable future.  Delayed radiation treatment-related effects can cause 

significant emotional, social and economic burdens.  According to the U.S. Centers for 

Disease Control, cancer survivors spend $8,000 more per year on healthcare and cost 

American businesses greater than $3,700 in productivity losses compared to the average 

population (43).  As of 2012, there were close to 13.8 million cancer survivors in the U.S. 

(9), with an estimated economic burden to the American economy of greater than $50 

billion dollars.  Currently there are no specific treatment modalities for the prevention or 

reversal of DEAREs.  It is therefore essential to conduct research focused on these 

delayed injuries so that the mechanisms of disease pathogenesis can be identified, with a 

goal of development of effective mitigating agents and medical countermeasures. 

As it would be unethical to purposefully expose healthy human volunteers to 

damaging and potentially lethal radiation doses, the use of animal models in radiation 

research is required for the examination of complex underlying molecular/biochemical 

responses as well as the efficacy potential of mitigating agents (3, 15, 28, 44).  The FDA 

emphasizes the use of well-characterized animal models for which the pathophysiology 

of resultant radiation injury is considered predictive of the human response.  Currently 

there are only two large animal models that meet these criteria- canine and nonhuman 
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primate (NHP) models.  The work presented herein utilizes two species of NHPs that 

have close evolutionary ties to humans and are an invaluable resource for studying 

physiologic and pathologic conditions (45, 46).  The rhesus macaque has > 95% DNA 

homology to humans while the cynomolgus macaque has > 92% DNA homology, and 

both species closely model the human response to radiation exposure (3, 44, 47). Their 

utility in radiation countermeasures research is well established, as they have been used 

extensively in total- and partial-body radiation studies, and due to their long lifespans and 

similar supportive care requirements the time dose effects observed in NHPs can be 

linked to humans.(13, 20-22, 32, 44, 48-51).   

The overall aim of this study was to define cellular and molecular changes 

occurring early and late post radiation exposure and determine whether these changes are 

targetable with free radical scavengers in NHPs.  While free radical scavengers are 

effective in minimizing normal tissue damage in rodent models (52, 53), they have not 

yet been thoroughly vetted or proven efficacious in an NHP model.  The overarching 

hypothesis for the work presented herein is that exposure to ionizing radiation produces 

systemic alterations that lead to chronic inflammation that is potentially targetable with 

free radical scavengers.  This hypothesis will be tested in the following three chapters of 

this dissertation.  Chapter 2 investigates the early cellular and molecular effects of 

ionizing radiation exposure were assessed in ovariectomized (surgically post-

menopausal) late-middle aged female cynomolgus macaques exposed to moderate levels 

of acute total body ionizing radiation (2 and 5 Gy).  Chapter 3 elucidates late effects of 

ionizing radiation exposure were assessed in male rhesus macaques that were exposed to 

a single total-body dose of ionizing (6.5 – 8.4 Gy) 5.6 – 9.7 years earlier at ages ranging 
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~3 – 10 years old.  Chapter 4 evaluates the efficacy of a superoxide dismutase (SOD) 

mimetic (a free radical scavenger) at mitigating responses of the lung and heart to 

thoracic gamma irradiation was assessed utilizing 18 male rhesus macaques.  
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Abstract 

Purpose:  The threat of radiation exposure requires a mechanistic understanding of 

radiation-induced immune injury and recovery.  The study objective was to explore 

responses to ionizing radiation in ovariectomized (surgically post-menopausal) female 

cynomolgus macaques.  

Materials and Methods:  Animals received a single total-body irradiation (TBI) exposure 

at doses of 0, 2, or 5 Gy with scheduled necropsies at 5 days, 8 weeks, and 24 weeks 

post-exposure.  Blood and lymphoid tissues were evaluated for tissue, cellular, and 

molecular responses. 

Results:  Irradiated animals developed symptoms of acute hematopoietic syndrome, and 

reductions in thymus weight, thymopoiesis, and bone marrow cellularity.  Acute, 

transient increases in plasma monocyte chemoattractant protein 1 (MCP‐1) were 

observed in 5 Gy animals along with dose dependent altered messenger ribonucleic acid 

(mRNA) signatures in thymus, spleen, and lymph node.  Expression of T cell markers 

was lower in thymus and spleen, while expression of macrophage marker CD68 (cluster 

of differentiation 68) was relatively elevated in lymphoid tissues from irradiated animals. 

Conclusions:  Ovariectomized female macaques exposed to moderate doses of radiation 

experienced increased morbidity, including acute, dose-dependent alterations in systemic 

and tissue-specific biomarkers, and increased macrophage/T cell ratios.  The effects on 

mortality exceeded expectations based on previous studies in males, warranting further 

investigation.  
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Introduction 

Threat of accidental or malicious exposure of the public or the military to ionizing 

radiation necessitates development of effective pre- and post-exposure countermeasures.  

Development of radiation countermeasures also provides potentially valuable strategies 

for avoidance of normal tissue damage in patients given radiation therapy.  A critical 

component of ionizing radiation damage is loss of protective immune function caused by 

depletion of nascent and developing immune cells.  Immune system compromise in turn 

can result in significant morbidity and mortality.  Detailed examination of the complex 

processes underlying response to, and recovery from, acute ionizing radiation exposure 

requires use of small and large animal models.  

Rodent models are widely available for assessment of immune function; however 

they differ significantly from humans in several characteristics, such as functional 

markers of natural killer and T cells, proteins involved in antigen processing and 

presentation and genomic responses to inflammatory diseases (Seok et al., 2013).  Old 

world monkeys such as the cynomolgus macaque have close evolutionary relationships to 

humans and in some contexts are more appropriate models for evaluating immune system 

function and host response to infectious diseases, sharing our susceptibility to common 

pathogens such as measles and influenza, and affected by immunosuppressive 

lentiviruses (Palermo et al., 2013).  The utility of the rhesus macaque non-human primate 

(NHP) model has been well-established to study immune system homeostasis and 

function, general physiology, and a wide-range of pathologic diseases and conditions 

(Messaoudi et al., 2011), and its utility in radiation countermeasures research is clear 

(Chen et al., 2010; Farese et al., 2012; MacVittie et al., 2012; Robbins et al., 2011).  
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The purpose of the present study was to define the cellular and molecular changes 

occurring in critical central and peripheral immune compartments in response to 

moderate levels of acute total body ionizing radiation in an alternative species of 

macaque; the cynomolgus macaque (Macaca fascicularis).  The cynomolgus macaque is 

a well-established NHP model of health disease which provides some advantages over 

rhesus in terms of availability and size. 

Specifically, we aimed to determine the effects of radiation and variable recovery 

times on general health and clinico-pathologic indices; plasma cytokines; and expression 

of markers of individual cell types in immune compartments (thymus, spleen, and lymph 

node).  Time- and dose-dependent acute systemic responses to ionizing radiation 

exposure, as well as tissue specific biomarker responses, were observed.  The results 

provide a multi‐dimensional profile of responses of the female cynomolgus monkey to 

graded doses of radiation that will help inform larger studies utilizing cynomolgus 

macaques investigating the effects of radiation exposure.  
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Methods 

Subjects and Study Design: Fifteen ovariectomized adult female cynomolgus monkeys 

(Macaca fascicularis) weighing a median of 3.03 kg (2.56 - 4.59 kg) were obtained from 

the Institut Pertanian Bogor  and had completed prior studies of dietary protein (from soy 

and milk sources) with varying soy isoflavone content (Adams et al., 2008; Wood et al., 

2006) at the Wake Forest School of Medicine Center for Comparative Medicine 

Research.  These well-characterized, “late-middle aged” female monkeys with an 

estimated median age of 20 years (15 - 24 years) were screened for exclusion of simian 

retroviruses and in excellent health prior to inclusion in the study.   All experimental 

procedures were in compliance with the Wake Forest University Institutional Animal 

Care and Use Committee and the Guide for Care and Use of Laboratory Animals.  

Animals were screened prior to irradiation by clinical examination, complete blood 

count, and serum chemistry panels.  Monkeys were randomized to 3 groups (0, 2 or 5 

Gy), with timed necropsy evaluations planned at 5, 60, and 180 days post-irradiation.  

Complete animal demographic information can be found in Table I below.  

Diet: Following a three month period of consumption of a laboratory chow diet (Purina 

LabDiet® Monkey Diet 5037, Richmond, IN), animals were transitioned to a diet 

designed to mimic a typical western diet a minimum of two weeks prior to irradiation and 

maintained on this diet for the duration of the study.  This diet was produced in house and 

contained 34% of calories as fat, 18% of calories as protein, and 48% of calories as 

carbohydrates, with a moderately atherogenic cholesterol content of 0.20 mg/Cal. Protein 

was derived solely from animal sources (casein, lactalbumin). Of the fat, fatty acid 
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composition was 40% saturated, 34% monounsaturated and 26% polyunsaturated.  

Monkeys were supplemented with fresh fruits and vegetables and water ad lib. 

Irradiation: Monkeys were anesthetized with ketamine (10 mg/kg) (Vedco Inc., St. 

Joseph, MO, USA) and irradiated to single doses of 0, 2, or 5 Gy to the mid-plane using 

two opposed lateral fields of 6 MV x-rays at a dose rate of 60 cGy/minute from a Varian 

2100C linear accelerator (Varian Medical Systems, Inc., Palo Alto, CA).  The radiation 

source to skin distance was 120 cm.   

Clinical Monitoring and Husbandry:  On the day of irradiation, animals were given 

parenteral prophylactic antibiotic treatment consisting of enrofloxacin (5 mg/kg) (Bayer 

HealthCare LLC, Shawnee Mission, KS, USA) and ceftazidime (30 mg/kg) (Patterson 

Veterinary, Devens, MA, USA), continuing until the white blood cell count returned to 

normal range (6.1-12.5 * 10^3 cells/uL) or until clinical illness (if present) was resolved.  

Control animals were maintained on antibiotics for the duration of the study.  Clinical 

assessments were performed daily to monitor for signs of radiation-induced illness 

including vomiting, diarrhea, weight loss, hemorrhage, and alopecia. Signs of 

hematologic failure or infection were monitored using the methods of (Uckun et al., 

1997) as modified from the Children’s Cancer Group Clinical Toxicity Criteria.  

Supportive care was provided when clinically necessary and included, parenteral fluids 

and supplemental nutrition.  Blood transfusions were not given.  In the event that animals 

became moribund, or reached the level of Grade 4 toxicity, as previously used in primate 

trials at Wake Forest (Cohen et al., 2004; Hotchkiss et al., 1999), they were humanely 

euthanized by intravenous pentobarbital overdose. 
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Hematology: Complete blood counts (hematocrit, red blood cells, total and differential 

leukocyte counts, hemoglobin, platelets) and chemistry panels (serum blood urea 

nitrogen, creatinine, total protein, albumin, bilirubin, alanine aminotransferase, aspartate 

aminotransferase, gamma-glutamyl transferase, potassium, sodium, chloride, total CO2) 

were collected and analyzed three times weekly for a period of one month following 

irradiation.  Analyses were conducted in-house with a Heska Hematrue analyzer (Heska, 

Loveland, CO, USA) and by an external commercial veterinary laboratory (Antech 

Diagnostics, South Haven, MS).  

Necropsy/Histopathology:  All animals were humanely euthanized for collection and 

pathologic evaluation of major organs/tissues, with a particular focus on thymus, spleen, 

lymph nodes, and bone marrow.  Thymus and spleen were collected and portions were 

snap frozen and stored at -80°C, minced and incubated in RNAlater® (Qiagen, Austin TX) 

until freezing, or fixed with 4% paraformaldehyde followed by paraffin embedding and 

sectioning for histopathology.  Similarly, small pieces of axillary, inguinal and 

submandibular lymph node tissues were snap frozen for analysis as described below.  

Molecular Assessment of Thymic Output: T-cell receptor (TCR) gene rearrangement 

and thymopoiesis were determined by quantification of signal joint TCR excision circles 

(sjTREC) (Lynch and Sempowski, 2013).  Recombinant sjTREC (NHP) plasmid control 

was generously provided by Dr. Danny Douek (VRC-NIAID).  

Molecular Characterization of Lymphoid Tissue Cell Composition:  Quantitative 

real-time polymerase chain reaction (RT-PCR) was used to evaluate the inflammatory 

cell content of thymus, spleen, and lymph node using previously described methods 
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(Sophonsritsuk et al., 2013; Walker et al., 2008a, 2008b) .  Levels of mRNA transcripts 

for a specific marker associated with macrophages cluster of differentiation 68 (CD68), 

and four markers of T cells T-cell receptor beta, cluster of differentiation 3, 4, and 8 

(TCRB, CD3, CD4, CD8) were measured in order to define the cellular composition of 

the tissue.  Total ribosomal nucleic acid (RNA)was purified by homogenization of tissue 

preserved in RNAlater using TRI Reagent (Molecular Research Center, Inc.; Cincinnati, 

OH) as described by Chomczynski (Chomczynski, 1993).  RNA content and purity was 

determined at 260 nm and using A260/A280 ratios obtained on a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA).  RNA quality was 

assessed by intensity of 28S and 18S ribosomal RNA bands on an Agilent Microanalyzer.  

Quantitative Taqman® RT-PCR assays employing cynomolgus-specific primers and 

Fam-labeled Taqman® MGB probes were used to quantitate mRNA steady-state levels 

(Sophonsritsuk et al., 2013; Walker et al., 2008a, 2008b)Aliquots of purified total RNA 

(~1 - 10 ug RNA) were reverse transcribed using a High Capacity cDNA Archive Kit 

(Applied Biosystems, Foster City CA) in combination with random hexamers to generate 

cDNA from which real time RT-PCR quantitative analyses were performed.  Aliquots of 

the cDNA archive were amplified with target-specific primers along with Taqman® 

probes (for targets described above).  Real time quantitative RT-PCR was carried out on 

an Applied Biosystems ABI PRISM® 7000 Sequence Detection System.  PCR was 

performed in separate wells for each target using a Taqman® Universal Master Mix and 

associated protocols.  For each sample, the threshold cycle (Cts) for the gene of interest 

and the selected housekeeping gene(s) were determined.  The ∆Ct [Ct (target gene)-Ct 

(housekeeping gene(s))] was calculated, to provide a measure of relative gene expression 
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as noted above.  Target gene expression was normalized to the geometric mean of three 

control genes (β-actin, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 

ribosomal protein, large, P0 (RPLP0)) in each sample. 

Acute Inflammatory Response to Radiation:  Cytokine analyses were performed on 

plasma samples collected on days 0, 1, 2, 4, and 6 of the first week, and every other day 

thereafter for the following 5 weeks, and then at weekly or monthly internals thereafter.  

Analyses were carried out using a Luminex bead-based monkey 10-plex assay\ from 

Biosource/Life Technologies (Grand Island, NY) for measurement of Interferon-γ, tumor 

necrosis factor-α, interleukins 2, 4, 8, 10, monocyte chemoattractant protein-1, 

macrophage inflammatory protein 1 alpha and beta, and Regulated on Activation, Normal 

T Cell Expressed and Secreted (IFNγ, TNFα, IL-2, IL-4, IL-8, IL-10, MCP-1, MIP-1α, 

MIP-1β, and RANTES).  Values at or below the low limit of detection (LLOD) were 

reported at one-half the values of the LLOD. 

Statistics:  Statistically, the overall experiment was considered a pilot study with 

multiple time-points and a small number of subjects in individual cells, thus not lending 

itself well to traditional statistical approaches.  Descriptive statistics were generated for 

all outcomes across the duration of the study.  As noted above, necropsies were 

conducted at different time-points following irradiation.  Some tissue outcomes (e. g., 

sjTREC analysis, organ weight, cell marker mRNA levels) showed dose dependent 

effects which appeared to be only minimally affected by time since irradiation and were 

pooled across time points and analyzed by Kruskall-Wallis nonparametric analysis of 

variance (ANOVA).  Spearman rho and Kendall’s tau correlations were determined to 

estimate trends and dose response relationships with some variables.  A p value of < 0.05 
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was considered significant.  As a descriptive analysis, no adjustments for multiplicity 

were made.  Analyses were conducted using JMP Statistical Discovery Software (Version 

3.2.2, SAS Institute, Inc., Cary, NC) or Statistica (Statsoft Inc, Tulsa OK). 
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Results 

Clinical Observations:  Nausea or vomiting immediately after irradiation was seen in 

0/3 controls, 1/6 animals given the 2 Gy dose, and 2/6 animals given the 5 Gy dose.  

