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There is a need for countermeasures to mitigate lethal acute radiation syndrome (ARS) and
delayed effects of acute radiation exposure (DEARE). InWAG/RijCmcr rats, ARS occurs by
30-days following total body irradiation (TBI), and manifests as potentially lethal
gastrointestinal (GI) and hematopoietic (H-ARS) toxicities after >12.5 and >7 Gy,
respectively. DEARE, which includes potentially lethal lung and kidney injuries, is
observed after partial body irradiation >12.5 Gy, with one hind limb shielded (leg-out
PBI). The goal of this study is to enhance survival from ARS and DEARE by polypharmacy,
since no monotherapy has demonstrated efficacy to mitigate both sets of injuries. For
mitigation of ARS following 7.5 Gy TBI, a combination of three hematopoietic growth
factors (polyethylene glycol (PEG) human granulocyte colony-stimulating factor (hG-CSF),
PEGmurine granulocyte-macrophage-CSF (mGM-CSF), and PEG human Interleukin (hIL)-
11), which have shown survival efficacy in murine models of H-ARS were tested. This triple
combination (TC) enhanced survival by 30-days from ∼25% to >60%. The TC was then
combined with proven medical countermeasures for GI-ARS and DEARE, namely
enrofloxacin, saline and the angiotensin converting enzyme inhibitor, lisinopril. This
combination of ARS and DEARE mitigators improved survival from GI-ARS, H-ARS,
and DEARE after 7.5 Gy TBI or 13 Gy PBI. Circulating blood cell recovery as well as
lung and kidney function were also improved by TC + lisinopril. Taken together these
results demonstrate an efficacious polypharmacy to mitigate radiation-induced ARS and
DEARE in rats.

Keywords: polypharmacy, acute radiation syndrome, delayed effects of acute radiation exposure, mitigation,
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INTRODUCTION

Heightened global tensions have resulted in a worldwide threat of accidental or belligerent radiation
exposure. The United States has initiated extensive research for adequate preparedness in case of
such events. The National Institute of Allergy and Infectious Diseases (NIAID) developed a program
to study the mechanisms of radiation-induced injuries as well as specific countermeasures to mitigate
these injuries (DiCarlo et al., 2008; DiCarlo et al., 2011). Ionizing radiation alone can result in a broad
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spectrum of biological tissue damage and lethality in mammals.
Sequential injuries to multiple organs occur after exposure of
whole animals to radiation, which patterns radiation-damage
observed in humans (Fish et al., 2020). The acute radiation
syndrome (ARS) occurs first, with gastrointestinal (GI) injury
starting within a week after exposure followed by bone marrow
toxicity in rodents, nonhuman primates (NHP) and humans
(Fliedner et al., 2005; Unthank et al., 2015; Fish et al., 2020).
Survivors of ARS proceed to develop the delayed effects of acute
radiation exposure (DEARE) which manifest as multiple, spatial
sequelae including lung injury (radiation pneumonitis after ∼42-
days) and kidney injury (radiation nephropathy after ∼120-days),
depending on the initial radiation dose. In rodents, other organs
such as the brain, heart, etc. also manifest DEARE but these
injuries are lethal at PBI doses higher than those that cause
lethality by bone marrow or lung toxicities (Moulder, 2014;
Boerma et al., 2016). Approval of drugs to mitigate such
radiation injuries requires pivotal efficacy screening through
the Food and Drug Administration (FDA) Animal Rule, using
animal models that manifest responses similar to humans
(USFDA, 2015b). Therefore, in order to identify mitigators for
radiation injuries we have developed rat models to simulate the
damage from exposure to near total body volumes. Following
single high exposures to radiation to the total body in WAG/
RijCmcr rats (equivalent to 5–12 Gy in humans), ARS occurs
within the first 30-days. This syndrome covers gastrointestinal
injury (days 3–7) and hematopoietic cell depletion (days 8–30).
Partial bone marrow shielding (5–8%), and supportive care are
needed for rats to survive ARS past 30-days, at doses >12.5 Gy,
after which they will experience DEARE, with damage to the
lungs, kidneys, and other organs. Lung injury can be fatal at 13 Gy
or higher and occurs between days 40–90 while lethal renal injury
manifests after doses as low as 8–9 Gy (Moulder et al., 2011), but
after more than 120-days (Fish et al., 2016).

Currently, several agents have demonstrated efficacy to
mitigate ARS (Ng et al., 2020; REMM, 2020). However, only
granulocyte colony-stimulating factor (G-CSF, Neupogen),
granulocyte macrophage colony-stimulating factor (GM-
CSF, Leukine) and PEGylated G-CSF (Neulasta) are
approved by the U.S. Food and Drug Administration (FDA)
to be used after exposure to myelosuppressive doses of
radiation (USFDA, 2015a; USFDA, 2021; Amgen, 2015a;
Amgen, 2015b; Sanofi-Aventis, 2018). Recently, Nplate
(romiplostim) has also been approved by the FDA to be
used after similar doses of radiation for the treatment of
thrombocytopenia (Amgen, 2021; USFDA, 2021). These
cytokines are kept in the Strategic National Stockpile which
is managed by the U.S. Department of Health and Human
Services and the Office of the Assistant Secretary for
Preparedness and Response (REMM, 2020).

Another promising hematopoietic growth factor (HGF) is
Interleukin (IL)-11, a member of the IL-6-type cytokine family
(Lee et al., 2012). It is approved to treat chemotherapy-induced
thrombocytopenia. IL-11 also protects against renal injury in
mice, human proximal tube injury in culture, and attenuates
the inflammatory responses in a murine model of
lipopolysaccharide-induced sepsis.

In addition, PEGylated GM-CSF and PEG-IL11 have been
shown in rodents to possess longer half-lives and induce longer-
lasting increases in hematopoietic cells through neutrophil
recovery and their ability to increase immune function in
rodents (Plett et al., 2014; Kumar et al., 2018; Cox et al.,
2020). We used a combination of these PEG-HGF mitigators
(PEG-GM-CSF, PEG-G-CSF, and PEG-IL-11, Bolder
Biotechnology Inc., 2425 55th St., Suite 210, Boulder, CO
80301 United States) for the current study, and will refer to
them as a triple combination (TC). The TC included a PEGylated
murine (m) derivative of GM-CSF (PEG mGM-CSF), to closely
match species specificity observed for GM-proteins. However,
PEGylated human (h) derivatives of G-CSF (PEG hG-CSF) and
IL-11 (PEG hIL-11) were included in the TC, since they are
known to be bioactive in rodents.