Weight loss (5 - 15% of pre-irradiation body weight) was seen in 0/3 controls, 2/6 

animals given 2 Gy, and 6/6 given 5 Gy.  Early humane euthanasia was elected in 3/6 

animals in the 5 Gy dose group (at 15, 16 and 17 days post-irradiation), and 2/6 animals 

in the 2 Gy group (at 20 days post irradiation) due to severe clinical illness.  Hemorrhage 

was seen in most irradiated animals (skin/subcutis, gingiva, lung, epicardium, skeletal 

muscle); this was attributed to thrombocytopenia.  

Clinical Pathology Findings:  Dose-dependent decreases were seen in platelet counts, 

white blood cell counts, and red blood cell (RBC) counts.  Platelets declined on day 2, 

reaching a nadir on average of 22,250 cells/uL approximately 14 - 23 days after 

irradiation with recovery to an average of >300,000 cells/uL approximately 30 - 45 days 

after irradiation in survivors (Figure 1A).  Neutrophil counts (Figure 1B) increased 

acutely at day 2, and then declined to an average nadir of ~990 cells/uL approximately 6 - 

14 days after irradiation.  Lymphocyte counts declined to ~1600 cells/uL by day 2, 

reaching a nadir 6 - 10 days post irradiation which persisted for at least 6 months (Figure 

1C).  RBC counts in both irradiated groups declined (Figure 1D).  RBC levels for the 5 

Gy dose group failed to recover, while the monkeys receiving the 2 Gy dose exhibited a 

gradual increase in RBC count approximately 30 days after radiation, which eventually 

returned to non-irradiated control levels (0 Gy).  Mortality increased with radiation dose 

and overall survival time post irradiation decreased with dose (Table I). 
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Impact of Ionizing Radiation on Lymphoid and Hematopoietic Tissues:  Severe 

hematopoietic cell depletion was observed across all lineages in the bone marrow of 

animals that received 2 or 5 Gy radiation (Figure 2A-C).  Lymphocyte depletion in the 

spleen (and lymph node, data not shown) was noted at necropsy in all irradiated animals 

(Figure 2D-F).  One animal in the 5 Gy group developed cellulitis and had bacterial 

colonies in the lungs, consistent with sepsis. 

Significantly lower thymic weight was observed in animals receiving radiation 

compared to controls (both p < 0.04, control vs. 2 Gy p=0.04, control vs. 5 Gy p=0.02, 

Figure 3A), and there was an inverse relationship between thymic weight and radiation 

dose (Spearman rho = -0.546, p = 0.05).  Thirteen thymic samples yielded good quality 

genomic DNA capable of generating a thymic sjTREC result; due to the small group size, 

data from specific doses were grouped independent of time to show the overall impact of 

irradiation on thymopoiesis.  The data show sjTREC, or TCR gene rearrangement, tended 

be lower with 2 and 5 Gy irradiation (p=0.053) ((Figure 3B), suggesting diminished T 

cell development, a finding consistent with the histologic demonstration of marked 

cortical and medullary atrophy in thymic tissues from these animals (Figure 3C).  

 Tissue expression levels of key mRNA transcripts evaluated by qRT-PCR 

indicated radiation induced shifts in the relative cell populations present in lymphoid 

tissues.  Expression of T cell markers was reduced with radiation exposure; CD3 mRNA 

was significantly reduced in thymus (p = 0.006) and lymph node (p < 0.004) but not 

spleen (p > 0.1) (Figure 4), while CD4 mRNA was significantly reduced in thymus 

(p=0.001, data not shown).  CD68 expression tended to be elevated in the irradiated 

thymus (p = 0.07) lymph node (p = 0.09), and spleen (p = 0.11). Radiation exposure was 
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inversely correlated with expression of CD3 in lymph node (tau = -0.41, p = 0.054) and 

thymus (tau = -0.53, p=0.014), with CD4 in thymus (tau = -0.598, p=0.005), and 

positively correlated with CD68 expression in lymph node (tau = 0.506, p = 0.018) and 

thymus (tau = 0.55, p = 0.01).  Dose dependent increases in expression ratios of 

macrophage/T cell markers (CD68/CD3) was observed in Spleen and Lymph Node.  An 

increase in expression of macrophage/T cell marker ratios was also observed in the 

Thymus tissue of animals exposed to 5 Gy (results not shown).  

 

Acute Cytokine Response to Radiation:  The effects of total body irradiation on 

systemic levels of plasma cytokines IFNγ, TNFα, IL-2, IL-4, IL-10, MCP-1, MIP-1α, 

MIP-1β, RANTES and IL-8 were evaluated over time post irradiation.  The most 

consistent radiation-related finding was an increase in plasma MCP-1 levels in the group 

receiving the 5 Gy dose (Figure 5). Changes over time in other cytokines were variable, 

and sometimes exhibited changes in controls which could be responses to frequent blood 

draws or other factors (see supplemental figure).    
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Discussion 

Previous studies of the effects of ionizing radiation in the nonhuman primate have been 

primarily done in male animals, with most of the recent work performed in adolescent or 

young adult male rhesus monkeys (Dörr et al., 2014; Farese et al., 2012, 2003, 2001; 

MacVittie et al., 2012).  The purpose of the present study was to evaluate responses to 

graded doses of total body radiation in the ovariectomized female cynomolgus monkey, a 

well-established model of post-menopausal female health.  Our major long-term goal is 

to develop medical countermeasures that minimize the adverse health consequences of 

unintentional (accidental or terrorism related) exposures to radiation in men and women 

across their lifespan.  The present study lays some of the groundwork necessary for the 

development of an alternative and relatively more available animal model for evaluation 

of radiation mitigation strategies in post-menopausal women. 

Cynomolgus macaques are an excellent model for the study of inflammation and 

cardiovascular disease (Register, 2009), cancer risk (Cline and Wood, 2009), and other 

conditions, and may provide a useful addition to our non-human primate animal model 

portfolio for discovery and development of radiation countermeasures.  The effects of 

radiation exposure on stem cells (Adler and Erbelding, 1988), brain electrical activity 

(Legeza and Turlakov, 1991), liver function (Yannam et al., 2014), clinical, cardiac, 

cortisol stress response (Darenskaia et al., 2001, 1992), and mitigating effects of 

gonadotropin hormone releasing hormone (GnRH) antagonism on the testes (Shetty et al., 

2013) have been well-studied in this species.  Additional studies focusing on immune 

tissues/organs in this species should facilitate identification of pathways to immune 
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dysfunction and hypothesis generation leading to novel pharmacologic and/or nutritional 

countermeasures to prevent or treat adverse effects of radiation on at risk organ systems. 

In this study ovariectomized female cynomolgus monkeys exposed to a single 2 to 

5 Gy dose of total body ionizing radiation experienced reductions in thymus weight and 

thymopoiesis, loss of cortical thymocytes, depletion of bone marrow, and peripheral 

hemorrhage which was attributed to thrombocytopenia.  Radiation dose-dependent 

decreases in platelet, white blood cell (WBC), and red blood cell (RBC) counts were also 

observed.  Similar patterns of neutropenia, thrombocytopenia, along with transient 

increases in systemic inflammatory cytokines (e. g., IFNγ, MCP‐1, and MIP‐1), and 

subsequent recovery have been observed in male rhesus macaques exposed to total body 

irradiation doses in the range of 7 to 8.9 Gy, which is consistent with 30 to 90 percent 

lethality at 60 days (Farese et al., 2012).   

Altered mRNA signatures in thymus, spleen, and lymph node were observed in 

our cohort of irradiated cynomolgus female animals.  CD3 (a marker of T cells) 

demonstrated tissue specific responses; exhibiting decreased expression with increasing 

radiation dose in thymus and lymph node, but not spleen; while expression of the 

macrophage marker CD68 increased in a dose-dependent manner relative to T cell-

specific marker expression.  These results suggest exposure to ionizing radiation may 

induce acute, dose-dependent alterations in systemic and tissue-specific biomarker 

responses with increases in macrophage/T cell ratios in lymphoid tissues.  Histologic 

evaluations of these tissues suggested an overall reduction in the number of lymphocytes 

present, so the observed increase in macrophage/T cell marker ratios in these lymphoid 

tissues may reflect persistence of resident macrophages.  
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This study was designed to provide pilot data regarding the effects of sub-lethal 

and theoretically low to moderate single doses of total body irradiation at 2 and 5 Gy in 

ovariectomized adult female cynomolgus monkeys.  Radiation dose levels of 2 and 5 Gy 

were selected largely based upon known responses of pubertal and adult male rhesus 

monkeys to total body irradiation (Burdelya et al., 2008; Farese et al., 2012, 2003, 2001; 

Hérodin et al., 2007; Stickney et al., 2006).  Additionally, for humans the lethal dose in 

60 days for 50% of those exposed (LD50-60) is approximately 4.1 Gy +/- 1.5 Gy (95% 

confidence interval) (Anno et al., 2003).  Ovariectomized female cynomolgus monkeys 

were more radiosensitive than anticipated, as 2/6 animals receiving the 2 Gy dose and 3/6 

of the animals receiving the 5 Gy dose experienced significant health problems and were 

necropsied ahead of schedule on the basis of our predefined health criteria, indicating that 

future non-lethal studies utilizing this model of radiation exposure should use total body 

doses lower than 5 Gy.  

The radiosensitivity differences observed here could be due to species, sex, and/or 

menopausal status.  Estrogen has been shown to modulate immune responses is some 

systems through estrogen receptor interactions with the transcription factor nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) (McKay and Cidlowski, 1999; 

Kalaitzidis and Gilmore, 2005; De Bosscher et al., 2006), and the lack of endogenous 

estrogen in these ovariectomized animals may have influenced responses to radiation.  

Influences of sex or endogenous sex hormones on the responses to radiation have not 

been well-studied, especially in non-human primate models, although there is evidence in 

the literature of an effect of sex.  In rats exposed to total body radiation, males appeared 

to exhibit increased survival over females in late stages after exposure (Peters et al., 
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1981).  Markedly dissimilar responses to acute and chronic radiation exposure in the 

transcriptional profiles of skeletal muscle of male and female mice have also been 

reported (Kovalchuk et al., 2004).  In rhesus monkeys, there appeared to be no difference 

between males and females in susceptibility to radiation induced cataract formation 

(Sonneveld et al., 1979).  Women are also at greater risk for developing pneumonitis 

following radiation to the lung (Baker et al., 2013).  Female sex has also recently been 

shown to be a strong predictor of acute (odds ratio (OR): 1.72) and late (OR: 3.96) 

toxicities (Meyer et al., 2012).   Furthermore, a recent study showed that women had two-

fold greater risk for the development of cancer following low-dose ionizing radiation for 

cardiac imaging than men (Lawler et al., 2013).  Women also tend to be at greater risk for 

future cancer development following total body irradiation.  According to the 14th report 

on mortality in the Life Span Study cohort of atomic bomb survivors, females had excess 

relative risks (ERR) twice as high as males for total deaths and all solid cancer deaths 

(Ozasa et al., 2012).   

These findings suggest that more investigation is needed to derive definitive 

conclusions as to the effects of male and female sex, as well as reproductive stage 

(premenopausal versus post-menopausal), on molecular and cellular effects of total body 

irradiation (TBI).  Future studies should be aimed at addressing these questions, as well 

as aim to elucidate how the immune system reconstitutes/rebalances after radiation 

exposure.  
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Table and Figures: 

Table I: Rows (A-O) are individual animal demographics.  Mean rows are dose group 

means. Gy= (Gray), Yrs. = (years), Kg = (kilograms). 

ID Radiation 
Dose (Gy) 

Days 
Survived post 

irradiation 

Death 
Comments 

Estimated 
age at Death 

(yrs.) 

Baseline 
Body 

Weight 
(Kg) 

Body 
Weight at 

Death (Kg) 

A 0 - Scheduled 20.2 2.9 3.0 
B 0 - Scheduled 18.9 4.0 3.5 
C 0 - Scheduled 19.7 2.9 2.8 
D 2 5 Scheduled 21.7 4.7 4.6 
E 2 5 Scheduled 15.2 2.9 2.6 
F 2 20 Unexpected 21.8 2.9 2.8 
G 2 20 Unexpected 23.7 3.5 3.0 
H 2 53 Scheduled 20.8 3.6 3.3 
I 2 165 Scheduled 20.2 3.4 3 
J 5 5 Scheduled 22.7 2.9 2.8 
K 5 5 Scheduled 18.7 3.1 3.0 
L 5 15 Unexpected 20.8 3.1 3.1 
M 5 16 Unexpected 19.8 3.3 3.3 
N 5 17 Unexpected 20.8 3.9 3.8 
O 5 53 Scheduled 14.9 4.6 4.0 

Mean 0 74 - 19.6 3.3 3.1 
Mean 2 45 - 20.6 3.5 3.2 
Mean 5 19 - 19.6 3.5 3.3 
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Figure 1.  Effects of 2 and 5 Gy TBI on circulating blood components:  A) Platelets, B) 

Neutrophils, C) Lymphocytes, D) Erythrocytes.  Single data points from individuals 

plotted across time. 
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Figure 2.  Histologic sections of bone marrow (A-C) and spleen (D-F) from a control 

animal (0 Gy, A and D) and irradiated animals (2 Gy, B and E; and 5 Gy, C and F) five 

days post radiation exposure.  The bone marrow from the irradiated animals was severely 

hypocellular with necrosis and loss of cells across all hematopoietic lineages.  Note the 

dose-dependent marked necrosis and depletion of lymphoid follicles in the spleens of 

irradiated animals.  Hematoxylin and eosin stain. Magnification 2x; inset magnification; 

40x.  Areas of splenic white pulp are marked with an (*). 
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Figure 3. Effects of 2 and 5 Gy TBI on thymus weight (A), thymic sjTREC levels, (B) 

and thymic histology (C).  Data are mean +/- SEM of n=3-6 per group.  Data from 

samples from each dose at different post-irradiation time-points were pooled for analysis 

due to the low number of observations and the lack of evidence for a time dependent 

trend.  In the 0 and 5 Gy histologic sections note the marked loss of architecture (almost 

complete loss of cortical lymphocytes), with relative sparing of medullary epithelial 

elements, in the thymus from the animal treated with 5 Gy (right panels), compared to an 

un-irradiated control (left panels).  Hematoxylin and eosin stain. Upper panels 4X, lower 

panels 20X. 
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Figure 4.  Effects of 2 and 5 Gy TBI on levels of mRNA for T cell (CD3) and 

macrophage (CD68) markers as indices of tissue cell populations in lymph node, spleen, 

and thymus.  Data from samples from each dose at different post-irradiation time-points 

were pooled for analysis due to the low number of observations and the lack of evidence 

for a time dependent trend. Error bars indicate the standard error of the mean (SEM) for 

n=3-6 per group. 
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Figure 5.  Effects of 2, and 5 Gy TBI on plasma MCP-1. Single data points from 

individuals plotted across time. 
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Supplementary Materials: 

Supplementary Figure 1.  Effects of 2 and 5 Gy TBI on plasma: (A) IFN-γ, (B) IL-2, (C) 

MIP-1α, (D) MIP-1β, and (E) RANTES.  Single data points from individuals plotted 

across time. 
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Abstract: 
 

Heart disease is an increasingly recognized, serious late effect of radiation exposure, 

most notably among breast cancer and Hodgkin’s disease survivors and the 

Hiroshima/Nagasaki survivor cohort. The purpose of the present study was to evaluate 

the late effects of previous total body irradiation (TBI) on cardiac morphology, 

function, and selected circulating biomarkers in a well-established nonhuman primate 

(NHP) model of radiation effects. Subjects were male rhesus macaques which had 

received single whole body doses of ionizing gamma radiation (range= 6.5 to 8.4 Gy) 

5.6-9.7 years prior at ages ranging from ~3 to 10 years, and a cohort of non-irradiated 

controls. Transthoracic echocardiography was performed annually for 3 years on 20 

irradiated and 11 control animals. Myocardium was examined grossly and 

histologically, myocardial fibrosis/collagen was assessed microscopically and by 

morphometric analysis of Masson’s trichrome stained sections. Serum/plasma from 27 

irradiated and 13 control animals was evaluated for circulating biomarkers of cardiac 

damage (N-terminal pro B-type natriuretic protein [nt-proBNP] and troponin-I), 

inflammation (CRP, IL-6, MCP-1, sICAM) and microbial translocation (LPS-binding 

protein [LBP] and sCD14). A high prevalence of histological myocardial fibrosis was 

observed in hearts obtained from irradiated animals (9/14) relative to controls (0/3) (χ2, 

p=0.04). Echocardiographically determined left ventricular end diastolic (LVDd) and 

systolic (LVDs) diameters were significantly smaller in irradiated animals 

(RMANOVA, p<0.001 and p<0.008 respectively). Histomorphometric analysis of 

trichrome stained sections of heart demonstrated ~14.9±1.4 % (mean ± SEM) of 

myocardial area staining for collagen in irradiated monkeys compared to 9.1± 0.9 % in 
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control animals. Circulating levels of MCP-1 and LBP were significantly higher in 

irradiated animals (p<0.05). A high incidence of diabetes in the irradiated animals was 

associated with higher plasma triglyceride and lower HDLc but did not appear to be 

associated with cardiovascular phenotypes. These results demonstrate that single 

whole body doses of 6.5-8.4 Gy of radiation produced long-lasting effects including a 

high incidence of myocardial fibrosis, reduced left ventricular diameter, and elevated 

systemic inflammation.  Additional prospective studies are required to define the time 

course and mechanisms underlying radiation induced heart disease in this model. 
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Introduction: 
 

Radiation-induced heart disease (RIHD) is a serious side effect of radiotherapy 

and/or accidental radiation exposure, characterized by a heterogeneous group of acute 

and/or chronic physiologic or pathological abnormalities in the heart. Acute conditions 

include pericarditis, pericardial effusions and arrhythmias. Delayed abnormalities, 

appearing months to years later, include cardiomyopathy, coronary artery disease, 

valve defects, conduction abnormalities and myocardial fibrosis. The exact etiology of 

the acute tissue damage leading to the longer term risks is not fully understood and may 

result from direct and indirect effects. Potential contributors include endothelial injury 

and dysfunction, DNA damage and altered cardiac gene expression, acute and chronic 

oxidative stress, microvascular damage, inflammation, and others (1-6). Long term 

cardiovascular disease (CVD) incidence data collected from survivors of accidental, 

malicious, and radiotherapy exposures highlights the need for well controlled studies to 

improve our understanding of RIHD pathophysiology so that targeted treatment and 

prevention strategies can be successfully developed and implemented. 

The Life Span Study research program, which has followed Hiroshima and 

Nagasaki atomic bomb survivors for more than 50 years, has found an estimated 

excessive relative risk for heart disease of 14% per Gy of exposure. Excess risk was 

observed even at relatively low doses of radiation exposure (0.5Gy - 2Gy), suggesting 

the threshold for increased risk to the heart (7) is much lower than previously thought. 

More recently, a dose dependent increase RIHD has been observed in residents of 

contaminated areas following the Chernobyl accident (8), supporting previous findings 

of increased CVD nationwide in Belarus compared to the pre- Chernobyl era (9). 
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RIHD is also a late and relatively common serious side-effect of radiotherapies, 

and has received increasing attention since the discovery that the heart was at least 10 

times more radiosensitive than previously thought (10). RIHD is most prevalent among 

patients treated for breast, chest, and thoracic cancer, as well as Hodgkin’s disease 

patients that received radiotherapy as a part of their medical intervention (1, 5, 11). 

CVD following radiotherapy for Hodgkin’s disease is the third leading cause of death 

in Hodgkin’s patients (1), and the primary cause of non-cancer death among 5-year 

childhood cancer survivors (12). Epidemiological studies such as Surveillance 

Epidemiology and End Results (SEER) (13) and Early Breast Cancer Trialists 

Collaborative Group (EBCTG) (14) found that while adjuvant radiotherapy reduced the 

risk of death from cancer it failed to confer significant survival benefit due to increases 

in CVD related morbidity and mortality.  Currently the risk of dying from 

cardiovascular disease exceeds the risk of dying from initial or recurrent cancer for 

many cancer survivors (15-17). The relative risk (RR) values generally reported in 

Hodgkin’s disease survivors range from 2 to 5 for cardiovascular morbidity (18-20), 

with one study reporting a RR of 7.2 (21). A recent, population-based case-control 

study in women who received radiotherapy for breast cancer between 1958 and 2001 in 

Denmark and Sweden found that the rate of major coronary events increased by 7.4% 

per Gy of incidental exposure to the heart with no apparent threshold for increased risk 

(22). A meta-analysis of eight randomized trials involving breast cancer survivors 

found a 62% increase in cardiac death among patients who were treated with radiation 

therapy (23).  Hardenbergh et al. (24) reported that subclinical cardiac damage 

occurred in greater than 50% of breast cancer survivors who were treated with 
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radiation. 

Currently, there are no approved treatments or reliable biological markers for 

RIHD. Traditional markers of cardiac damage or dysfunction do not appear to be useful 

for the evaluation of radiation induced cardiac damage (25). Hence discovery and 

development of biomarkers useful in identifying patients likely to experience RIHD 

would provide the healthcare community with useful tools to target populations for 

monitoring and therapy. The exact mechanisms underlying radiation induced heart 

disease are still largely unclear (26); much of what is known has been derived from in 

vitro studies of tissue and cell responses and from in vivo studies in small animal 

models that do not fully approximate human physiology (19). Old world monkeys such 

as the rhesus macaque (Macaca mulatta) have close evolutionary ties to 

humans, making them an invaluable model to study physiologic and pathologic 

conditions (27, 28). The utility of the rhesus macaque in investigation of radiation 

countermeasures is well established (29-32). In an effort to understand the 

susceptibility of the macaque to cardiac pathologies similar to those experienced in the 

human population, and in a long term effort to identify pathways important in the 

initiation and progression of RIHD, we investigated the long term effects of whole 

body doses of ionizing radiation on cardiovascular structure, function and selected 

circulating biomarkers in adult rhesus macaques. 
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Materials and Methods: 
 

Animal Acquisition and Housing: The study was performed in a cohort of male rhesus 

nonhuman primates (NHP) that previously received single, whole-body doses of 

ionizing radiation (6.5 to 8.4 Gy) approximately 5.6-9.7 years prior, as well as a group 

of age-matched, non-irradiated controls. The animals were obtained from the Armed 

Forces Radiobiology Research Institute (AFRRI), the University of Maryland (UMD) 

and the University of Illinois at Chicago (UIC). Animals were screened by intradermal 

tuberculin testing to exclude tuberculosis, and by immunoassay to exclude simian 

retroviruses (Washington National Primate Research Center (WaNPRC), Seattle, WA). 

Upon arrival animals were aged based on dentition, weighed, examined by a 

veterinarian, and quarantined for 60 days per standard institutional protocol. All 

experimental procedures were conducted in compliance with the Wake Forest School 

of Medicine (WFSM) Institutional Animal Care and Use Committee requirements and 

followed the Guide for Care and Use of Laboratory Animals. 

 

Basic Clinical Care and Clinical Pathology Assessments: Monkeys were assessed 

daily for food consumption, defecation, urination, and evidence of discomfort or 

illness. Blood counts and chemistry panels were collected quarterly after quarantine. In 

the event of low absolute neutrophil counts (<250/ul), animals were given parenteral 

prophylactic antibiotic treatment, consisting of enrofloxacin (10 mg/kg) or ceftiofur 

sodium (30 mg/kg), until the white blood cell count returned to the normal range and 

any clinical illness, if present, resolved. Supportive fluid therapy, analgesics (e.g., 

ketoprofen), and symptomatic care were given as needed based on clinical pathology. 
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Signs of illness were monitored using the methods of Uckun and colleagues, as 

modified from the Children’s Cancer Group Clinical Toxicity Criteria (33).  We have 

used these procedures with success in previous primate trials of bone marrow-

suppressive agents (34, 35). In the event that an animal became moribund or reached 

Grade 4 toxicity by our criteria, they were humanely euthanized following the 

American Veterinary Medical Associations Guidelines on Euthanasia (36). 

Diet: Prior to arrival at WFSM (and during the time of irradiation), animals consumed 

a standard laboratory primate chow diet containing 18% protein, 13% fat and 69% 

carbohydrates, with a low cholesterol content of 0.023 mg/Cal (Monkey Diet 5038, 

LabDiet®,St. Louis, MO). After arrival at WFSM, animals were transitioned to a 

moderately atherogenic western-like diet developed by WFSM and Purina (Typical 

American Diet, TAD; Purina LabDiet as NHP Diet) which contained 18.4% protein, 

36.2% fat and 45.4% carbohydrates as percent of calories provided, and a cholesterol 

content of 0.18 mg/Cal. Animals that became diabetic (hemoglobin A1c (HgbA1c) > 

6.5%) during the study were transitioned back to standard laboratory chow in the 

interest of health preservation. 

 

Echocardiography:  Echocardiography was successfully performed annually on 20 

irradiated and 11 control animals using a SonoSite MicroMaxx® Ultrasound System 

(Sonosite Inc, Bothell, WA). Cardiac morphometric and functional phenotypes 

included left ventricular diameter at end diastole (LVDd), left ventricular diameter at 

end systole (LVDs), left ventricular wall fractional shortening percentage (LVDFS%) 

calculated as ((LVDd – LVDs)/LVDd) x 100), and ejection fraction percentage (EF%). 
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Body surface area (BSA, m2) was calculated according to BSA = BW2/3 x 0.0969, 

utilizing the animal’s body weight (kg) obtained at the time of echocardiography to 

allow normalization of cardiac dimensions to BSA (37). Electrocardiography was 

performed biannually and blood pressure parameters were measured 8-10 times 

annually. 

 

Lipids and Selected Circulating Biomarkers: Plasma lipids and selected biomarkers 

were measured longitudinally and/or cross-sectionally in irradiated and control 

animals. Timing of collections corresponded with the first annual echocardiographic 

evaluation in this study and had variable post-exposure intervals (~5 – 8 years, mean 

time since irradiation= 6 ± 0.14 years). Total plasma cholesterol (TPC), triglycerides 

(TG) and high density lipoprotein (HDL) levels were assessed in all subjects as 

previously described (38).  Serum/plasma from 27 irradiated and 13 control animals 

was evaluated for the selected biomarkers listed below. This set included all 20 

irradiated and 11 control animals in the echocardiographic evaluation, along with an 

additional 7 irradiated and 2 control animals that died before the final 

echocardiographic time point reported in this study. Biomarkers included circulating 

biomarkers of cardiac damage (N- terminal pro b-type natriuretic protein (nt-proBNP 

8-29) (ALPCO® Diagnostics, Salem, NH) and troponin-I (Kamiya Biomedical 

Company, Seattle, WA), inflammation (soluble intercellular adhesion molecule (s-

ICAM) (monkey sICAM-1 Platinum ELISA; eBioscience/Bender MedSystems, 

Vienna, Austria), C-reactive protein (CRP) (ALPCO® Diagnostics, Salem, NH), 

interleukin-6 (IL-6), and monocyte chemoattractant protein 1(MCP-1) (R&D 
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Systems™, Minneapolis, MN)), and microbial translocation (LPS-binding protein 

(LBP) (Hycult® biotech, Uden, Netherlands), and soluble cluster of differentiation 14 

(s-CD14) (R&D Systems™, Minneapolis, MN), via commercially available ELISA 

assays. 

 
Necropsy: Animals that died or were euthanized due to morbidity underwent a 

complete necropsy for collection and processing of all major systems. Major organs 

were removed, weighed, and tissues were preserved either by snap-freezing in liquid 

nitrogen, by fixation in 4% paraformaldehyde, or by freezing in OCT compound. Gross 

lesions were photographed at time of necropsy, and interpretation of pathologic 

findings was provided by a board-certified veterinary pathologist (JMC). 

Histopathologic Analysis of Cardiovascular and Pulmonary Tissues: Gross evaluation 

of the thoracic and abdominal aorta, iliac arteries, carotid arteries, coronary arteries, 

cerebral arteries, left ventricle (LV), right ventricle (RV), and interventricular septum 

(IVS) were performed. Masson’s trichrome was used to stain sections of LV, RV, and 

IVS for estimation of fibrosis. Stained sections were digitally imaged using a 

Hamamatsu NanoZoomer (Hamamatsu Photonics K. K., Japan). Histomorphometric 

analysis of these digitized slides was performed using ImagePro Premier® (Media 

Cybermetics Incorporated, Rockville, MD USA). Whole sections were evaluated using 

a computer assisted digitization defining representative colors of stained collagen 

(blues) to determine the collagen stain positive fraction. Briefly, the region of interest 

(ROI) was manually traced to determine the area in pixels2. The image was manually 

color thresholded to select pixels meeting ‘blue’ staining criteria which were then 

automatically counted to obtain the stained area of the section in pixels2. Collagen area 
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fraction was then determined using the following formula: % area collagen positive = 

(Blue area/ Total area) x 100. 

Statistics: The effect of radiation exposure on incidence rates was tested using a Chi-

square analysis. Physical, echocardiographic, and blood pressure phenotypes were 

analyzed via analysis of variance (ANOVA) or repeated measures ANOVA 

(RMANOVA). The effect of radiation exposure on these parameters at individual time 

points was evaluated post-hoc using the Bonferroni correction. Circulating markers and 

plasma lipids were analyzed using independent two-tailed t-tests. In the event two 

groups had unequal standard deviations (SDs), a Welch’s correction was used. Data are 

expressed as means ± standard error of the mean (SEM). The above statistical tests 

were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Pearson’s 

correlation coefficients were calculated to assess relationships between biomarkers and 

echocardiographic and blood pressure phenotypes across and within control and 

irradiated groups. All pairwise correlation analyses were performed using Statistica 

V12 (StatSoft Inc., Carlsbad, CA). A p<0.05 was considered significant. 
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Results: 

Cardiac Structural and Functional Phenotypes: Fourteen irradiated and 3 control 

animals were euthanized during the study and their tissues were available for analysis 

at the time of this report. Elapsed time between irradiation and death was 5.6 ± 0.59 

years (range 2.2 - 9.25). Figures 1A-B are photomicrographs of trichrome stained 

sections of the LV, illustrating loss of normal cardiomyocyte architecture and 

replacement with collagen and fat in the radiation exposed animal. Compared to the 

myocardium of control animals, irradiated myocardium often exhibited separation of 

cardiac myofibers by intervening fibrous connective tissue, loss of normal architecture, 

with deranged cellular orientation and enlargement of cardiac myocytes (Figure 1 C-F). 

Gross and qualitative microscopic histological analysis of the 17 hearts available from 

euthanized animals revealed a significantly higher incidence of myocardial fibrosis in 9 

out of 14 irradiated animals compared to none of the 3 control animals (p=0.04, Chi-

square) (Table 1).  Histomorphometric analysis of Trichrome stained sections of 

myocardium from these animals revealed a mean of 14.9% (± 1.35) percent collagen in 

irradiated compared to 9.1% (±0.86) in control animals (p=0.17, t-test). 