ACE inhibitors are one of few mitigators for DEARE in rats.
The use of an ACE inhibitor significantly decreased morbidity
caused by pneumonitis (Kma et al., 2012) even if started 35-days
after irradiation (Gao et al., 2013). The ACE inhibitor lisinopril
decreased renal injury in rats given 13 Gy leg-out partial body
irradiation (leg-out PBI) (Fish et al., 2016). Leg-out PBI exposes
the whole body to irradiation, except for part of one hind leg that
is shielded. This allows for bone marrow repopulation to allow
DEARE to manifest in the lung and kidneys without bone
marrow transplantation. In addition, ACE inhibitors including
lisinopril, reduced the prevalence of radiation-induced
pneumonitis in cancer patients treated with radiotherapy
(Jenkins and Watts, 2011; Jenkins and Welsh, 2011; Kharofa
et al., 2012), indicating efficacy in humans. However, ACE
inhibitors have not shown efficacy to mitigate ARS in rats
(Fish et al., 2016) but are efficacious in mice (Davis et al.,
2010; Barshishat-Kupper et al., 2011; McCart et al., 2019),
which necessitates the evaluation of combining ACE inhibitors
with other promising mitigators.

Our ultimate goal is to treat both ARS and DEARE. Since no
single agent has been identified, we are developing a compatible,
multi-agent approach.We are combining promising mitigators to
demonstrate efficacy for at least four sequelae that occur after
irradiation. Female WAG/RijCmcr rats given leg-out PBI provide
some of the best characterized models available for such studies.
These models were used in this initial proof of concept study.
Future studies with adult, geriatric and pediatric models using
male and female rats will help confirm the efficacy of this
approach for FDA approval.

METHODS

Animal Care
All animal use was approved by the Institutional Animal Care
and Use Committees (IACUC) at the Medical College of
Wisconsin and care for the rats was provided as previously
described (Fish et al., 2016). All rats were fed Teklad 8904 diet
and provided reverse osmosis (RO) hyper-chlorinated water ad
libitum. In order to study the efficacy of a combination of drugs
for ARS and DEARE, two sets of experiments using different
injury models were used.
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Acute Radiation Syndrome Study
Total Body Irradiation in Rats
Female WAG/RijCmcr rats (11–12 weeks of age) were given total
body irradiation (TBI) without the use of anesthetics. All rats
were placed in a plastic jig and were irradiated using a XRAD
320 KV orthovoltage x-ray system (Precision X-Ray, North
Branford, Connecticut) as previously described (Medhora
et al., 2019). The X-ray system was operated at 320 kVp and
13 mAs with a half value layer of 1.4 mm Cu and a dose-rate of
1.75 Gy min−1 for a total dose of 7.5 Gy.

Dosimetry for Irradiation (Medhora et al., 2014)
A Soft X-Ray ionization Chamber (PTW, Germany) was used to
collect depth dose information. Absolute calibration
measurements were made using a Farmer-type ionization
chamber and a Kiethley electrometer. This system was
calibrated for the orthovoltage energy range at the Accredited
Dosimetry Calibration Laboratory located at University of

Wisconsin, Madison, WI. Measurements performed in this
laboratory are directly traceable to the National Institute of
Standards and Technology. The ionization was measured in
air and then converted to absolute dose in water following the
American Association of Physicists in Medicine Task Group-61
protocol (Ma et al., 2001). The dose rate for TBI was defined at the
midline of the rat and was calculated as described for TBI and leg-
out PBI using measured output of the machine and the depth
dose data. Then the irradiation time, including appropriate timer
error of the X-ray machine, was calculated to deliver the required
dose in one fraction using a posterior-to-anterior beam.
Gafcromic film EBT2 (ISP, United States) sandwiched between
slabs of solid water phantom was used to obtain profile
distributions. The dose at the centers of the two rat chambers
varied by 2%, and rats were randomly assigned to chambers to
avoid any resulting bias. The irradiation field at midline was large
enough to cover both chambers with adequate (at least 2 cm)
margins.

FIGURE 1 | Experimental design. To study the Acute Radiation Syndrome (ARS) (A), female WAG/RijCmcr rats (11–12 weeks of age) were irradiated with 7.5 Gy
total body irradiation (TBI). At 24-h post-irradiation, all rats received a subcutaneous (SQ) injection of either the triple combination (TC, consisting of PEG-hG-CSF, PEG
mGM-CSF and PEG hIL-11) or vehicle and the ACE inhibitor lisinopril was started in the drinking water (24 mg m−2 d−1) in two groups at 7 days post-irradiation. A subset
of each treatment group was bled at days 10, 18, 25, and 30-days and complete blood counts were analyzed. The ARS experiment was terminated at 30-days.To
study the Delayed Effects of Acute Radiation Syndrome (DEARE) (B), female WAG/RijCmcr rats (11–12 weeks of age) were irradiated with 13 Gy leg-out partial body
irradiation (leg-out PBI). At 24-h post-irradiation, all rats received a subcutaneous (SQ) injection of either the triple combination (TC, consisting of PEG-hG-CSF, PEG
mGM-CSF and PEG hIL-11), PEG-hG-CSF or vehicle and the ACE inhibitor lisinopril was started in the drinking water (24 mg m−2 d−1) in two groups at 7 days post-
irradiation. Supportive care consisting of antibiotics (enrofloxacin, 10 mg kg−1 d−1, days 2–14) in the drinking water, SQ fluid hydration (saline, 40 ml kg−1 d−1, days 3–7)
and supplemental powdered diet (days 35–70) were provided to all rats in the DEARE study. Radiation pneumonitis was monitored weekly by recording breathing rates
(weeks 4–16) and while radiation nephropathy wasmonitored bymeasuring the blood urea nitrogen (BUN, days 90, 120, and 150). Lungs and kidneys were harvested at
56 and 120 days respectively to observe lung and renal radiation injury. The DEARE studies were terminated at 120 or 160-days.
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Interventions
The experimental design of the ARS study can be visualized in
Figure 1A. After irradiation, rats were randomly assigned to one
of five study arms: 1) 7.5 Gy TBI (n� 27); 2) 7.5 Gy TBI + vehicle (n�
41); 3) 7.5 Gy TBI + TC (n � 39); 4) 7.5 Gy TBI + vehicle + lisinopril
(n � 27); or 5) 7.5 Gy TBI + TC + lisinopril (n � 36). A group of age-
matched non-irradiated controls (n � 12) were also included in this
study. A single dose of either TC (2.75ml kg−1, 10mM Sodium
Phosphate, 4% Mannitol, 1% Sucrose; PEG hG-CSF 0.55mg kg−1;
PEG mGM-CSF 0.55mg kg−1; PEG hIL-11 0.165mg kg−1) (Bolder
BioTechnology, Boulder, CO) or the matched vehicle (2.75ml kg−1,
10mM Sodium Phosphate, 4% Mannitol, 1% Sucrose) was
subcutaneously injected into assigned groups 24-h post-irradiation.
At 7-days post-irradiation, when recovery from GI toxicity is usually
observed, lisinopril (21CEC PX Pharm Ltd. United Kingdom;
24mgm−2 d−1) was started in the drinking water and continued
until termination (groups 4 and 5). Secondary endpoints for GI-ARS
were not included in the protocol because the dose of radiation in the
TBI model (7.5 Gy) was well below the threshold to observe non-
invasive symptoms of GI injury such as diarrhea (doses >11Gy in
WAG/RijCmcr rats, Fish et al., 2020). The TC were not expected to
alter GI-ARS based on other studies with the components of the TC
(Chua et al., 2014; Cox et al., 2020).Whole blood was collected via the
jugular vein at days 10-, 18-, 25-, and 30-post-irradiation. The
experiment was terminated at 30-days and the rats were euthanized.