 

Echocardiographic Phenotypes: Selected outcomes for echocardiographic phenotypes 

are shown in Figure 2. Thirty-one monkeys were evaluated annually for 3 consecutive 

years using echocardiography. The estimated mean age at the final assessment for the 

11 control animals was 11.2 (± 0.3) years, compared to 11.8 (± 0.5) years for the 20 

irradiated animals.  At the final echocardiographic assessment monkeys had an average 

post-exposure interval of 8.6 ± 0.2 years and had been consuming the western diet for 

an average of 3.7 ± 0.1 years. Echocardiographic LVDd and LVDs were significantly 
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smaller in irradiated animals compared to controls (LVDd: p=0.001 and LVDs: 

p=0.008, RMANOVA, Figure 2A-B). Correction for body surface area (BSA) (39) did 

not significantly alter outcomes (LVDd: p=0.007 and LVDs: p=0.017, RMANOVA, 

data not shown). Irradiated animals tended to have greater LVDFS% (p=0.054, 

RMANOVA) (Figure 2C). Radiation had no effect on EF% (p=0.930, RMANOVA; 

data not shown). Irradiated animals tended to have higher mean annual heart rate 

(p=0.06, RMANOVA), but were not different from controls in systolic, diastolic, or 

mean arterial blood pressure (all p>0.35, Table 2). 

 

Biomarkers: Cardiac: Circulating troponin-I and nt-proBNP fragment (8-29) were 

below the detection limits of the ELISA assays, which were 0.156ng/mL for cardiac 

troponin-I and 171 pmol/L for nt-proBNP. Inflammation: Significantly higher levels 

of circulating MCP-1 were observed in animals previously exposed to radiation 

(p=0.016) (Figure 3A). Animals with prior radiation exposure showed a trend towards 

elevated levels of circulating CRP and IL-6 (p=0.12), and there was no effect of 

radiation on s-ICAM (Table 3). Microbial Translocation: Significantly higher levels 

of circulating LBP were observed in animals previously exposed to radiation 

(p=0.016) (Figure 3B). Prior radiation exposure had no effect on circulating levels of 

sCD14 at the time point evaluated in this study (Table 3). 

 

Relationships between biomarkers and other phenotypes: Circulating levels of MCP-1 

were positively correlated with circulating levels of LBP (r=0.37, p=0.018, n=40). 

MCP-1 and LBP were not correlated with cardiac functional phenotypes (all p> 0.05, 
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data not shown). 

 

Diabetes, Body Weight, and Plasma Lipids: Across the entire cohort of 59 subjects a 

high incidence of Type 2 diabetes mellitus (T2DM, defined as HgbA1c > 6.5%) was 

observed in the irradiated cohort (13 out of 46), compared to no subjects in the control 

animals (0 out of 13) (p=0.03, Chi-square). Diabetic subjects had significantly higher 

HbA1c values than controls (p=0.0001) and irradiated non-diabetic monkeys 

(p=0.0001), while controls were not different from irradiated non-diabetic monkeys 

(p=0.9) (Table 4). Body weight and plasma lipids were influenced by radiation and 

diabetes status. Irradiated non-diabetic animals had significantly lower body weights 

than Control animals and irradiated diabetic animals (all p<0.05). TBI subjects with 

diabetes exhibited higher TG than controls (p<0.005) or TBI non-diabetic monkeys 

(p=0.003), and had lower HDLc compared to control (p<0.03) and non-diabetic 

irradiated monkeys (p<0.002). Further details regarding the pathophysiology of T2DM 

in irradiated macaques are published elsewhere (Kavanagh et al., 2015) (40). 

 

 

Effects of Diabetes on Individual Phenotypes: Cardiac phenotypes (ventricular 

diameters, heart rate, and blood pressure) and non-lipid biomarkers did not differ 

between diabetic and non- diabetic irradiated animals (data not shown), and HgbA1c 

concentrations were not correlated with cardiac phenotypes (all p>0.05), but were 

associated with body weight in animals in the echocardiographic subset (all p<0.01). 
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Discussion: 
 

Our data indicate that male rhesus macaques receiving whole-body ionizing 

radiation (6.5 to 8.4 Gy) between 5.6-9.7 years prior exhibited 1) increased incidence 

of gross myocardial fibrosis at time of death (P<0.05), 2) smaller cardiac dimensions 

(p<0.01), 3) increased incidence of T2DM (p=0.03), and 4) higher levels of circulating 

MCP-1 and LBP than control animals. With the exception of a tendency for irradiated 

monkeys to exhibit higher heart rates, no significant differences were observed in 

standard clinical measures of cardiac health and function, such systolic or diastolic 

blood pressure, with the caveat that these were conducted while animals were under 

anesthesia. 

Gross histopathological evaluation of post-mortem myocardium revealed a 

significant increase in incidence of myocardial fibrosis at time of death in animals 

previously exposed to radiation. Image analysis of trichrome stained sections of 

myocardium suggested a tendency for increased collagen deposition in irradiated 

animals. These results suggest that total body gamma radiation exposure in the 6.5 Gy 

and above range predisposed subjects to the development of myocardial fibrosis as a 

late effect and expand upon results previously reported by Wondergem and colleagues 

in a similar model (39). 

Irradiated subjects exhibited significantly smaller left ventricular end diastolic 

and systolic diameters than controls before and after adjustment for BSA. Wondergem 

and colleagues (39) also observed smaller LVDd and LVDs in irradiated male and 

female rhesus macaques (p= 0.0002 and 0.038 respectively), although correction for 

BSA in their study reduced significance for LVDs (p=0.07). This modest difference 
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between studies may be in part due to Wondergem’ s inclusion of females and post-

radiation treatment with bone marrow transplants, which were not used in the present 

study (41-43).  Similar observations were recently made in a murine model of radiation 

exposure, where LVDs was significantly lower (p<0.05) and LVDd tended to be lower 

(p=0.06) (44). The smaller LV dimensions measurements are consistent with a 

restrictive cardiomyopathy due to fibrosis, although reduced relaxation or blunted 

growth of the heart post irradiation could play a role. 

Functional parameters suggest that systolic function (LV fractional shortening) 

was preserved in the irradiated cohort, as irradiated animals tended to have higher 

LVDFS% (p=0.06). In the murine model noted above, FS also tended to be increased 

(p=0.10) (44). The mechanisms underlying the tendency towards increased fractional 

shortening are unclear, but may represent a compensatory response to promote 

adequate cardiac output and blood flow. 

Previous work by our group in female cynomolgus monkeys demonstrated 

rapid dose dependent increases in circulating cytokines including MCP-1 soon after 

radiation exposure (42). MCP-1 is an important mediator of inflammation and 

monocyte recruitment. In humans, increased serum levels of MCP-1 are associated 

with several cardiovascular conditions including subclinical atherosclerosis, acute 

coronary syndromes, congestive heart failure, and peripheral arterial disease (45-48). 

In a previous study unrelated to radiation effects, we found that MCP-1 was 

significantly correlated with atherosclerosis in coronary, carotid, and iliac arteries of 

ovariectomized female cynomolgus macaques consuming an atherogenic western- like 

diet (49). The present finding that MCP-1 and LBP were elevated several years post 
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radiation exposure (5-8 years) is suggestive of a persistent pro-inflammatory state 

which may have a long lasting impact on many tissues, including the heart. Increased 

incidence of T2DM and higher circulating MCP-1 levels were also observed in a 

subset of the animals shown in the present manuscript, although these phenotypes did 

not appear to be correlated with one another or causally linked (40). 

Significant elevations in LBP, a marker of microbial translocation and mediator 

of the innate immune response to microbial infection, may be indicative of chronic 

LPS exposure (50) due to damage to the gastrointestinal system, which is particularly 

radiosensitive and can become transiently or permanently leaky as a result of radiation 

exposure (51). LBP is an acute phase protein which recognizes bacterial LPS and 

complexes with sCD14, initiating production of pro-inflammatory interleukins and 

cytokines via Toll like receptor (TLR) interactions (52, 53), and enhancing macrophage 

activation during acute injury processes (54). Recently, LBP has gained attention as a 

potential marker of coronary artery disease/atherosclerosis (55, 56) and cardiovascular 

related mortality (57). 

Circulating troponin-I and nt-proBNP data presented here were obtained using 

standard ELISA assays which lack sensitivity to detect low, subclinical levels of these 

biomarkers.  Previous studies of these markers in human patients undergoing 

radiotherapy have produced mixed results. In a study of 30 patients undergoing 

thoracic radiation therapy with chemotherapy, no significant elevations in troponin, nt-

proBNP or creatine kinase-myocardial band (CK-MB) were observed following 

radiotherapy (58). However, recent studies suggest  BNP may be useful as an acute 

marker of early radiotherapy related cardiovascular impairment in left sided breast 
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cancer patients (59), and in patients receiving thoracic radiation therapy with high dose 

heart exposure (59, 60). Nevertheless, the majority of patients receiving greater than 20 

Gy to the heart during thoracic radiation treatment did not exhibit increased levels of 

troponin I (60).  The follow-up times in the above studies were shorter than those in the 

present study. 

Inflammation and diabetes are well-established factors in the development and 

progression of cardiovascular diseases (61). While the incidence of T2DM and the 

levels of inflammatory MCP-1 and LBP were increased in the irradiated cohort, we did 

not find evidence that either T2DM or these inflammation associated markers were 

specifically associated with the cardiac structural or functional parameters in the study 

(data not shown). Ongoing evaluations of molecular and cellular phenotypes in the 

heart and coronary arteries of these and other subjects should provide insights into the 

determinants of atherosclerosis and cardiac damage. 

Due to the opportunistic nature of this study, certain limitations were inherent 

and unavoidable. The irradiated animals in this report were survivors of potentially 

lethal doses of total body irradiation, and perhaps possessed unique protective 

genotypes and/or phenotypes not representative of all rhesus macaques. The 

proinflammatory effects of total body irradiation observed here may differ from that of 

localized therapy, as it represents a much broader exposure of multiple tissue types 

including the heart. Elevated circulating biomarkers may originate from numerous 

tissues within the animal, and information is lacking as to the specific tissue origin of 

the elevated MCP-1, although LBP is presumed to be derived from the liver. 

Nevertheless, off target effects of region-specific radiation treatment, either through 
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scatter, proinflammatory and/or oxidative factors generated locally and distributed 

through the circulation is known to occur. The experimental design for this group of 

animals is not prospective in the sense that we have no baseline data or samples 

available prior to the time of radiation exposure, similar to situations involving 

survivors of a radiation accident.  Additionally, our cohort of animals was consuming 

standard low fat chow diet at the time of irradiation, and was not transitioned to a 

western diet until after arriving at our institution. The western diet was utilized to better 

represent physiologic conditions present in a large proportion of Western society. 

Unfortunately this design does not allow for an assessment of the effects of diet on 

radiosensitivity. Lastly, while the western diet may have contributed to the 

development of diabetes in the irradiated animals, it is not possible to fully explore the 

interactions between diet, diabetes, and cardiac or other phenotypes since animals are 

generally placed on chow once diabetes becomes evident. 

In summary, single doses of 6.5-8.4 Gy total body irradiation produced long-

lasting myocardial injury, altered heart structure and function, and elevated of levels of 

MCP-1 and LBP consistent with a proinflammatory state. Additional studies in the 

NHP model are required to more fully understand the sequence of events following 

radiation exposure which can promote RIHD in order to identify useful biomarkers and 

develop strategies for mitigating the process. 
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Tables and Figures: 

Figure 1 Effects of Prior Irradiation on Indices of Cardiac Fibrosis: Panels A-B: 

Trichrome stained sections of myocardium from left ventricle of a control animal 

(Panel A), from the left ventricle of an animal exposed to 6.5 Gy 2.5 years prior (Panel 

B). [Scale bars 5 mm]. Panels C-F: Longitudinal and cross sectional hematoxylin and 

eosin stained myocardium.  Panels C and D: control myocardium. Panels E and F: 

Irradiated myocardium exhibiting marked separation of cardiac myofibers by 

intervening fibrous connective tissue, loss of normal architecture, cellular orientation 

and enlargement of cardiac myocytes. Photomicrographs taken at 40x.  Scale bar all 

four panels 50 µm. 
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Figure 2 Effects of Prior Irradiation Exposure on Cardiac Function via 

Echocardiographic Assessments: Panels A and B: Echo Left ventricular diastolic and 

systolic diameters were significantly smaller in irradiated animals (RMANOVA, 

p<0.001 and p<0.008). Panel C: Fractional Shortening % tended to be greater in 

irradiated animals (RMANOVA, p=0.054). Data are mean ± SEM. Control (n=11) 

Irradiated (n=20) across all years. Unlike letters denote significance between control 

and irradiated animals within time points with p-values < 0.05. 
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Figure 3 Effects of Prior Irradiation Exposure on Circulating MCP-1 and LBP: 

Panels A and B: MCP-1 (A) and LBP (B) were significantly higher in irradiated 

animals (t-test, p<0.016). Data are mean ± SEM. Unlike letters denote significance 

between control and irradiated animals with p-values < 0.05. 
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Table 1: Frequency Distribution of Cardiac Fibrosis in Irradiated and 
Nonirradiated Rhesus Macaques 

 
a  P < 0.05 indicated in bold face. 

  

 No Fibrosis Fibrosis Total 

Control 3 0 3 

Irradiated 5 9 14 

Total 8 9 17 

Odds Ratio - - 12 

p-value - - 0.04a 
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Table 2. Effects of Prior Irradiation on Heart Rate and Blood Pressure in the 

Echocardiographic Subset of Animals 

 

 Con 
T1 

TB
I 

 

Con 
T2 

TB
I 

 

Con 
T3 

TB
I 

 

Time 
p= 

TBI 
p= 

Time x TBI 
p= 

N 11 21 11 21 11 21    
HR (BPM) 138 151 128 137 125 132 0.0001a

 0.06 0.31 
SEM 4.4 3.1 4.6 2.8 4.4 2.8    

SBP (mm Hg) 128 127 126 123 126 127 0.067 0.83 0.27 
SEM 2.9 2.8 2.9 2.6 2.9 3.1    

DBP (mm Hg) 68.1 73.3 67.4 69.9 70.8 72.4 0.10 0.36 0.42 
SEM 1.8 2.3 3.3 2.0 2.4 2.5    

MAP (mm Hg) 91.6 94.4 88.6 90.8 91.6 92.3 0.06 0.57 0.73 
SEM 2.3 2.4 3.2 2.1 1.9 2.5    

 

Con=Control non-irradiated, TBI= total body irradiation, T1, T2, T3= time points 1, 2, 

3 corresponding to years 1, 2, 3. HR= Heart rate, SBP= systolic blood pressure, 

DBP=diastolic blood pressure, MBP= mean blood pressure. Data were evaluated by 

repeated measures ANOVA. SEM= standard error of the mean. 

a  p < 0.05 indicated in bold face. 
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Table 3: Effects of Prior Radiation Exposure and Circulating Levels of hsCRP, IL-

6, sCD-14, and sICAM-1 

   
Control 

N=13 
TBI 

N=27 p-value 

hsCRP (ng/ml) 
     SEM 

986.4 
227.0 

1507 
198.0 0.12 

IL-6 (pg/ml) 
     SEM 

1.95 
0.46 

4.25 
0.96 0.12 

sCD-14 (ng/ml) 
     SEM 

1150 
77.0 

1286 
71.4 0.25 

sICAM (U/ml) 
     SEM 

24.40 
3.0 

30.56 
6.7 0.53 

± Standard error of the mean  (SEM). Control (n=13) Irradiated (n=27). 
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Table 4: Effects of Prior Irradiation and Diabetes on Plasma Lipids in the 

Echocardiographic Subset of Animals (Time point 2 only) 

 

 Co
n 
T2 

TBI 
No 
DM 
T2 

TBI+D
M 
T2 

ANOVA 
p-value 

Con vs 
TBI No 

DM 
p-value 

Con vs 
TBI+D

M 
p-value 

TBI No DM 
vs TBI+DM 

p-value 

N 11 13 8 
HbA1c (%) 4.5 4.7 9.6 0.0001* 0.9 0.0001* 0.0001* 

SEM 0.1 0.1 0.6     
BW (kg) 12.9 8.8. 14.2 0.0001a

 0.0004a
 0.45 0.0001a

 

SEM 1.0 0.4 0.7     
TPC (mg/dl) 164 187 213 0.19 0.57 0.16 0.57 

SEM 18 9 30     
TG (mg/dl) 88.9 76.5 484 0.002a

 0.99 0.005a
 0.003a

 

SEM 9.1 3.5 179     
HDL (mg/dl) 71.6 80.6 47.8 0.003a

 0.49 0.03a
 0.002a

 

SEM 7.6 4.1 5.9     
 

Con=Control non-irradiated, TBI= total body irradiation, DM= diabetes mellitus. All 

lipid measures were made at a single time point. All lipids evaluated using an 

unpaired two tailed t- test and ANOVA to evaluate the effect of T2DM on lipid 

measurements. Between group ANOVA p-values Post-hoc analyses corrected for 

multiple comparisons via Tukey’s HSD. SEM= standard error of the mean. 