Blood Cell Counts
A subset of rats from each study arm including: 1) 7.5 Gy TBI
control (n � 12), 2) 7.5 Gy TBI + vehicle (n � 11), 3) 7.5 Gy TBI +
TC (n � 11), 4) 7.5 Gy TBI + vehicle + lisinopril (n � 11), or 5)
7.5 Gy TBI + TC + lisinopril (n � 11), were anesthetized with
3–5% isoflurane and bled via jugular vein by a trained technician
(Medhora et al., 2019). EDTA was used to prevent blood clotting.
Whole blood was sent to Marshfield Laboratories (Marshfield,
WI) for complete blood counts (CBC). Hematocrit, neutrophils,
platelets, red blood cells, percent reticulocytes, and absolute
reticulocytes were analyzed to monitor hematopoietic injury.

Statistical Analyses
Analysis for 30-daymorbiditywas shown byKaplan-Meier plots and
tested for differences between groups by Cox regression. Neutrophil
counts were analyzed using linear mixed effects models with a
random animal intercept to account for repeated measures. Based
on a Box-Cox analysis, the counts were log-transformed for analysis
because this step improved the linearity of the effects and the
normality and homoskedasticity of the residuals. The results were
summarized by pairwise comparison of treatments within each day
and were adjusted for multiple testing within each time-point using
Tukey’s method. Analyses were performed using R 3.5.0 (R
Foundation for Statistical Computing, Vienna, Austria).

Delayed Effects of Acute Radiation
Exposure Study
Leg-Out Partial Body Irradiation in Rats
Female WAG/RijCmcr rats (11–12 weeks of age) were given leg-
out PBI without the use of anesthetics as previously described

(Medhora et al., 2019). This model of irradiation exposes the
entire body of the rat to ionizing radiation except for one hind
limb which is out of the field. Therefore, it is referred to as leg-
out PBI rather than TBI since the entire rat is not exposed to
radiation. Briefly, rats were immobilized in a plastic jig and
irradiated in the same manner as described for TBI, to a total
dose of 13 Gy. To allow for bone marrow recovery, one hind
limb of each rat was carefully externalized from the jig and
shielded from radiation with a 0.25-inch lead block. The dose
to this leg was ∼2 Gy (5–8% bone marrow shielding).
Dosimetry was conducted as previously described for the
Acute Radiation Syndrome study (Medhora et al., 2014;
Medhora et al., 2015).

Interventions
The experimental design of the DEARE experiments can be
visualized in Figure 1B. All rats were given supportive care of
enrofloxacin (10 mg kg−1 d−1) from days 2–14 post-irradiation
and subcutaneous fluid hydration (saline, 40 ml kg−1 d−1) from
days 3 to 7 post-irradiation, as described previously (Fish et al.,
2016). To study DEARE to 120-days, female rats were
randomly assigned to one of five study arms: 1) Non-
irradiated + vehicle (for TC, n � 10); 2) 13 Gy leg-out PBI
+ vehicle (n � 28); 3) 13 Gy leg-out PBI + TC (n � 21); 4) 13 Gy
leg-out PBI + PEG-hG-CSF (n � 21); or 5) 13 Gy leg-out PBI +
TC + lisinopril (n � 16). To study DEARE to 160-days, female
rats were randomly assigned to one of the following four study
arms: 1) 13 Gy leg-out PBI + vehicle (for TC) (n � 12); 2) 13 Gy
leg-out PBI + TC (n � 12); 3) 13 Gy leg-out PBI + vehicle +
lisinopril (n � 12); or 4) 13 Gy leg-out PBI + TC + lisinopril
(n � 12). Since lisinopril is soluble in water, no vehicle specific
for lisinopril was required. A single dose of either TC, vehicle
for TC (see ARS study) or PEG-hG-CSF (BBT-015
0.55 mg kg−1, Bolder BioTechnology, Boulder, CO) was
subcutaneously injected into assigned groups 24 h post-
irradiation. At 7-days post-irradiation, lisinopril (21CEC PX
Pharm Ltd. United Kingdom; 24 mg m−2 d−1) was started in
the drinking water and continued until termination in one
group. All rats provided powdered diet in addition to pelleted
diet days 35–70 post-irradiation due to tooth loss following
leg-out PBI. Tooth loss is observed when the head of rats is not
shielded during exposure, but the teeth grow back by day 70.
The supplemental powdered food eliminates weight loss due to
the inability to eat pelleted food.

Since lethal GI injury occurs at doses >11 Gy leg-out PBI (Fish
et al., 2020) without supportive care and above 13 Gy with
supportive care, secondary endpoints for GI toxicity were not
included. For the 120-days DEARE study, breathing rates (BR)
were recorded every other week starting at week 4 post-
irradiation and continuing through week 16 to evaluate lung
function. Blood was collected via jugular vein at 90- and 120-days
post-irradiation to monitor blood urea nitrogen (BUN) levels.
BUN is a measure of renal function. For the 120-days study, at
day 56 (during radiation pneumonitis), random sets of rats from
each study arm were euthanized for lung histology (peak of
pneumonitis). At termination (day 120), rats were euthanized,
and the kidneys harvested for histology.
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The second DEARE study was terminated at 160-days, with
survival serving as the primary end point. BUNs were measured
at 90-, 120- and 150-days post-irradiation.

Blood was harvested, followed by necropsy for all rats that
were identified as moribund to confirm morbidity due to lethal
radiation pneumonitis or nephropathy as the cause of death.

Measurement of Breathing Interval
To monitor radiation pneumonitis, breathing rates and body
weights were measured every other week from weeks 4 to 16, as
previously described (Medhora et al., 2014; Medhora et al., 2015).
Rats were placed in a plastic restrainer for 5 min for two
consecutive training days to allow the rats to become
acclimated to the apparatus. On the third day, the restrainer
was placed in a transparent EMKA plethysmograph (Scireq
Scientific Respiratory Equipment Inc., Montreal, QC, Canada)
which measured the frequency of pressure changes. Each rat was
recorded for a maximum of 10 min and the mean breathing rate
was calculated from four steady 15 s recordings. The inverse of
the breathing rates was calculated to derive the breathing interval
or time/breath in minutes. Higher breathing rates and lower
breathing intervals are associated with more lung damage. The
breathing interval was set to 0 for all animals that were moribund
during pneumonitis to account for attrition (Medhora et al., 2012;
Gao et al., 2014; Medhora et al., 2020).

Measurement of Blood Urea Nitrogen
A sensitive method to assess radiation-induced nephropathy is to
measure the serum BUN levels which correlate well with renal
histopathology as previously published (Moulder et al., 2011).
Rats were anesthetized with isoflurane (3–5%) and blood was
drawn via the jugular vein by a trained technician at days 90 and
120 post-irradiation (Medhora et al., 2019). The BUN was
assayed from serum as described previously (Cohen et al.,
1994; Medhora et al., 2014; Fish et al., 2016) using a urease-
nitroprusside colorimetric assay. BUN values were expressed as
mg dL−1 of serum andmedians with 20–80% ranges were used for
statistical analysis. Irradiated rats with BUN > 120 mg dl−1 had
lethal radiation nephropathy and were euthanized and given a
value of 120 mg dl−1 to account for attrition, since such rats were
previously confirmed to have severe and irreversible renal
damage (Moulder et al., 1993; Fish et al., 2016; Medhora et al.,
2020).

Lung Histology
A subset of irradiated rats from the 120-days DEARE study was
assigned for lung histology at 56-days after 13 Gy leg-out PBI as
described previously (Medhora et al., 2014; Medhora et al., 2015).
Briefly, the lungs were harvested, inflated, and fixed by gravity
using 10% buffered formalin (Fisher Scientific, Pittsburg, PA) and
the left lung was embedded in paraffin. Whole mount left lung
sections (4 µm thick) were stained with H&E. Five (20×) fields
from each rat were randomly selected and scored by operators
blinded to the treatment groups. Vessel wall thickness, alveolar
wall thickness, and foamy macrophages were scored as described
previously (Medhora et al., 2014; Medhora et al., 2015). Higher
scores indicated more severe lung injury.

Kidney Histology
At the termination of the study (120-days post 13 Gy leg-out PBI),
the kidneys were harvested, cut into halves and immediately fixed
in 10% buffered formalin and processed for paraffin embedding.
Kidney sections were stained with H&E, and the kidney injury
blinded and assessed in coded samples as described earlier
(Moulder et al., 1993). Kidneys were scored as follows: absence
of renal cyst (0); presence of microscopic (1+); and macroscopic
(2+) cysts. Glomerular sclerosis was assessed by studying 20
random glomeruli per slide as follows: 1–2 sclerosed glomeruli
(1+); 3–4 sclerosed glomeruli (2+); or 5 or more sclerosed
glomeruli (3+). Interstitial fibrosis was assessed on an increasing
scale as none (0); scattered (1+); or diffuse (2+). Glomerular
mesangiolysis was assessed as absent (0); variably present (1+);
present in most glomeruli (2+); and present in all glomeruli (3+).
These scores were then aggregated to get a composite histologic
score. Higher scores indicated more severe renal injury.

Statistical Analyses
Analysis for morbidity after 30-days is shown by Kaplan-Meier
plots and the three growth-factor treated groups were analyzed
using Cox regression, with pairwise comparisons using a
multivariate normal distribution-based single-step adjustment
for multiple comparison control. Breathing intervals are shown
as means with 95% CIs. BUN values are shown as medians and
20–80% ranges. Statistical differences of breathing intervals and
BUN values were calculated by the ANOVA on Ranks with
multiple comparisons by the Dunnett’s method and both
accounted for attrition. For analyses of histological results, a

FIGURE 2 | Mitigation of hematopoietic-acute radiation syndrome
(H-ARS) by triple combination with and without lisinopril. Kaplan-Meier plots
show morbidity through 30-days after 7.5 Gy total body irradiation (TBI). The
triple combination (TC, consisting of PEG-hG-CSF, PEGmGM-CSF and
PEG hIL-11) or vehicle were given subcutaneously 24-h after TBI (designated
by PEG-HGF) and the ACE inhibitor, lisinopril, was started in the drinking water
7 days after irradiation. The number of rats in each group is designated by the
“n.” Non-irradiated controls are represented with the blue line. Morbidity was
not different in the three irradiated groups given 7.5 Gy only, with vehicle or
lisinopril, but survival was enhanced in the group which received the TC (p �
0.05, denoted by * compared to 7.5 Gy + vehicle group). Survival was
increased in the irradiated group receiving TC and lisinopril compared to the
irradiated rats receiving the vehicle for TC and lisinopril (p < 0.05, denoted
by #).
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one-way ANOVA was used to determine significance. All
pairwise multiple comparisons were conducted with the
Holm-Sidak method as post-hoc analysis. In case data failed
either normality or equal variance tests, ANOVA on ranks with
all pairwise multiple comparisons by Dunn’s method were used.

RESULTS

Mitigation of Acute Radiation Syndrome
Enhanced Survival After 7.5 Gy TBI With PEG-HGFs
Rats were irradiated with 7.5 Gy TBI at 11–12 weeks of age and
randomly assigned to one of five treatment groups to assess
morbidity due to hematopoietic injury (see Methods). At 24-h
post-irradiation, rats were injected subcutaneously with TC or
vehicle. The ACE inhibitor, lisinopril, was started in the drinking
water 7-days post-irradiation in two irradiated groups, one that
received TC and one that received the vehicle for TC. Figure 2
shows a Kaplan-Meier survival plot to 30-days post-irradiation,
through hematopoietic acute radiation syndrome (H-ARS) for
the five treatment groups and age-matched, non-irradiated
controls. At 30-days post-irradiation, 69% of the rats that
received 7.5 Gy TBI, but no TC, were moribund. The addition
of the TC improved survival (p � 0.05) compared to irradiated
animals receiving the vehicle only. The rats that received 7.5 Gy
TBI with TC and lisinopril also had enhanced survival as
compared to the vehicle and lisinopril group, with only 28%
morbidity (p < 0.05). Therefore, TC improves survival, even in the
presence of lisinopril. None of the non-irradiated control rats
were moribund in this study.

Effects of PEG-HGFs and Lisinopril on Recovery of
blood BCell Counts After Radiation
Complete blood cell counts at 10-, 18-, 25- and 30-days post-
irradiation were measured as a secondary endpoint to examine
the bone marrow injury after TBI. Blood collection began at 10-
days post-irradiation since this is typically when hematopoietic
injury is observed in this model. Figure 3 shows at 10-days the
neutrophil count had dropped for all irradiated groups compared
to the control (non-irradiated) group (denoted by a blue bar). At
day 18, neutrophils in all irradiated groups were still lower than in
the control group. Neutrophils in the irradiated groups given the
TC, with or without lisinopril, were significantly higher than
irradiated rats given the vehicle and lisinopril (p ≤ 0.005). All
irradiated groups were not different from control values by day
25. Platelet counts were not reported due to inconsistent
reporting in a number of samples.