Significance (a  p < 0.05)   
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CHAPTER 4 

 

Evaluation of a Superoxide Dismutase Mimetic as a Potential Mitigator of Acute and 

Delayed Responses of the Lung and Heart to Thoracic X-ray Irradiation 

 

The following individuals have contributed to the work presented in this chapter:      

Ryne J. DeBo, Kris T. Michalson, Gregory O. Dugan, Cynthia J. Lees, David B. 

Hanbury, David L. Caudell, Rachel N. Andrews, Zeljko Vujaskovic, Ines Batinic-

Haberle, J. Daniel Bourland, Nancy Kock, Priyanka Thakur, J. Mark Clinea, Thomas C. 

Register 
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Abstract: 

Radiation induced heart disease (RIHD) and radiation induced lung injury (RILI), are 

common conditions associated with lung, breast, lymphoma and thymoma cancer 

treatment, causing substantial morbidity and mortality. The present pilot study evaluated 

the potential for post-radiation exposure treatment with a superoxide dismutase (SOD) 

mimetic (MnTnHex-2-Pyp5+, Hexyl) to mitigate RILI in a nonhuman primate model, 

and to assess potential effects on the cardiovascular system.  Subjects were 18 male 

rhesus macaques receiving a 10 Gy dose of gamma radiation to the thorax, followed by 

treatment with either saline (control, n = 9) or Hexyl (0.125 mg/kg, in saline, n = 9) 

initiated 24 hours post-exposure. Monkeys were routinely monitored for signs of 

respiratory distress and changes in pulmonary health which were criteria for early 

euthanasia. Cardiovascular function was also monitored.  Pulmonary and cardiovascular 

tissues were examined histologically and collagen content was quantified.  Myocardial 

transcript expression profiles were determined by microarray analysis. While there was 

some indication that Hexyl treated monkeys were afforded modest transient protection 

against mortality, Hexyl did not significantly improve overall survival or physiological 

indices of pulmonary and cardiovascular health. Myocardial collagen content was similar 

between Hexyl and control monkeys in the LV and IVS (p > 0.4), thought Hexyl treated 

animals had greater proportional collagen present in their right ventricles (26%, +/- 2) 

compared to saline-treated controls (17%, +/- 1.9) (p = 0.006, t-test).  Transcriptional 

profiles of myocardium suggested there were effects related to Hexyl treatment as well as 

to the duration of survival post radiation. 53 genes were differentially expressed between 

Hexyl and controls (FDR < 0.05).  Myocardial expression of matrix genes (collagen type 

1 alpha 1, collagen type 1 alpha 2, collagen type IV alpha 1) was 1.6-fold higher in 
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animals dying prior to day 100 post irradiation compared to those surviving beyond 100 

days, irrespective of treatment group. BNP was more than 2-fold-up-regulated in hexyl 

treated animals dying prior to day 100 post-radiation exposure (ANOVA, p < 0.05) 

compared to treated animals surviving more than 100 days, as well as untreated animals 

dying before and after 100 days post-irradiation. These results indicate that Hexyl 

treatment did not improve overall survival, physiological outcomes, or reduce collagen 

burden in lungs or heart.  While there appears to be an effect of Hexyl at the molecular 

level in cardiac tissue, alternative dosing regimens or approaches may be needed to 

increase the efficacy of Hexyl in preserving lung and heart health post radiation exposure.   
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Introduction:  

Radiation-induced heart disease and radiation-induced pulmonary injury cause 

substantial morbidity and mortality. Thoracic single-dose exposures (> 9 Gy) in human 

patients may induce an inflammatory response (radiation pneumonitis) approximately 2-3 

months after exposure, and a more chronic, irreversible syndrome of pulmonary 

interstitial fibrosis occurring months to years after exposure (1). Among patients 

receiving fractionated radiotherapy for malignancies of the thorax, pulmonary injury is a 

relatively common normal tissue complication, and its likelihood of occurrence is 

increased by irradiation of the anterior/superior thorax in a dose dependent manner (2, 3).  

This is problematic for the treatment and control of thoracic tumors, as dose escalation 

would lead to improved outcomes (4). As mortality due to the hematopoietic syndrome 

has diminished due to bone marrow transplant therapy, cardiovascular and pulmonary 

injuries have become increasingly relevant. Co-irradiation of the heart increases the risk 

and severity of radiation-induced lung toxicity (RILT), and vice versa (4). Currently, the 

only treatment for radiation pneumonitis is high-dose corticosteroids for 2-4 weeks, 

which facilitates recovery from pneumonitis (5). However, a large proportion of patients 

receiving thoracic radiotherapy develop fibrosis.  Patients with symptomatic pulmonary 

fibrosis suffer from a chronic and debilitating decrease in pulmonary function.  

Unfortunately, there is no prophylactic or reversing agent for radiation fibrosis in either 

organ (5). 

The superoxide dismutase (SOD) mimetic manganese (III) tetrakis (N-

hexylpyridinium-2-yl) porphyrin, also referred to as MnTnHex-2-PyP5+ (“Hexyl”, 

herein), has been shown to significantly reduce RILI in rats when given at 0.05 mg/kg 2 
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hours post-irradiation (6). The primary aim of the study was to evaluate Hexyl’s 

effectiveness in mitigating RILI in a nonhuman primate model of RILI.  

Radiation induced heart disease (RIHD) is also a significant comorbidity 

associated with radiation exposure (7-12).  We recently reported RIHD and cardiac 

fibrosis as a delayed effect of total body irradiation in male rhesus macaques (13).   Since 

co-irradiation of the heart exacerbates RILI, we also evaluated the effects of Hexyl on the 

cardiovascular system (4).  

Nonhuman primates (NHPs) are a critical element of late-stage translational 

application of promising interventions, allow similar radiation dosimetry to humans (14), 

and provide the closest species satisfying the Food and Drug Administration’s Animal 

Rule for approval of novel agents which cannot be tested in human subjects. The 

respiratory and cardiovascular systems of NHPs are more anatomically similar to that of 

humans than rodents, and their examination is a necessary next step following the 

positive results in rodents. Rhesus macaques (Macaca mulatta) are evolutionarily close to 

humans, a well-established model for the investigation of radiation countermeasures, and 

an invaluable model for characterization of pathophysiological outcomes and evaluation 

of radiation mitigator efficacy (13, 15-23) . 
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Methods:  

Preliminary NHP Hexyl Studies: 

In the first NHP Hexyl study sixteen adult male rhesus macaques were randomized to 

receive sham irradiation (control), sham irradiation with Hexyl at 0.05 mg/kg, 10 Gy 

whole thorax irradiation (WTI), or 10 Gy WTI with Hexyl.  Animals were irradiated with 

anterior and posterior beams including the entire lung field and associated structures 

(heart, mediastinal organs and liver) using 6 MV x-rays via a split dose to the midline at a 

dose rate of 200 cGy/min.  Hexyl was administered after irradiation, subcutaneously, 

daily for the first 2 months following irradiation.  Animals reaching a respiratory rate of 

80 breaths per minute were treated with corticosteroids (prednisone, 1mg/kg/day, 

tapered).  Animals with an elevated neutrophil count were treated with broad spectrum 

antibiotics.  All animals survived to the preplanned termination point 5 months after 

irradiation for pathological assessment of lung damage. This first study developed an 

NHP model RIPI that followed the clinical and pathological pattern of disease 

progression seen in humans.  Additionally, Hexyl treatment reduced intrapulmonary 

inflammation, edema, and type II pneumocyte hyperplasia.  However, Hexyl did not 

appear to reduce fibrosis burden in the lung in this first NHP Hexyl study.   

Since Hexyl did not appear to reduce fibrosis burden when given at a dose of 0.05 

mg/kg, our group went on to do a maximum tolerated dose study in male rhesus 

macaques.  This was done in an effort to find a dose that might be able to achieve similar 

mitigation of injury in primates as had been observed in rodent models.  A dose of 0.125 

mg/kg twice daily was found to be well tolerated when administered for 4 months and 

used for the subsequent study described here.  Higher doses of Hexyl were found to be 

toxic to several organs including brain, skin and liver. 
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Current Study Design: 

Eighteen male rhesus macaques (ages ~ 4- 11 years old) obtained from Primate Products 

(Miami, FL) were exposed to 10 Gy of 6 MV x-radiation limited to the thorax to induce 

RILI. Prior to irradiation, baseline computed tomography (CT) scans as well as clinical 

and hematologic assessments were performed. All animals in this study were irradiated 

using a 6MV linear accelerator, with the field shaped to include the lungs while 

minimizing abdominal exposure as is detailed below. Based on previous studies nearly all 

animals were expected to develop transient pneumonitis approximately 4-8 weeks after 

irradiation, with elevated white blood cell counts and respiratory rates. Nine monkeys 

were treated with Hexyl in saline vehicle, and nine others were sham-treated with saline 

(Figure 1).  Treatment was initiated twenty-four hours after irradiation, consisting of 

subcutaneous injections of 0.125 mg/kg Hexyl or saline vehicled, twice daily for the 

duration of the study.   All animals were monitored daily and complete blood counts were 

performed weekly. The primary experimental endpoint was an anesthetized respiratory 

rate of 100 breaths per minute (bpm); the ability of Hexyl to delay the progression of this 

impairment served as an experimental outcome.  All experimental procedures were 

conducted in compliance with the Wake Forest School of Medicine (WFSM) Institutional 

Animal Care and Use Committee and followed the Guide for Care and Use of Laboratory 

Animals. 

Diet: 

Monkeys initially consumed a standard laboratory primate diet containing 18% protein, 

13% fat and 69% carbohydrates, with a low cholesterol content of 0.023 mg/cal (Monkey 

Diet 5038; LabDiet®, St. Louis, MO).  Six months prior to irradiation animals were 
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transitioned to a moderately atherogenic Western diet developed by WFSM and Purina® 

(Typical American Diet, TAD; Purina LabDiet as NHP Diet) which contained 18.4% 

protein, 36.2% fat and 45.4% carbohydrates as percentage of calories provided, and a 

cholesterol content of 0.18 mg/cal. 

Irradiation: 

Animals were sedated with ketamine (5mg/kg) and transported from housing to the 

irradiation chamber.  Here, animals were anesthetized using dexmeditomidine (0.009 

mg/kg IM) and reversed with atipamezole (0.0375 – 0.075 mg/kg IM) as needed 

following irradiation.  Each anesthetized animal was placed in the irradiation position, 

lightly restrained with arms up over the head.  The central axis of the anterior beam was 

placed at the xyphoid, and then imaged to confirm position with an electronic portal 

imager (digital x-ray image detector), using the same beam and beam geometry to be 

used for irradiation.  X-rays (6 MV) were delivered via a clinical linear accelerator to the 

posterior-anterior (PA) and anterior-posterior (AP) thoracic mid-planes. A nominal dose 

rate of 4Gy/min was used. In this fashion both the PA and then AP fields were delivered, 

5Gy each, within about 1 minute of each other, for a total of 10Gy to the mid-plane. Each 

imaging procedure used to confirm appropriate animal positioning delivered slightly less 

than 0.02Gy; with an average of 4 images per animal the total mid-plane dose to each 

animal was approximately 10.08Gy.  

Hexyl preparation and administration: 

Hexyl doses for subcutaneous injection were prepared twice daily under sterile 

conditions.  Briefly, for experimental animals, the volume of Hexyl compound necessary 

was calculated according to Hexyl dose in ml= (desired drug dose*BW)/stock 
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concentration of drug) utilizing our desired dose of 0.125 mg/kg body weight and stock 

concentration of drug.  Hexyl was then mixed with sterile Dulbecco’s phosphorus-

buffered saline (PBS) to bring total the volume for administration to 1ml.  Non-Hexyl 

controls received 1ml PBS.  All doses were administered subcutaneously to the animal’s 

right or left flank in an alternating fashion. 

Basic Clinical Care and Clinical Pathology Assessments: 

Monkeys were assessed daily for food consumption, defecation, urination, and evidence 

of discomfort or illness.   Supportive fluid therapy and analgesics (i.e., ketoprofen (3 – 5 

mg/kg IM) or buprenorphine (0.01 mg/kg IM)) were given as needed based on clinical 

pathology.  No antibiotics or steroids were administered during this study. Animals were 

monitored for fever, coughing, wheezing, open mouth breathing, poor response to 

sedation, lethargy, cyanosis and weight loss.  Pulmonary health was primarily monitored 

via anesthetized respiratory rate, which was obtained at days 2, 5 and 8 post irradiation 

and weekly thereafter, unsedated respiratory rate twice daily; oxygen saturation (pulse 

oximetry), WBC count, and evidence of pneumonitis and fibrosis on CT scans were 

assessed.  Animals reaching a cutoff respiratory rate of (100 breaths per minute, n=9) 

were humanely euthanized.  Animals demonstrating exercise intolerance/decreased 

activity, cyanosis, dyspnea, progressive weight loss (>25% of appropriate condition in 

the face of treatment), pain that was unresponsive to stepwise analgesic treatment and/or 

inflammation/infection/other diseases that were unresponsive to treatment were humanely 

euthanized based upon consultation with clinical veterinarians. 
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Cardiac Ultrasound:   

Echocardiography was performed using a SonoSite MicroMaxx® Ultrasound System 

(Sonosite Inc, Bothell, WA) approximately 1.5 months prior to radiation exposure and at 

2 months, 4.25 months and 8 months post radiation exposure.   Cardiac morphometric 

and functional phenotypes included left ventricular diameter at end diastole (LVDd), left 

ventricular diameter at end systole (LVDs), interventricular septum diameter at diastole 

(IVSd), interventricular septum diameter at systole (IVSs), left ventricular posterior wall 

thickness at diastole (LVPwd), left ventricular posterior wall thickness at systole 

(LVPws), left ventricular wall fractional shortening percentage (LVDFS%) calculated as 

((LVDd – LVDs)/LVDd) x 100, and ejection fraction percentage (EF%).   Heart rates 

were recorded at the time of echocardiographic assessment. 

Computed tomography: 

Animals were sedated with ketamine (5-15mg/kg IM), were intubated and anesthetized 

using isoflurane gas (3-5% inspired air for induction, 1-2% for maintenance) for the 

duration of the procedure. CT scans were performed using a Toshiba 32-slice Aquilion 

CT scanner (Toshiba America Medical Systems, Tustin, CA) with 0.5mm slice 

collimation and settings at 100 kVp and 300 mAs.  The images were reconstructed with 

TeraRecon Aquarius Intuition software (TeraRecon, Foster City, CA). Animals were 

scanned prior to irradiation as well as 2, 4, 6 and 8 months post radiation exposure and 

analyzed for evidence of pneumonitis and pulmonary fibrosis. 

Necropsy: 

Animals that died or were euthanized due to morbidity underwent a complete necropsy 

for collection and processing of all major systems. Major organs were removed, weighed, 
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and tissues were preserved either by snap-freezing in liquid nitrogen, or by fixation in 4% 

paraformaldehyde or by freezing in OCT compound. Gross lesions were photographed at 

time of necropsy, and interpretation of pathologic findings was made by a board-certified 

veterinary pathologist.  