Mitigation of Delayed Effects of Acute
Radiation Exposure to 120days
Survival After 13 Gy Leg-Out PBI With Lisinopril
Rats were irradiated with 13 Gy leg-out PBI at 11–12 weeks of age
and randomly assigned to one of four treatment groups (see
Methods and Figure 4) to assess survival through DEARE to 120-
days. Since PEG-G-CSF (Neulasta, Amgen) is an approved
medical countermeasure for ARS, we tested Bolder
BioTechnology’s PEG-hG-CSF (BBT-015, one of the
components of the TC) alone to determine if it altered

FIGURE 3 | Neutrophil recovery through 30-days post 7.5 Gy total body
irradiation (TBI) is shown on a log-scale for the neutrophil count (×103). The
horizontal blue bar represents the neutrophil counts for non-irradiated
controls. Asterisks (*) represent p < 0.02 as compared to non-irradiated
controls. At 18 days, the two irradiated groups given the triple combination
(TC, consisting of PEG-hG-CSF, PEG mGM-CSF and PEG hIL-11) with (red)
and without lisinopril (black), had higher neutrophil counts (p ≤ 0.005) than the
irradiated groups given the vehicle and lisinopril (yellow). Neutrophil counts
returned to levels resembling non-irradiated controls by 25-days post-
irradiation. The “n” values represent the number of rats alive in each group
between 10 and 30 days after irradiation which decreased over time due to
rats becoming moribund. Error bars represent 95% CIs for the mean.

FIGURE 4 | Kaplan-Meier plot representing morbidity from DEARE up to
120 days post 13 Gy partial body irradiation with one hind limb shielded (leg-
out PBI). The triple combination (TC, consisting of PEG-hG-CSF, PEG mGM-
CSF and PEG hIL-11), vehicle or PEG-hG-CSF (BBT-015) were given
subcutaneously 24 h post leg-out PBI (designated by PEG-HGF) and the ACE
inhibitor, lisinopril, was started in the drinking water 7 days post irradiation
(24 mg m−2 d−1). All irradiated rats were given supportive care with
subcutaneous hydration (40 ml kg−1 d−1) and enrofloxacin (10 mg kg−1 d−1)
from days 3–7 to 2–14, respectively,. There was trend in lower morbidity in
irradiated rats that received TC + lisinopril compared to irradiated rats that
received PEG-hG-CSF, but this was not significant (p � 0.07). Shaded (gray)
areas represent the timing for the lung and renal injuries.
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morbidity during DEARE. The study was terminated at 120-days
and Figure 4 shows a Kaplan-Meier survival plot for these four
treatment groups. By 120-days, 63% of the irradiated rats given
PEG-hG-CSF only were moribund, with the majority occurring
between 60 and 80 days coinciding with pneumonitis (Fish et al.,
2016). There was morbidity in all groups starting at 50-days post-
irradiation except in the irradiated rats that received TC +
lisinopril (6% morbidity). Though the addition of lisinopril
trended to increase survival to 120-days in the irradiation rats
given TC, this did not reach significance from the 13 Gy + PEG-
hG-CSF only group (p � 0.07).

Mitigation of Radiation Pneumonitis With Lisinopril
Breathing Interval Measurements to Monitor Lung Injury
During Pneumonitis
As a secondary endpoint and to monitor the progression of
pneumonitis, breathing rates were recorded biweekly starting
at week 4 until week 16 (see Methods). The breathing rates
were then converted to breathing intervals (1/breathing rates
in min/breath) to account for attrition from lethal pneumonitis
(see Methods). Figure 5 shows the mean breathing intervals of
each group at 6-and 12-weeks post-irradiation with 95% CIs.
There was no difference in breathing intervals at the 6-weeks time
point prior to the onset of pneumonitis. All irradiated groups had
lower breathing intervals compared to non-irradiated rats at 12-

weeks which correlates to the peak of radiation induced lung
injury (radiation pneumonitis). The treatment group receiving
the vehicle and also the group given PEG-hG-CSF had
significantly decreased (p < 0.05) breathing intervals when
compared to the non-irradiated controls at 12-weeks. This was
not observed in the irradiated group given the TC. The irradiated
group given PEG-hG-CSF also had significantly decreased (p <
0.05) breathing intervals when compared to the treatment group
given TC and lisinopril. The addition of lisinopril to TC but not
TC alone, mitigated the radiation-induced lung injury that was
observed with PEG-hG-CSF alone at 12-weeks.

Histological Changes at 56-days to Determine Lung Injury
During Pneumonitis
Histological changes in the lungs during pneumonitis were
monitored in a subset of rats at 56-days post-irradiation after
lung inflation and staining with H&E (see Methods). Figure 6A
shows representative lungs from each group that were scored on
three characteristic histological changes in irradiated lungs: vessel
wall thickness (black arrow), alveolar wall thickness (green arrow)
and foamy macrophages (red arrow). Non-irradiated lungs had a
lacy architecture with open alveolar spaces, thin walls, patent
blood vessels and few macrophages. The irradiated lungs had
more congestion and many more infiltrating cells with tissue
damage as compared to the non-irradiated lungs, except for the
rats that received the TC + lisinopril (red bars, Figure 6B). These
lungs were more comparable to control lungs with morphometric
measurements indicating lower histological scores (Figures
6B–D). Vessel walls (Figure 6B) were significantly thicker in
13 Gy vehicle and 13 Gy PEG-hG-CSF groups compared to non-
irradiated lungs and 13 Gy TC + lisinopril groups (p < 0.05).
Alveolar wall thickness (Figure 6C) increased in all irradiated
groups, but was significantly different in the vehicle, TC and
PEG-hG-CSF groups but not the TC + lisinopril groups
compared to the lungs from non-irradiated rats. Foamy
macrophages (Figure 6D) were abundant in all irradiated
groups, except for the TC + lisinopril group, which was not
different from the non-irradiated group lungs. These results show
histological injuries in irradiated lungs which were mitigated with
TC + lisinopril.

Mitigation of Radiation Nephropathy With Lisinopril
Blood Urea Nitrogen Measurements to Monitor Renal Injury
Blood urea nitrogen (BUN) measurements were used to
determine renal injury during radiation nephropathy. Rats in
all groups were bled via jugular vein at 90- and 120-days post-
irradiation and their median BUNs with 20–80% ranges are
plotted in Figure 7. BUNs for the non-irradiated controls are
represented by a shaded, horizontal blue bar. All irradiated rats
had an increase in BUN values at 90-days which continued to
increase by 120-days. The 13 Gy TC + lisinopril group had
significantly lower BUNs as compared to the other irradiated
rats (p < 0.05).