Histopathologic Analysis of Cardiovascular and Pulmonary Tissues:   

Gross evaluation of the thoracic and abdominal aorta, iliac arteries, carotid arteries, 

coronary arteries, cerebral arteries, left ventricle (LV), right ventricle (RV), and 

interventricular septum (IVS) were performed.  Masson’s trichrome was used to stain 

sections of lung (left and right cranial, mid and caudal lung lobes) as well as heart (left 

ventricle (LV), right ventricle (RV), and interventricular septum (IVS)) for estimation of 

fibrosis. Stained sections were digitally imaged using a Hamamatsu NanoZoomer 

(Hamamatsu Photonics K. K., Japan).   Histomorphometric analysis of these digitized 

slides was performed using ImagePro Premier® (Media Cybermetics Incorporated, 

Rockville, MD USA).  Whole sections were evaluated using a computer assisted 

digitization defining representative colors of stained collagen (blues) to determine the 

collagen stain positive fraction.  Briefly, the region of interest (ROI) was manually traced 

to determine the area in pixels2.  The image was manually color-thresholded to select 

pixels meeting ‘blue’ staining criteria which were then automatically counted to obtain 

the stained area of the section in pixels2, collagen area fraction was expressed as a % of 

ROI selected. 

Transcriptional Profiling of Left Ventricular Myocardium: 

RNA was isolated from frozen sections of left ventricle free wall (10-30 mg) using 

AllPrep DNA/RNA/miRNA kits (Qiagen, Valencia, CA) according to a modified 
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manufacturer protocol using 1% β-mercaptoethanol (β-ME).  After extraction, the total 

RNA concentration was determined via NanoDrop 2000 (Thermo Scientific, Waltham, 

MA).   RNA quality was assessed using a RNA 6000 Nanokit for the 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA). A cutoff RIN of 7.0 or greater was considered 

to be sufficient for evaluation of global gene expression using HT-12 v04 Expression 

BeadChip microarrays (Illumina, San Diego, CA). Gene expression output was processed 

using GenomeStudio (Illumina) and Genesifter software (PerkinElmer, Waltham, MA) 

was used to identify genes differentially affected by treatment (t-test, FDR < 0.05) as well 

as genes differentially affected by survival duration post radiation exposure (early [<100 

days] vs. late [>100 days] and treatment (saline vs. hexyl) (ANOVA, Benjamini–

Hochberg FDR < 0.1).  For both analyses a fold change of greater than 1.2 was required. 

Hierarchical clustering was performed utilizing the gene transcriptional profile lists 

meeting the above stated criterion.   

Statistics: 

Descriptive statistics were generated for the basic clinical outcomes used to assess animal 

well-being across the duration of the study. Survival was analyzed via log-rank (Mantel-

Cox) test.  Effects of Hexyl on echocardiographic phenotypes and blood pressure 

phenotypes were analyzed via ANOVA with and without baselines being covaried.  

ANCOVA analysis was limited to baseline and 2 months due to decreasing n at later time 

points.  If ANOVA p was less than 0.05 these parameters were assessed at individual 

time points via Bonferroni correction.  The effect of Hexyl on collagen content in lung 

and heart sections was assessed via a student’s t-test.  End of study morphometric 

parameters were analyzed via a student’s t-test.  Data are expressed as means +/- standard 
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error of the mean (SEM).  The above statistical tests were performed using GraphPad 

Prism 7 (GraphPad Software, La Jolla, CA).  To assess the relationship between age at 

irradiation and survival, correlation coefficients were calculated using Microsoft Excel 

2010 (Microsoft Corporation, Redmond, WA). A p < 0.05 was considered significant for 

all outcomes except for survival duration and treatment myocardial gene expression 

subset analysis, wherein, due to the small n, a p < 0.10 was considered significant. 
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Results: 

Mortality: 

While there was some evidence that Hexyl treated subjects may have had 

increased survival early in treatment, Hexyl did not improve overall survival (p = 0.78, 

log-rank (Mantel-Cox) test) (Figure 2A).  At 8 months post irradiation, 3/9 (33%) 

animals treated with Hexyl were alive compared to 5/9 (55%) animals treated with saline 

only (control).  Independent of treatment, figure 2B suggests that longer survival was 

positively associated with age at time of irradiation (r2 = 0.30, p = 0.02, n=18).  There 

was no effect of Hexyl on body weight at death (p = 0.70, t-test).   

Pulmonary and Cardiac Functional and Structural Phenotypes: 

 Hexyl did not improve pulmonary function as measured by respiratory rate (RR), 

pulse oximetry (SpO2) (Figures 3A and B), or CT measures of pneumonitis or lung 

lesion incidence (Table 1).  Two control animals with significant lung injury recovered 

(defined as normalization of CT scans).  Selected outcomes for echocardiographic 

phenotypes are shown in Figure 4.  All 18 animals enrolled in the study had successful 

echocardiographic evaluations at baseline (saline-only, n = 9; Hexyl, n=9).  Each 

subsequent echocardiographic evaluation had fewer animals that could be evaluated, 

largely due to animals reaching humane endpoints.  Number of animals evaluated at each 

time point by treatment group can be found in Table 2. Echocardiographic parameters 

and blood pressure measures did not differ between saline and Hexyl treated animals 

regardless of whether baseline measures were co-varied (all p > 0.05).   Hexyl treated 
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animals had elevated heart rates (p = 0.01, ANOVA; Fig. 4A); however this effect 

disappeared when co-varying for baseline measures (p = 0.47, ANCOVA; Fig. 4B). 

 Hexyl had no effect on lung or heart weights at time of death (all p > 0.60). 

Histomorphometric analysis of trichrome stained sections of lung revealed a mean of 

22.80% (+/- 1.60) collagen in Hexyl treated animals compared to 19.50% (+/- 1.26) in 

saline-treated animals.  Hexyl treatment had no significant effect on collagen burden on 

Cranial, Middle and Caudal lung lobes (p > 0.10) (Table 3).  There was no difference in 

collagen burden between left and right lung lobes for either group (p > 0.20, t-test). 

Myocardium collagen staining in Hexyl treated animals was estimated at (23.10%, +/- 

1.20%) compared to (19.00%, +/- 1.90%) (p = 0.08, t-test).  Hexyl treatment significantly 

increased the percent collagen present in the RV (26%, +/- 2) compared to saline-treated 

control animals (17.00%, +/- 1.90%) (p = 0.007, t-test) (Figure 5A).  Hexyl did not alter 

the proportion of collagen present in the LV (p > 0.60) (Figure 5B) or IVS (p > 0.40) 

(Figure 5C).  

 Figure 5D illustrates the average percent collagen present in the myocardium vs. 

time survived post radiation exposure. Two patterns emerge here:  first, animals dying 

earlier—regardless of treatment group—tended to have a higher percent collagen present 

in their myocardium at time of death,  second, Hexyl treated animals dying after day 86 

all had higher average percent collagen present than saline-only treated animals dying 

after day 86 (Figure 5D). 

 

   

101 
 



Myocardial Gene Expression: 

 There was a significant effect of Hexyl treatment on left ventricle gene expression 

(FDR, p < 0.05) showing differential expression of 53 genes relative to controls (Fig. 

6A). Approximately 2/3 (36/53) of the genes identified were reduced in expression levels 

in the Hexyl group and were largely associated with cell growth and metabolism.    

Unbiased hierarchical clustering of the gene expression data by individuals suggested 

there were two major influences on expression pattern; Hexyl and time survived.  This 

led us to an approach which allowed us to identify genes that were differentially 

expressed by duration survived and treatment group.  Figure 7A shows 84 genes that 

were differentially expressed between animals dying “early” (prior to day 100 post-

irradiation) or “late” (101+ days post-irradiation), and animals in Hexyl vs. saline-only 

groups (p < 0.10, ANOVA).  Of the 84 differentially expressed genes identified in Figure 

7A, greater than 90% of them were more highly expressed in animals dying early. 

In animals dying early, expression of collagen type 1 alpha 1, collagen type 1 

alpha 2 and collagen type IV alpha 1 tended to be elevated (all p < 0.10, ANOVA; Fig. 

8A-C). The following data are summarized in Table 4.  Collagen type 1 alpha 1 was 2-

fold up- regulated in saline-early animals compared to saline-late animals and 1.82-fold 

up-regulated compared to Hexyl-late animals.  In Hexyl-early animals, collagen type 1 

alpha 1 was 1.6-fold up-regulated compared to Hexyl-late animals and 1.76-fold up-

regulated compared to saline-late animals.  Collagen type 1 alpha 2 was 2.11-fold up-

regulated in saline-early animals compared to saline-late animals and 1.91-fold up-

regulated compared to Hexyl late animals.  In Hexyl-early animals, collagen type 1 alpha 

2 was 1.71-fold up-regulated compared to Hexyl-late animals and 1.89-fold up-regulated 
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compared saline-late animals.  Collagen type IV alpha 1 was 1.77-fold up-regulated in 

saline-early animals compared to saline-late animals and 2.62-fold up-regulated 

compared to Hexyl-late animals.  In Hexyl-early animals, collagen type IV alpha 1 was 

2.46-fold up-regulated compared to Hexyl-late animals and 1.66-fold up-regulated 

compared to saline-late animals. 

Troponin-T and pro b-type natriuretic protein precursor (the gene encoding for the 

secreted BNP protein), when elevated in blood, are traditionally associated with adverse 

cardiovascular events. Each of these markers were elevated; troponin-t was up-regulated 

in saline-late animals, and BNP was up-regulated in Hexyl-early animals (Troponin-T: p 

< 0.10 and BNP p <0.05, ANOVA; Fig 9A and B).  The following data are summarized 

in Table 5. Troponin-T was 3.34-fold up-regulated in saline late animals compared saline 

early animals, 2.14-fold up-regulated compared to Hexyl early animals and 2.58-fold up-

regulated compared to Hexyl early animals.  BNP was 3.51-fold up-regulated in Hexyl 

early animals compared to saline early animals, 2.07-fold up-regulated compared saline 

late animals and 2.41-fold up-regulated compared to Hexyl late animals. 
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Discussion: 

 The data indicate that treatment twice daily with Hexyl, beginning 24 hours post 

ionizing radiation exposure to thorax (10 Gy), did not alter overall survival, improve 

evaluated physiologic cardiovascular or pulmonary health outcomes, or reduce collagen 

burden in the lungs or heart.  Collagen burden was significantly higher in trichrome 

stained histologic sections of the right ventricle of animals receiving Hexyl (p = 0.006) 

but was not different in LV, IVS, or in lobes of the lung.  Myocardial gene expression 

was significantly affected by the administration of Hexyl and by duration survived post 

irradiation.  This corroborates our histomorphometric observation of increased collagen 

in the myocardium of animals dying earlier post-irradiation. These results contrast 

previous findings in which Hexyl mitigated RILI in rats (6) and reduced protein/fluid 

buildup as well macrophage burden in the lungs of NHPs (unpublished data). Several 

factors may account for the lack of benefit of Hexyl, including differences in supportive 

care, age, dose rate, and possible dose related Hexyl toxicity (24), as described below. 

 Corticosteroids were not used at any point in this study.  With corticosteroid 

treatment, radiation pneumonitis is likely to resolve in most patients.  Otherwise, mild to 

moderate cases may become severe, which is associated with lower survival rates in 

humans undergoing radiotherapy for non-small-cell lung cancer (5, 25). 

 Age at time of irradiation was significantly correlated with survival duration, with 

older animals surviving longer.  Previous studies in humans demonstrate that pediatric 

patients are at an increased risk for experiencing radiation-related toxicities (26) which is 
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in part due to higher radio sensitivity in their developing tissues (27), including the lung 

(28, 29).   

 The dose rate utilized in the present study (4 Gy/min) was much higher than that 

used in our previously published NHP studies (60 – 80 cGy/min) and an unpublished 

previous NHP Hexyl study (200 cGy/min).  The high dose rate could overwhelm 

endogenous DNA damage repair mechanisms and other biological processes following 

delivery (30).  High dose rate schedules used in whole lung irradiation have been 

associated with increased pneumonitis incidence, and a lower overall total dose threshold 

required to induce pneumonitis (5, 31).  Thus, it is possible that the high dose rate, 

coupled with lack of treatment with corticosteroids, may have negatively impacted the 

efficacy of Hexyl in improving functional health outcomes in our study. 

 Image analysis of trichrome-stained sections of lung and myocardium indicate 

that Hexyl was not efficacious in reducing or preventing fibrosis.  Myocardial collagen 

content was greater in animals dying early for both groups.  Our data indicate that Hexyl-

treated animals had significantly increased collagen deposition in the right ventricles of 

their hearts compared to control animals.  Previously published data from Vujaskovic et 

al., showed that pre-radiation treatment with (MnTE-2-Pyp5+), another SOD mimetic, 

following radiation exposure significantly reduced hydroxyproline (collagen) content in 

the lungs of rats.  This difference between studies may be due to the fact that the 

treatment was initiated prior to irradiation and administered for a shorter period of time 

(32). These could be important factors because SOD reacts with superoxide and produces 

hydrogen peroxide. Prolonged treatment with an SOD mimetic may overwhelm the 

endogenous catalase system which is responsible for breaking down hydrogen peroxide 
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into water and O2, resulting in higher systemic levels of hydrogen peroxide.  Excess 

hydrogen peroxide has been shown to polarize macrophages to an M2 anti-inflammatory 

and pro-fibrotic phenotype (24).  Overexpression of endogenous SOD in mice has been 

shown to increase collagen content in the lungs following insult with asbestos, and 

upregulate macrophage collagen 1 gene expression (24).  Additionally, MnTE-2-Pyp5+ 

differs in structure from Hexyl, resulting in different bioavailability and potentially 

different biological effects (33).  In a study comparing effectiveness of MnTE-2-Pyp5+ 

and Hexyl to ameliorate RILI, Hexyl caused local irritation and necrosis at injection sites 

and was less effective at reducing the expression of key molecular factors involved in the 

development of RILI (6). 

 Our myocardial gene expression data revealed significant differences in 

expression patterns between Hexyl-treated and controls.  Subset analysis revealed a 

differential effect of time survived and treatment on left ventricular gene expression 

patterns.   

Animals dying early, showed increased myocardial expression of  genes involved 

in extracellular matrix deposition, including collagen type 1 alpha 1, collagen type 1 

alpha 2 and collagen IV alpha 1 gene expression levels.   In humans, increased collagen 1 

synthesis and deposition is associated with heart failure, hypertensive heart disease and 

myocardial fibrosis (34, 35). Collagen type IV is the major component of the basement 

membrane, which provides the supporting structure for epithelial and endothelial cells 

(36) and is important key component in maintaining vascular architectural structure (37). 

Its overexpression in animals dying early may be a physiological response aimed at 

repairing the vasculature damaged in the myocardium caused by radiation exposure.  The 
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increased expression of the collagen subsets mentioned above corroborates our observed 

histologic trend for myocardial collagen content in animals dying earliest.  Suggesting 

that myocardial and perhaps lung and/or systemic fibrosis may worsen prognosis and 

survival.  More research needs to be conducted to confirm and expand these data. 

Myocardial expression of BNP was elevated in Hexyl-treated animals dying early.  

BNP is predominantly released from the right and left ventricles of the heart in response 

to increased cardiac stress (38).  Elevated plasma concentrations of BNP are found in 

patients with congenital heart diseases, dilated cardiomyopathy, heart failure, and 

radiotherapy related cardiac impairment (39, 40), and are associated with increased 

pulmonary artery pressure, reduced exercise capacity, left atrial dilatation, and valvular 

heart disease.  Elevated circulating concentrations of BNP also occur in pneumonia, and 

may be a useful prognostic marker for acute and long term outcomes in patients with 

community acquired pneumonia (38, 41, 42).  The overexpression of BNP in the 

myocardium of Hexyl-early animals suggests that Hexyl increases acute cardiovascular 

stress following irradiation.  Troponin-T was only elevated in control animals surviving 

longer than 100 days post radiation exposure.  The significance of this is unclear, though 

it could indicate a greater proportion of cardiomyocytes relative to myofibroblasts 

(collagen producers).  Elevated circulating concentrations of troponin-T have been 

associated with cardiovascular dysfunction (43) and acute viral myocarditis infection 

(44).  This suggests that, in animals surviving greater than 100 days post radiation 

exposure, Hexyl may be cardio-protective. Thus, more investigation is needed to derive 

definitive conclusions as to the effects Hexyl on BNP and troponin.  
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As discussed above, several experimental confounds exist between the first NHP 

Hexyl studies and the present study, including age at time of irradiation, supportive 

therapies administered, radiation dose rate, Hexyl dose and treatment schedule. It is 

possible that the correct combination of therapies post irradiation would improve the 

efficacy of Hexyl as a radiation mitigator.   Future study designs should carefully 

consider all of these factors as well as factors such as sex and sample size; since it is 

plausible for all of these factors individually as well as synergistically to alter study 

outcomes thereby limiting the ability to draw definitive conclusions. 