Histological Chages at 120-Days to Determine Renal Injury
Renal histology at 120-days was also used to quantify kidney
injury during radiation nephropathy. When the study was

FIGURE 5 | Radiation pneumonitis is mitigated by lisinopril after 13 Gy
leg-out PBI. Graphical representation of breathing intervals as a secondary
and functional endpoint for lung injury were obtained from all 13 Gy leg-out
PBI irradiated treatment groups and non-irradiated controls. Breathing
rates were recorded biweekly from weeks 4 to 16 post-irradiation and
converted to breathing intervals (see Methods). The bars represent means
with 95% CIs. Rats moribund with lung injury confirmed at necropsy (13 Gy +
vehicle n � 2, 13 Gy + PEG-hG-CSF n � 6, 13 Gy + TC n � 2) were given a
breathing interval of 0 at 12 weeks to account for attrition. Numbers in the bars
represent N in each group. Asterisks represent p < 0.05 between treatment
groups at 12 weeks, in brackets: 0 Gy + vehicle vs. 13 Gy + PEG-hG-CSF,
0 Gy vehicle vs. 13 Gy + vehicle, 13 Gy + TC + lisinopril vs. 13 Gy + PEG-
hG-CSF.
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terminated at 120-days, kidney sections were stained with H&E
and blinded for scoring histological changes (see Methods).
Figure 8A shows examples of representative histology of all
treatment groups. Tissue sections were also given a composite
score by the presence of protein casts (green arrow), glomerular
sclerosis (black arrow) and glomerular mesangiolysis (red arrow).
All irradiated groups showed histological evidence of injury as
shown in the graph in Figure 8B by increased composite scores.
Irradiated rats that received the TC had a higher composite
histology score in comparison to the non-irradiated rats and
the irradiated rats that received TC + lisinopril. The irradiated
rats that received TC + lisinopril showed mitigation of structural
damage in the kidney as compared to the other irradiated groups.

Mitigation of Delayed Effects of Acute
Radiation Exposure to 160Days
Survival After 13 Gy Leg-Out PBI With Lisinopril
Since renal failure (BUN > 120 mg/dl) occurs beyond 120 days, a
separate group of rats were tested for 160-days. Rats were
irradiated with 13 Gy leg-out PBI at 11–12 weeks of age and
randomly assigned to one of four treatment groups (see Methods
and Figure 9) to assess survival (primary end point) through 160-
days. Figure 9 shows a Kaplan-Meier survival plot for these four

treatment groups. By 160-days, all of the irradiated rats given
vehicle or TCwere moribund. One rat in the vehicle and lisinopril
group (Figure 9) was moribund at 11 days, possibly from H-ARS
since internal hemorrhaging was observed without obvious GI
injury at necropsy. GI lethality usually occurs by 7 days in this
model (Fish et al., 2020). The first (lung) sequelae occurred
between 60 and 80 days coinciding with pneumonitis (Fish
et al., 2016) followed by a second (renal) phase after 140 days
(representing radiation nephropathy). Only 1/12 rats in the 13 Gy
+ vehicle + lisinopril was moribund during pneumonitis while no
rats in this group developed severe nephropathy up to 150 days
(Figure 9). The experiment was terminated at 160 days at which
time survival for all rats given TC + lisinopril was 100% (p �
0.0001, 13 Gy + TC + lisinopril vs. 13 Gy + TC).

Mitigation of Radiation Nephropathy With Lisinopril
Surviving rats in all groups were bled via jugular vein at 90-, 120-
and 150-days post-irradiation and their median BUNs with
20–80% ranges are plotted in Figure 10. BUNs for the non-
irradiated controls are represented by a shaded, horizontal blue
bar. All irradiated rats had an increase in BUN values at 90-days.
The BUN of irradiated rats given vehicle or TC continued to
increase at 120- and again at 150-days. However, rats given 13 Gy
+ lisinopril with vehicle or TC had significantly lower BUNs as

FIGURE 6 | Lisinopril mitigates histological lung injury after 13 Gy leg-out PBI. Representative histological sections of lung tissue harvested at 56-days after 13 Gy
leg-out PBI were stained with H&E for each treatment group (A). Irradiated rats given the vehicle or PEG-hG-CSF showed increased alveolar wall thickness cellularity
(green arrow), increased vessel wall thickness (black arrow) and foamy macrophages (red arrow). Black bars represent 100 μm. Graphical representations of the H&E-
stained lung sections are shown for vessel wall thickness (B), alveolar wall thickness (C) and foamy macrophages (D). Vessel wall thickness (B) were increased in
irradiated rats given the vehicle or PEG-hG-CSF, whereas TC + lisinopril mitigated lung injury (p < 0.05, denoted by * compared to controls and # compared to TC +
lisinopril). Irradiation increased alveolar wall thickness (C) in all irradiated groups compared to control (p < 0.05, denoted by *) except for the TC + lisinopril group. Alveolar
wall thickness was also increased compared to the TC + lisinopril group in the irradiated vehicle and PEG-hG-CSF groups (p < 0.05, denoted by #). Foamymacrophages
(D) were significantly increased in irradiated rats given the vehicle, TC or PEG-hG-CSF (p < 0.05, denoted by * compared to controls and # compared to TC + lisinopril).
Numbers in the bars represent N in each group and bars are means with standard deviations.
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compared to irradiated rats given TC (p < 0.05) indicating non-
lethal radiation-induced renal injury.

DISCUSSION

The goal of these studies was to assess a promising
polypharmacy approach of combining a triple combination
of growth factors with the ACE inhibitor lisinopril to
mitigate ARS and DEARE in two rat models of irradiation
(7.5 Gy TBI and 13 Gy leg-out PBI).

Mitigation of ARS by the Triple Combination
in the Presence of Lisinopril
The TC consisting of PEG-hG-CSF, PEG mGM-CSF and PEG
hIL-11 mitigated morbidity of the hematopoietic injury of ARS
after TBI (Figures 2, 3). The addition of lisinopril to the TC also
resulted in increased survival. Survival in TC + lisinopril treated
rats was not different from that of TC alone. Thus, even though
lisinopril on its own did not mitigate morbidity, it did not alter
efficacy of the TC. The advantage of TC to enhance survival
during ARS as compared to FDA-approved mitigators such as
G-CSF (Neupogen) or GM-CSF (Leukine), is that TC was only
injected once vs. multiple injections required for a single non-
pegylated growth factor (USFDA, 2015a). Interestingly, recent
studies in four mouse strains have found enhanced survival with

an abbreviated schedule of G-CSF (Neupogen, 0.17 mg kg−1)
given for 3 days after irradiation compared to a 16-days
schedule (Satyamitra et al., 2017). PEGylated growth factors
that possess longer biological half-lives, increased survival to
30-days post-irradiation in irradiated mice after only one
treatment (0.1 mg kg−1) (Chua et al., 2014). A shortened
schedule is an important consideration in the context of a
mass casualty event such as a nuclear accident or radiological
attack, where single injections would be more convenient than
multiple daily injections. Future studies investigating efficacy of a
single dose of TC in a second species such as irradiated NHP will
be required for approval of TC as a mitigator of H-ARS, via the
FDA Animal Rule.