In summary, treatment with the SOD mimetic Hexyl following a radiation dose of 

10 Gy to the thorax did not improve physiological indices of pulmonary or cardiovascular 

health, reduce collagen burden, or improve overall survival.  Myocardial collagen burden 

was greatest in animals dying earliest after irradiation, as was collagen mRNA 

expression.   Hexyl treatment significantly increased collagen content in the right 

ventricle.  Myocardial expression of BNP was elevated in Hexyl treated animal dying 

early, indicating treatment may have exacerbated cardiac stress.  Conversely, myocardial 

expression of troponin-T was elevated in control animals surviving more than 100 days 

post radiation exposure.  Additional studies investigating the utility of SOD mimetics are 

required to more fully understand the molecular effects of treatment.  Ongoing studies 

addressing the molecular effects of Hexyl on lung tissue in these cohorts will help 

elucidate common pathways affected by treatment and may provide insight into 

additional targets for future therapies.  This will allow more effective radiation mitigating 

strategies to be developed for two critical organ systems affected by exposure to ionizing 

radiation. 
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Tables and Figures: 

 Figure 1: NHP Hexyl study design.  Treatment began 24 hours post-irradiation for both 

groups, twice daily.  Echocardiographic assessments were performed at baseline and at 2, 

4.25, 6 and 8 months post-exposure.  Animals reaching a respiratory rate of 100 bpm 

were humanely euthanized. 
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Figure 2: Effects of Hexyl and age on survival. Panel A: Overall survival rate was not 

improved by Hexyl (log-rank (Mantel-Cox) test, P = 0.78).  Panel B: Survival duration 

(days) post radiation exposure was correlated with age at irradiation (months) (r2 = 0.3, p 

= 0.02, n = 18). 
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Figure 3:  Effect of Hexyl on indices of pulmonary function.  Panel A: Sedated 

respiratory rate (RR) for each individual animal.  Panel B:  Mean SpO2 levels.   For panel 

B, each data point is the mean value of all animals alive at time of evaluation in that 

treatment group, data are +/-  SEM. 
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Figure 4:  Effects of Hexyl on cardiac function via echocardiographic assessments. Panel 

A: Heart rate (HR) was significantly elevated in Hexyl-treated animals (ANOVA, p < 

0.014). Panel B:  The effect of Hexyl on HR disappeared when covarying for baseline 

(ANCOVA, p > 0.40)  Panel C and D: Echo interventricular septum diastolic and systolic 

thickness (IVSd and IVSs, respectively) were not affected by Hexyl (ANOVA, P = 0.09 

and P = 0.11).  Panel E: Fractional shortening percentage (LVDFS%).  Panel F: Ejection 

fraction percentage (EF%).  Data are +/- SEM. Unlike letters denote significance between 

saline and Hexyl animals within time points with P values < 0.05.   
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Figure 5:  Effects of Hexyl on indices of cardiac fibrosis.  Panel A: The RV of animals 

treated with Hexyl had significantly increased collagen staining compared to the RV of 

control animals (p = 0.007, t-test).  Panels B & C:  Hexyl had no effect on collagen 

staining in the LV or IVS compared to control animals (all p’s > 0.4, t-test) Panel D:  

Average percent collagen content in the myocardium of individual animals plotted 

against survival duration for each treatment group. * indicates two animals died at this 

time point.  Data is +/- SEM for panels A-C.  
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Figure 6: Effect of Hexyl on myocardial gene expression.   Panel A: Manhattan 

hierarchical clustering of animals using differentially expressed genes (1.2 fold change 

with a t-test, p < 0.05) separated Hexyl from control animals.   
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Figure 7: Effects of Hexyl and survival duration on myocardial gene expression. Panel 

A: Euclidian hierarchical clustering using differentially expressed genes separated out by 

survival duration and treatment (1.2-fold change with Benjamini and Hochberg FDR p < 

0.10). 
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Figure 8: Effects of “early” death on myocardial collagen gene expression patterns.  

Panels A – C expression of collagen genes are increased in the LV of animals dying prior 

to day 100 post irradiation “early” of treatment groups compared to animals dying more 

than 100 days after irradiation.  Intensity is log base 2.  Data are +/- SEM. 

 

 

 

124 
 



Figure 9: Effect of Hexyl and survival duration on myocardial expression on markers of 

cardiovascular damage.  Panel A: Expression of troponin-T was greatest in control 

animals surviving longer than 100 days post-radiation exposure.  Panel B:  Expression of 

BNP was greatest in Hexyl treated animals dying prior to day 100 post-radiation 

exposure.  Intensity is log base 2.  Data are +/- SEM 
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Table 1 
Frequency distribution of Lung Lesions present on CT in Saline and Hexyl Treated Thorax Irradiated Rhesus Macaques  

Proportion of animals’ lesion positive (+) at each time is the proportion of animals still alive at that time point that are lesion positive.  

 Baseline 2 months 4 months 6 months 8 months 
Tx 

Group 
Proportion 

lesion + 
% lesion + Proportion 

lesion + 
% lesion + Proportion 

lesion + 
% lesion 

+ 
Proportion 

lesion + 
% lesion 

+ 
Proportion 

lesion + 
% lesion 

+ 

Saline 0/9 0% 3/6 50% 5/5 100% 5/5 100% 3/5 60% 

Hexyl 0/9 0% 7/9 77.7% 6/6 100% 3/3 100% 3/3 100% 
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Table 2 
Number of Animals Available for Echocardiographic Assessment at Each Time 

Point 

(n) = the number of animals undergoing echocardiographic evaluation at each time point 

in each treatment group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Baseline 2 months 4.25 months 8 months 
Saline (n) 9 7 5 5 
Hexyl (n) 9 9 6 2 
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Table 3 
Effect of Hexyl on Pulmonary Collagen Staining in Cranial, Middle and Caudal 

Lung Lobes 

 
Notes.  Data are mean +/- standard error of the mean (SEM). Left and right Cranial, 

Middle and Caudal lobes from all animals were evaluated for collagen staining in this 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Saline Hexyl P-value 
Cranial Collagen % 

(SEM) 
20.6 
1.4 

24.2 
2.3 0.19 

Middle Collagen % 
(SEM) 

21.3 
2.2 

23 
1.9 0.56 

Caudal Collagen % 
(SEM) 

16.6 
2.7 

20.3 
3.2 0.38 
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Table 4 
Myocardial Collagen Gene Expression is Upregulated in Animals Dying Early 

 

 
 

Notes. Data are fold up-regulated values in animals dying “early” compared to animals 

dying “late” for each treatment group.  “Early” is defined as animals dying prior to day 

100 post-irradiation; “Late” is defined as animals dying 100 days or more post-

irradiation.  

 

 

 

 

 

 

 

 

 

 

 
 

 Collagen type 1 alpha 
1 

Collagen type 1 alpha 
2 

Collagen type IV 
alpha 1 

Saline 
Late 
(n = 5) 

Hexyl 
Late 
(n = 6) 

Saline 
Late 
(n = 5) 

Hexyl 
Late 
(n = 6) 

Saline 
Late 
(n = 5) 

Hexyl 
Late 
(n = 6) 

Saline 
Early 
(n = 4) 

2.0 1.82 2.11 1.91 1.77 2.62 

Hexyl 
Early 
(n = 3) 

1.76 1.6 1.89 1.71 1.66 2.46 
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Table 5 
Genes Associated with Myocardial Damage Upregulated in Myocardium of Hexyl 

Treated and Untreated Animals 

 
 Notes: Data are fold- up-regulated values.  Animals’ dying “early” is defined as animals 

dying prior to day 100 post irradiation; “Late” is defined as animals dying 100 days or 

more post irradiation.  Troponin-T expression was more than 2-fold up-regulated in 

saline late animals compared to other treatment and survival duration groups.  BNP 

expression was more than 2-fold up-regulated in Hexyl early animals compared to other 

treatments and survival duration groups. 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 

 
 Troponin-T  BNP 

Saline 
Early 
(n = 4) 

Hexyl 
Early 
(n = 3) 

Hexyl 
Late 
(n = 6) 

Saline 
Early 
(n = 4) 

Saline 
Late 
(n = 5) 

Hexyl 
Late 
(n = 6) 

Saline 
Late 
(n = 5) 

3.34 2.14 2.58 
Hexyl 
Early 
(n = 3) 

3.51 2.07 2.41 
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CLINICAL RELEVANCE, CONCLUSIONS AND FUTURE DIRECTIONS 
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Clinical Relevance of Ionizing Radiation Exposure 

Concerns over the acute and chronic effects of ionizing radiation exposure are 

growing for survivors of clinical, accidental, and malicious exposures (1–11).  Currently 

it is estimated that one in two people born today will be diagnosed with some form of 

cancer in their lifetime. Radiotherapy is widely used in the treatment of cancer patients, 

with approximately two-thirds receiving some form during their course of treatment 

(12,13).  Rising cancer incidence and survival rates make it clear that concerns over 

radiotherapy damage to normal will continue to be a clinical issue for the foreseeable 

future (11–14).  Terrorism and radiological accidents have been lead news stories all too 

often over the last several years (8,9,15,16). Since September 11th, 2001 government 

leaders and the public alike have recognized the threat of terrorism, including possible 

radiological or nuclear weapons attacks (15). Coupled with recent proliferation of 

radioactive materials, nuclear power facilities, and nuclear weapons the likelihood of 

civilians and/or military personnel being impacted by a radiological incident has 

increased (9,17).  

 Despite over six decades of research aimed at developing medical counter 

measures (MCMs) only three drugs have been fully approved by the US Food and Drug 

Administration (FDA) to treat ARS in humans, and their use is limited in scope. These 

include amifostine (aminoethylphosphorothioate), granulocyte colony-stimulating factor 

(G-CSF) also known as filgrastim, and pegfilgrastim (pegG-CSF) (8,9,18).  Amifostine, a 

free radical scavenger, can cause severe side effects and has a narrow treatment window, 

and is only authorized for use in specific medical situations, such as the reduction of dry 

mouth in head and neck cancer radiotherapy patients, and to reduce the cumulative renal 
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toxicity experienced in patients with advanced ovarian cancer repeatedly treated with 

cisplatin.  G-CSF is approved by the FDA for mitigating hematopoietic ARS induced by 

acute lethal doses of radiation (9).  Treatment of NHPs receiving 7.5Gy total-body 

irradiation (TBI) with G-CSF enhanced overall survival and decreased duration of 

neutropenia (19).  Unfortunately, G-CSF infusions remain controversial and are 

associated with side effects that may require additional fluid supportive care (20,21).  

peg-CSF has a prolonged half-life and is indicated for use in decreasing the incidence of 

infection (20).  As is highlighted above there is still a significant unmet need with respect 

to preventing and treating patients with ARS. 

Current treatment protocols for preventing, delaying, treating and reversing 

DEAREs are much more limited (22,23).  DEAREs are found in every tissue and are 

considered largely irreversible and progressive (22,24).  Current management strategies 

for DEAREs vary depending on severity of symptoms.  Regardless of severity the first 

step in management and treatment of symptoms includes removal of aggravating factors 

and control of inflammation with steroids (23,25).  In more advanced cases, treatment 

with steroids may be coupled with vascular therapy via pentoxifylline or hyperbaric 

oxygen and/or antioxidant treatment with vitamin e or superoxide dismutase (SOD) 

mimetics (23,25–27).  However the efficacy of these treatments is difficult to determine 

due to conflicting results between studies (26,27).  These conflicts include inter- and 

intra-species specific differences in response to injury (12,17,28), differences in radiation 

delivery and dosage (18,29), treatment schedules (20) and fibrosis severity (23).  

Additional well controlled studies are needed to confirm and extend the data that have 

been generated up to this point. 
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In order to develop adequate medical countermeasures for ARS and DEARE, 

detailed understanding of the pathophysiological response to ionizing radiation and the 

mechanisms whereby resultant injury occurs is needed.  Animal models are required to 

conduct radiation research as it would be unethical to expose healthy human subjects to 

damaging and potentially lethal doses of radiation (8,9,15,17,30).  The FDA emphasizes 

the use of well-characterized animal models for which the pathophysiology of radiation 

injury is well understood and deemed predictive of a human response.  Currently only 

two large animal models meet this criteria--the canine and the nonhuman primate (NHP).   

The work presented herein utilized the gold standard animal model for investigation of 

radiation injury and evaluation of efficacy for potential medical countermeasures--the 

NHP model (15). Rhesus and cynomolgus macaque genomes have approximately 93% 

identity with homologous human genomic fragments (15,31,32).They share a high degree 

of similarity in receptors and pathways of host response.  NHPs most closely model 

human clinical, histopathological and pathophysiological responses to radiation-induced 

injury (15,17).  Additionally, due to their long lifespans and similar supportive care 

requirements it is possible to link the time-dose responses, morbidity and mortality in 

NHPs with humans.  Utilizing a highly translatable model the work presented herein and 

summarized below provides insight into the acute and chronic molecular and cellular 

changes that occur following exposure to ionizing radiation.  We go on to show that the 

detrimental effects of radiation exposure on morbidity and mortality cannot be 

completely mitigated with administration of a free radical scavenger alone. 
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CONCLUSIONS AND FUTURE DIRECTIONS OF DOCTORAL THESIS     

 The findings in chapter 2 revealed that ovariectomized female cynomolgus 

monkeys exposed to a single total-body dose of 2-5 Gy were more radiosensitive than 

anticipated, had reductions in thymus weight and thymopoiesis, loss of cortical 

thymocytes, severe hematopoietic cell depletion across all lineages in the bone marrow, 

and lymphocyte depletion in the spleen.  Dose dependent decreases in white blood cell 

(WBC), red blood cell (RBC), and platelet counts were observed.  This radiation induced 

thrombocytopenia is the likely cause of the peripheral hemorrhage observed in the 

irradiated monkeys.  Increased plasma MCP-1 levels were observed in the group of 

animals receiving the 5 Gy dose.  Interestingly, similar patterns in reduction and 

subsequent recovery of circulating blood components (CBC), along with transient 

increases in circulating inflammatory cytokines have been observed in male rhesus 

macaques receiving much larger total body doses in the range of 7-8.9 Gy (33).  

Additionally, as is reported in chapter 3, our group has reported increased circulating 

levels of MCP-1 in male rhesus macaques exposed to TBI several years prior (34).  This 

suggests MCP-1, an important mediator of acute and chronic inflammation, may have a 

long lasting impact on many tissues, including the heart, lungs and brain (34–36).   

 Altered mRNA signatures were observed in the thymus, spleen, and lymph nodes 

of irradiated female cynomolgus macaques.  CD3, a marker of T-cells, exhibited tissue 

specific reductions in expression with increasing dose in thymus and lymph node, but not 

spleen.  However, the expression of CD68, a marker of macrophages, increased in 

expression in a dose dependent manner relative to CD3 expression, suggesting that a 

single TBI exposure may induce alterations systemically (CBC and Cytokines) as well as 
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tissue specific responses.  This is demonstrated by our finding of increased 

macrophage/T-cell ratios in lymphoid tissues.  Since histological evaluations of these 

same lymphoid tissues revealed a reduction in the number of lymphocytes present, the 

observed increase in macrophage/t-cell ratio may in part be due to the persistence of 

resident macrophages. 

 The ovariectomized female cynomolgus monkeys appeared to be more 

radiosensitive than anticipated based on previous studies in male rhesus monkeys. The 

apparent increased radiosensitivity observed in chapter 2 may be due to species, sex, 

menopausal status and/or age.  Differences in radiosensitivity and survival are well 

documented in different strains of mice, but not well documented in NHPs (15,30).  The 

influence of sex or endogenous sex hormones on the effects of radiation exposure has not 

been well studied, especially in NHPs.  Sex is not typically considered a key effect 

modifier for acute health effects, but being female increases the risk of radiation 

associated late toxicities in breast tissue and lung, and increases rates of thyroid 

carcinogenesis (15,37) and cancer development (38,39).  Age at time of radiation 

exposure is an important effect modifier for acute radiation toxicities.  Young 

(prepubescent) and aged (elderly) subjects experience more severe effects at lower doses 

than those in adulthood.  The female cynomolgus macaques used in chapter 2 were 

considered late-middle aged with an estimated median age of 20 years.  Their somewhat 

advanced age, coupled the lack of endogenous estrogen due to being ovariectomized, 

may have influenced the observed responses to radiation. 

 Taken together the results summarized above indicate that additional investigation 

is needed in NHPs to derive definitive conclusions on the effects of species sex, age, and 
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hormonal status on molecular and cellular effects of TBI. Ongoing work is aimed at 

further elucidating the effect of ionizing radiation on gene expression profiles in thymus, 

spleen, and lymph nodes of these animals via affymetrix microarrays.  This should 

provide more detailed insight into the molecular changes that occur in these important 

immune tissues following radiation exposure.  Additionally, immunohistochemistry 

utilizing CD3 (t-cells), CD20 (b-cells) and HAM56 (macrophages) is underway and 

should help clarify the cause of the altered ratio of macrophage/t-cell markers.  Because 

radiation induced heart disease (RIHD) has emerged as a serious effect of radiation 

exposure that is characterized by acute and chronic changes in the heart, microarray gene 

expression analysis utilizing RNA isolated from the left ventricle of these animals is 

forthcoming.  This may help identify mRNAs and miRNAs that are differentially 

expressed acutely, associated with adverse cardiovascular outcomes and potentially 

therapeutically targetable (40–47).   

 Our finding of the long term DEARE in male rhesus monkeys receiving TBI (6.5-

8.4 Gy) 5.6-9.7 years prior vs, control (non-irradiated) monkeys are reported in chapter 3 

(34) and demonstrate 4 significant findings:. 1. Smaller cardiac dimensions at systole and 

diastole; 2.  Increased incidence of gross myocardial fibrosis at time of death; 3.  

Increased levels of circulating MCP-1 and LBP; and 4.  Increased incidence of T2DM 

(34). 

 The finding of significantly smaller LVDd and LVDs diameters in irradiated 

animals compared to controls before and after correction for body surface area (BSA) 

builds upon finding previously published by Wondergem et al. (48).  These findings are 

consistent with a restrictive cardiomyopathy due to fibrosis, and are consistent with our 
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histological findings.  However blunted growth of the heart post irradiation and/or 

reduced relaxation could also contribute to these findings.  

 Histopathological evaluation revealed a significant increase in incidence of 

myocardial fibrosis at time of death.  Additional semi quantitative analysis of trichrome-

stained sections of myocardium demonstrated a tendency for increased myocardial 

collagen content in irradiated animals, suggesting that myocardial fibrosis is a late effect 

of ionizing radiation exposure.   Ongoing evaluation of myocardium from additional 

monkeys in this cohort will increase power and allow a more thorough assessment of the 

frequency and extent of fibrosis and other observed radiation associated pathologies. 

 Circulating levels of MCP-1 were significantly elevated in irradiated animals 

several years post exposure.  Previous work presented in chapter 2 showed a rapid dose-

dependent increase in circulating MCP-1.  MCP-1 is an important mediator of 

inflammation and monocyte recruitment. Increased MCP-1 serum levels are associated 

with numerous cardiovascular conditions (49–53) as well as coronary atherosclerosis 

extent in NHPs fed an atherogenic Western diet (54).  Circulating levels of LBP were 

also elevated in irradiated animals.  LBP is an acute phase protein that recognizes 

bacterial LPS and goes onto complex with sCD14.  This process is known to initiate 

production of pro-inflammatory cytokines (55,56)  while simultaneously enhancing 

macrophage activation (57).  The finding of LBP being elevated several years post 

radiation exposure may indicate that damage to the gastrointestinal system, which is 

highly radiosensitive, can become permanently or transiently leaky.  This can lead to 

chronic, microbial translocation associated LPS exposure (58,59) potentiating a chronic 

pro-inflammatory state. 
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 Diabetes and inflammation are well established risk factors for future 

development and progression of CVDs (60).  While diabetes incidence and circulating 

levels of inflammatory markers were increased in irradiated animals, we did not find any 

evidence that presence or degree of T2DM or inflammation evaluated in that study were 

causal or correlated with cardiovascular structural or functional outcomes.  We have 

since performed an expanded cytokine profile in our now larger radiation survivor cohort 

and found that previously irradiated monkeys had significantly elevated serum levels of 

interleukin-10 (IL-10) and interleukin-15 (IL-15) relative to controls.  Within irradiated 

animals, serum levels of IL-10 and IL-15 were inversely associated with 

echocardiographically determined diameters of the left ventricle of the heart, which were 

shown to be significantly smaller in irradiated animals here.  A more detailed description 

of these findings can be found in the appendix.  

 Due to the opportunistic nature of the study chort from which the data presented 

in chapter 3 were derived, several limitations were unavoidable.  The irradiated animals 

were acquired from several different institutions after surviving potentially lethal TBI 

prior to entering our radiation survivor cohort (RSC). These radiation “survivors” may 

possess protective genotypes and/or phenotypes not representative of all rhesus monkeys 

which led to their existence in the cohort.  The experimental design of chapter 3 is cross-

sectional: we have no baseline data or samples from prior to the time of irradiation; 

similar to the situation occurs following an unplanned radiation exposure.  In the future 

this will be addressed by utilizing prospective radiation survivor cohorts of male rhesus 

macaques exposed to a total body dose of 4 Gy.  Prior to irradiation this prospective 

cohort underwent echocardiographic assessment, cardiac MRI, and had substantial 
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plasma and serum banked for future analysis.  This new study will allow our group to 

track changes induced by radiation in a controlled longitudinal fashion, allowing for the 

establishment of a time course of delayed effectsa of radiation on the heart.  Another 

limitation of chapter 3 is that the cohort of irradiated animals is heterogeneous in terms 

radiation dose, age at time of irradiation, treatments administered, diet, and other factors, 

which presents challenges for analysis.  Tissues from control animals have only been 

available from monkeys that have been euthanized due to health problems; which causes 

a bias and likely an underestimation of DEARE. New animals enter the RSC as they are 

donated and older animals exit as their health necessitates.  Thus, outcomes that require 

the animal to be alive for assessment, such as measurement of circulating cytokine levels 

and echocardiographic phenotyping will utilize different subsets of animals than 

published in chapter 3.  A table summarizing the animals that had echocardiographic data 

included in chapter 3 can be found in the appendix, along with a list of biomarkers of 

interest that could be assessed moving forward.  These changes however are beneficial in 

that, increasing the number of cytokines being profiled while concurrently generating 

higher resolution echocardiographic images, may allow us identify new information that 

is critical in elucidating the mechanistic effects of radiation on the heart.  These 

antemortem findings can then be correlated with postmortem histology and myocardial 

gene expression as the number of post-mortem myocardium tissues increases. 

 Chapter 4 evaluated the potential of a superoxide dismutase mimetic to mitigate 

the acute and delayed responses of the lung and heart to thoracic gamma irradiation.  The 

findings in chapter 4 indicate that treatment with Hexyl alone did not improve survival, 

pulmonary, or cardiac function, and did not reduce collagen burden, nor did hexyl 
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treatment prevent the development of radiation pneumonitis in male rhesus macaques 

irradiated with 10 Gy to the thorax.  Myocardial collagen burden was significantly higher 

in the right ventricle of Hexyl treated animals compared to controls. Hexyl’s lack of 

therapeutic benefit could be due to the fact that corticosteroids, the standard of care for 

patients experiencing radiation pneumonitis (25,61), were not given at any point during 

the study. Several additional factors may have contributed to our findings, including age, 

increased dose rate, and extended duration of treatment.  Potential mechanisms that might 

play a role under these circumstances include molecular damage to multiple tissues and 

organs from excess hydrogen peroxide, which can lead to a variety of effects including 

alternative activation of macrophages and promotion of fibrosis. 

 Our data do support a significant effect of age at time of radiation exposure on 

resultant survival duration, with young adult animals surviving longer than peripubescent 

animals.  Age at time of exposure is a known significant effect modifier for acute 

radiation exposure.  Younger patients experience more severe symptoms at relatively 

lower doses than adults (4,15).  Additionally, the dose rate used in this study is much 

higher than used in our previous published studies (30,34).  Dose rate ultimately 

determines the biological consequences of a given absorbed dose; as dose rate rises the 

biological effect of the given dose increase and tissue damage increases (15,62).  The 

high dose rate and preponderance of peripubescent animals in chapter 4’s study design 

may in part explain Hexyl’s lack of efficacy.  

 The fact that we observed a significant increase in collagen content in the right 

ventricle of animals treated with Hexyl but not in other regions of the heart suggests 

prolonged treatment with Hexyl may be pro-fibrotic in the RV of NHPs.  This is likely 
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due to a variety of factors including excess hydrogen peroxide levels, elevated pulmonary 

pressure due to lung damage as well as perfusion problems.  Mechanistically Hexyl 

converts superoxide into hydrogen peroxide.  Recently published work from He et al. 

demonstrates that excess hydrogen peroxide can polarize macrophages towards an M2 

phenotype via the STAT6 pathway.  Upon nuclear translocation STAT6 induces FIZZ-1 

expression that ultimately leads to L-arginine being preferentially metabolized into urea 

by arginase I, promoting production of proline which ultimately leads to fibrosis, via 

increased collagen 1 expression and extracellular matrix deposition (63).  Their finding 

matches our observation of increased myocardial type I collagen expression in animals 

dying prior to day 100. 

 Our gene expression data revealed that treatment with Hexyl significantly altered 

left ventricular myocardial gene expression.  Of particular interest is that myocardial 

expression of BNP was elevated in Hexyl treated animals dying early.  This suggests that 

Hexyl treatment may acutely increase cardiac stress.  However, in control animals that 

survived past day 100 myocardial expression of troponin-T was elevated.  Since elevated 

circulating levels of troponin-t are associated with cardiovascular dysfunction and 

adverse events (64–67) it is possible that in animals surviving more than 100 day post 

radiation exposure Hexyl produced an altered cardiomyocyte phenotype and perhaps, 

altered the ratio of myofibroblasts to myocytes present in the myocardium. 

 Additional studies investigating the utility of SOD mimetics in NHP models of 

radiation exposure maybe required to understand whether these drugs have efficacy in the 

setting of complete standard of with steroids and other support for acute pneumonitis.  It 

may be advantageous for future studies to couple SOD therapeutics with additional 
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agents such as catalase to break down SOD generated hydrogen peroxide in conjunction 

with standard of care, steroids and antibiotics (23,25,68).  Potential efficacious benefits of 

such strategies have been highlighted recently in studies utilizing a metalloporphyrin, 

(AEOL-10150) designed to neutralize reactive oxygen, nitrogen and hydrogen peroxide. 

AEOL-10150  has shown efficacy in mitigating acute radiation induced lung injury in 

NHPs and mouse models (69–71).  While the development of AEOL-10150 appears 

promising, it only addresses one of the many possible toxicities associated with radiation 

exposure, and more work is needed before this compound meets FDA approval.  

 In summary, the findings herein demonstrate that exposure to ionizing radiation 

induces acute, chronic, local and systemic molecular and cellular changes in NHPs.  The 

pro-inflammatory effects of TBI observed in chapters 2 and 3 have a common 

component--elevations in serum MCP-1.  The fact that MCP-1 is elevated soon after 

irradiation, and remains elevated several years post-irradiation, suggests that ionizing 

radiation induces a persistent pro-inflammatory state modulated by several factors, 

including but not limited to MCP-1, LBP and ROS. The observed detrimental effects of 

radiation on morbidity and mortality were not mitigated with administration of a free 

radical scavenger alone.  We also provided supportive evidence that age and sex are 

likely to be important modifiers of radiosensitivity in the NHP, providing additional 

avenues for investigation in future studies.  The design of future NHP radiation studies 

should consider age, sex, supportive therapies, radiation dose rate and the number 

animals that will be needed to effectively address the question being asked.  Additional 

NHP work considering all of these variables is needed to fully elucidate the radiation 
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sequelae that lead to adverse health effects, and to develop novel therapeutics for human 

use.   
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Serum IL-10 and IL-15 Levels are Increased with Prior Exposure to Gamma 
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Abstract: 

We recently reported long term / delayed effects of prior total body irradiation (TBI) in a 

nonhuman primate model of radiation exposure, which included increases in incidence of 

diabetes (Kavanagh et al., Rad Res 2015) and radiation induced heart disease and cardiac 

fibrosis (Debo et al., Rad Res 2016). In the present study we examined the long term 

effects of prior gamma radiation exposure on circulating cytokine profiles in an expanded 

cohort of male rhesus macaques. Monkeys had received whole body doses of 3.5 to 8.5 

Gy up to 10 years prior to blood sampling. Serum samples were assessed using multiplex 

profiling. 

Initial findings suggest that previously irradiated monkeys (n=70) had significantly 

elevated serum levels of interleukin-10 (IL-10) and interleukin-15 (Il-15) (both p<0.03) 

relative to a companion cohort of non-irradiated male rhesus monkeys (n=14). Within 

irradiated animals, serum levels of IL-10 and IL-15 were both significantly inversely 

associated with echocardiographically determined diameters of the left ventricle of the 

heart, which was previously shown to be significantly smaller in irradiated animals 
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(DeBo 2016). In addition, IL-15 was inversely associated with left ventricular posterior 

wall thickness (p<0.05) and ejection fraction (p<0.05). Among irradiated animals, 

diabetes status did not have an effect on IL-10 or IL-15 and hemoglobin A1c was not 

correlated with the cytokines. The results suggest long lasting effects of irradiation on IL-

10 and IL15, along with associations with cardiac phenotypes, which may provide new 

information into elucidating radiation effects on the heart. 

Supported by NIH/NIAID through the Radiation Countermeasures Center of Research 

Excellence (U19 AI67798, Dr. Nelson Chao, DUKE) and by the Department of Defense 
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Summary Table of Animals used in Chapter 3 Echocardiographic Assessment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes: Italicized Cause of Death (COD) indicates animal was found dead.  Non-italicized 

COD indicates animal underwent clinical euthanasia due to poor clinical condition and 

prognosis as was necessitated by stated clinical diagnosis in above table.  

 

Animal # Rad Dose (Gy) Date of Death Cause of Death 
1484 0 - - 
1656 0 - - 
1718 0 - - 
1719 0 - - 
1722 0 - - 
1725 0 - - 
1730 0 - - 
1734 0 - - 
1735 0 - - 
1737 0 - - 
1738 0 - - 
1574 7.55 - - 
1575 7.85 - - 
1577 7.55 - - 
1597 8.4 - - 
1611 7.55 - - 
1612 6.75 - - 
1614 6.75 12/18/15 Pneumothorax 
1636 6.5 - - 
1637 6.5 4/25/16 Suspected HF 
1638 6.5 - - 
1640 6.5 - - 
1643 7.2 - - 
1644 6.75 6/7/16 Fatal Fasting Syndrome 
1646 8.05 - - 
1648 7.55 8/7/15 Hypoglycemia 
1649 7.2 5/4/15 Pneumothorax 
1650 7.2 6/22/15 Neuroendocrine Neoplasia 
1651 8.05 - - 
1652 7.2 - - 
1653 7.55 - - 
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Table of Circulating Biomarkers of Interest Post-radiation Exposure 

Biomarker Biological Role Expected Effect of Radiation on 
Circulating Levels 

IL-10 Regulator of immunity and 
inflammation Increase 

IL-15 Regulates T and NK cell activation 
and proliferation Increase 

TGF-β Regulates cell proliferation, 
differentiation and growth Increase 

MCP-1 Chemotactic factor for monocytes and 
basophils Increase 

LBP Involved in immunogenic response to 
gram-negative bacteria Increase 

Troponin-I Mediates striated muscle relaxation 
 Acutely Increase 

BNP Cardiac hormone, regulates 
natriuresis, diuresis and vasorleaxation Acutely Increase 

ANP Vasodilator Increase 
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