In clinical settings, G-CSF is used by neutropenic patients until
neutrophil recovery is achieved (USFDA, 2015a). Similarly,
G-CSF, when injected in irradiated mice until day 16, helps to
increase neutrophil counts (Plett et al., 2012), likely causing the
35% increase in survival observed in mice. In the current study,
complete blood counts taken between 10 and 30-days post-
irradiation showed that TC with or without lisinopril
enhanced neutrophil counts by 18 but not 10-days as
compared to lisinopril alone. Thus, the TC appeared to
accelerate recovery of neutrophils after 10-days, suggesting a
similarity to the mechanism reported in mice. GM-CSF
accelerated neutrophil recovery as a single agent but different
injury model in rats (Cox et al., 2020; Singh and Seed, 2020),
justifying its use in the TC. Though mGM-CSF has a very fast
half-life in rats (terminal half-life was 1.1 h (Cox et al., 2020), the
half-life of PEG mGM-CSF is much longer (terminal half-life of
17.2 h (Cox et al., 2020). The dose used in the current study
(0.55 mg kg−1) is higher than effective doses given to NHP and
that used in the clinic (7 μg kg−1 day−1), though only a single dose
was given to rats as compared to multiple doses to NHP
(unpublished results) and humans as per dosing
recommendations for LEUKINE®).

Evidence in mice also suggests hematopoietic growth
hormones may protect hematopoietic stem cells by
promoting quiescence, thereby maintaining stem cell
production (Davis et al., 2008). PEG-GM-CSF and PEG-IL-
11 have been shown to cause acceleration of red blood cells and
platelet recovery in mice (Plett et al., 2014). PEG-IL-11
increased the induction period of the hematopoietic stem
cells compared to IL-11 (Lee et al., 2012; Kumar et al., 2018)
and been shown to increase bone marrow cellularity,
megakaryocytes, and hematopoietic recovery in mice (Kumar
et al., 2018). These mechanisms observed in mice need to be
tested in rats, in future studies to confirm the mechanisms of
action of TC.

Other studies have shown that the ACE inhibitor captopril
increased survival in irradiated mice to day 30 (Davis et al.,
2010; Day et al., 2013), though this was not the case for rats
(Moulder et al., 1993). The ACE inhibitor captopril has been
shown to improve reticulocyte, leukocytes, erythrocytes, and
platelet counts in irradiated mice (Davis et al., 2010;
Barshishat-Kupper et al., 2011). There were no significant
differences in these metrics in this study with lisinopril
(results not shown).

FIGURE 7 | Mitigation of radiation nephropathy after 13 Gy leg-out PBI
by lisinopril. The graph shows medians and 20–80% ranges for blood urea
nitrogen (BUN in mg dL−1) in rats at 90- and 120-days post irradiation.
Asterisks (*) represent p < 0.05 as compared to irradiation only,
irradiation with triple combination (TC) and irradiation with PEG-hG-CSF
groups at the corresponding times show increased BUN levels. The normal
BUN for non-irradiated rats ranges between 18 and 21 mg dl−1 and is
represented by the shaded, horizontal blue bar. Numbers in the bars
represent N in each group. The decrease in N’s between 90- and 120-days
post-irradiation were not due to radiation nephropathy; therefore, they were
not given a value of 120 mg dl−1.
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Secondary endpoints for GI toxicity were not evaluated
because the dose of radiation after 7.5 Gy was well below the
threshold to observe external GI injury (seen above 12.5 Gy in
WAG/RijCmcr rats, Fish et al., 2020).

Mitigation of DEARE by Lisinopril in the
Presence of TC
Lisinopril has been used to mitigate lung-DEARE in rats after
12.5–13 Gy leg-out PBI (Fish et al., 2016) which was confirmed
with secondary endpoints of breathing interval and lung
histology. Our current data show that the TC + lisinopril also
enhances survival and mitigates the progression of pneumonitis
and nephropathy in irradiated rats. Though the mechanism of
mitigation of radiation injury is not confirmed, ACE inhibitors
are known to benefit cardiovascular function (Goodfriend et al.,
1996; Inagami, 1999). This action may play an important role in
mitigating radiation-induced injury to well vascularized organs
such as the heart, lungs and kidneys. TC alone, which benefits the
immune system, but not endovascular injury was not able to
mitigate radiation pneumonitis or nephropathy. IL-11 has proven
to be an effective mitigator against radiation induced renal injury
in mice (Lee et al., 2012). However, we did not find this to be the
case with TC which contains IL-11, unless the TC was combined

with lisinopril, as indicated by renal histology and BUN levels. It
is possible that the benefits of IL-11 were neutralized by the other
two growth factors in TC, indicating further experimentation is
needed in the future. Lisinopril alone has previously shown to be
an effective mitigator against renal injury in the same model as
used in this study (Fish et al., 2016). It continued to mitigate
nephropathy in rats in the current study in the presence of growth
factors that may be used to mitigate ARS; therefore, TC does not
interfere with the mitigating effects of lisinopril for DEARE
in rats.

Secondary endpoints for GI toxicity were not evaluated to
minimize handling of rats in the first 7-days after 13 Gy and
because the leg-out PBI dose used (13 Gy) has been described in
previous studies to largely spare lethal GI-toxicity (Medhora et al.,
2019).

Interestingly, compared to irradiated rats given PEG-hG-CSF
(BBT-015) alone, the breathing intervals in irradiated rats given
TC + lisinopril were significantly improved in the current study.
This is consistent with previous data, which using a different
injury model in rats, showed that lung injury is exacerbated by
G-CSF (Adachi et al., 2003). Since G-CSF is a component of TC,
the results indicate that lisinopril may have efficacy to mitigate
pneumonitis in irradiated rats that have been given G-CSF. The
TC + lisinopril group also demonstrated lung and renal histology

FIGURE 8 |Kidney injury mitigated by lisinopril after 13 Gy leg-out PBI. Representative histological sections of kidneys for each treatment group (A)were harvested
at the termination of the study (120-days) after 13 Gy leg-out PBI, fixed and stained with H&E. Irradiated rats given the vehicle or PEG-hG-CSF showed increased protein
casts (green arrow), glomerular sclerosis (black arrow) and glomerular mesangiolysis (red arrow) compared to non-irradiated rats. The irradiated and triple combination
(TC) group showed increased protein casts and glomerular sclerosis while the addition of lisinopril mitigated these histological changes. Graphical representations
of the H&E-stained kidney sections are shown in (B) as a composite histological score. Renal injury was increased with irradiation, the asterisks (*) represents p < 0.05 as
compared to non-irradiated controls while the pound symbol (#) represents p < 0.05 as compared to the irradiated + TC + lisinopril. Numbers in the bars represent N in
each group and bars are means with standard deviation.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 63447710

Gasperetti et al. Polypharmacy to Mitigate Radiation Syndromes

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


that was not different from non-irradiated rats. TC alone did not
improve these metrics as seen by increased vessel wall thickness,
alveolar wall thickness and foamy macrophages in the lung, or

protein casts and glomerular sclerosis in the kidney (Figures 6, 8).
In summary, in a rat model, lisinopril mitigated lung and kidney
DEARE in the presence of TC, administered early after radiation,
so that the combination was effective for mitigation of both ARS
and DEARE.

ACE inhibitors were evaluated in the clinic and reported to
improve outcomes for radiation-induced pneumonitis in cancer
patients (Jenkins and Welsh, 2011; Kharofa et al., 2012). Other
similar clinical studies did not detect clear benefits of these drugs
against radiation pneumonitis (Bracci et al., 2016; Small et al.,
2018; Sun et al., 2018; Sio et al., 2019). One limitation of these
trials was difficulty in accrual which resulted in underpowered
analyses. In addition, it is not clear if the consistent high (though
approved) doses of ACE inhibitors used in preclinical studies
were given to all patients.

Limitations
There are several limitations of the current study. First, we
have not tested each hematopoietic growth factor (PEG-GM-
CSF or PEG-IL-11) separately in rats to determine if either of
these alone could mitigate ARS or if they were additive. In fact,
any one of these factors could even be deleterious by itself,
partially neutralizing the beneficial effects of the others.
Though mitigation of G-CSF was controversial (Neta, 1988;
Neta et al., 1988) each growth factor was tested in mice and
enhanced survival as well as hematopoietic cell recovery
during ARS (Plett et al., 2014). Second, there was no
correction for attrition in the blood count studies. It is
uncertain if the results from moribund animals, when
included with those from survivors, could further alter
blood cell counts and the results presented in Figure 3.
Also, as results are different in rats than what has been
reported in mice, we do not know how these mitigators will
impact humans. Further research must be done in order to
determine the efficacy of this polypharmacy approach in other
species. Lastly, not understanding the basis for mitigation of
each agent is an important limitation. Knowledge of the
mechanisms of radiation-induced bone marrow injury in
rats will permit better comparison to mice and humans.
Mechanistic studies are not in the scope of the current
study, the goal of which is to demonstrate for the first time
a polypharmacy approach toward mitigating four sequelae
arising from irradiation of multiple organs. The individual
and combined mechanisms of action for each agent
(hydration, antibiotic, each growth factor, and lisinopril) on
each sequela must be pursued in future work.

CONCLUSION

A triple combination of hematopoietic growth factors (TC) given
with the ACE inhibitor lisinopril, successfully mitigated ARS and
DEARE in two rat irradiation models used in the current study.
The TC + lisinopril group showed decreased morbidity, faster
neutrophil recovery and less lung and renal injury, which in some
instances was comparable to the non-irradiated control rats.
Using PEGylated drugs meant only one administration of

FIGURE 9 | Kaplan-Meier plot representing morbidity from DEARE up to
160 days post 13 Gy partial body irradiation with one hind limb shielded (leg-
out PBI). The triple combination (TC, consisting of PEG-hG-CSF, PEG mGM-
CSF and PEG hIL-11), or vehicle were given subcutaneously 24 h post
PBI and the ACE inhibitor, lisinopril, was started in the drinking water 7-days
post-irradiation. All irradiated rats were given supportive care. All irradiated
rats that received TC + lisinopril survived to 160 days as compared to 100%
morbidity for irradiated rats that received TC alone (p < 0.0001). Survival of
irradiated rats given vehicle + lisinopril was over 90%, while irradiated rats
given only the vehicle were moribund before 160 days. Shaded (gray) areas
represent the timing for the lung and renal injuries.

FIGURE 10 |Mitigation of radiation nephropathy after 13 Gy leg-out PBI
by lisinopril (∼24 mg m−2 d−1). The graph shows medians and 20–80%
ranges for blood urea nitrogen (BUN in mg dL−1) in rats at 90-, 120- and 150-
days post-irradiation. Asterisks (*) represent p < 0.05 as compared to
13 Gy + TC (triple combination, black bar) at the corresponding times. The
normal BUN for non-irradiated rats ranges between 18–21 mg dl−1 and is
represented by the shaded, horizontal blue bar. All rats with 13 Gy + TC and
13 Gy + vehicle were moribund after 120 days with a BUN ≥ 120 mg dl−1 and
were given a BUN ≥ 120 mg dl−1 at 150 days. Numbers in the bars represent
N in each group.
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hematopoietic growth factors was needed compared to other
studies using non-pegylated growth factors requiring multiple
injections. Thus, PEGylation is advantageous for a mass casualty
accident or attack, as emergency personnel and health care staff
would not be needed to deliver repeated dosing. The combination
of growth factors and lisinopril was safe and compatible in the rat
models and may be an effective medical countermeasure for
humans by mitigating acute and delayed injuries in the event of a
nuclear disaster or accident.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee at the Medical of Wisconsin.

AUTHOR CONTRIBUTIONS

Conceptualization, MM, BF, CO, and GC; Methodology, BF, TG,
FG, JN, and TM; Formal Analysis, BF, AS, FG, TM, TG, andMM;
Original Draft Preparation and Writing, TM, TG, and MM;

Review and Editing, MM, TG, TM, BF, FG, JN, EJ, AS, GC,
and CO.

FUNDING

This study was supported by NIH/NIAID U01AI133594,
U01AI107305, VHA BX003833, Department of Radiation
Oncology, MCW and NIH/NIAID Grant no: U01AI107340 to
Bolder BioTechnology. Inc. and Indiana University School of
Medicine.

ACKNOWLEDGMENTS

The authors wish to thank Dana Scholler for excellent animal care
and technical assistance and Eric P. Cohen for his assistance in
scoring kidney slides. We also thank Christine M. Fam for
preparing the TC, TC vehicle and PEG-hG-CSF (BBT-015)
solutions. Tissues were paraffin embedded, sectioned and
stained by the Children’s Research Institute Histology Core,
Milwaukee, Wisconsin. The studies in this manuscript were
also part of TM’s master’s thesis entitled “Polypharmacy with
pegylated-hematopoietic growth factors (PEG-HGFs) and
lisinopril mitigates acute radiation syndrome and its delayed
effects” which was accepted in 2020 from the Medical College
of Wisconsin.

REFERENCES

Adachi, K., Suzuki, M., Sugimoto, T., Yorozu, K., Takai, H., Uetsuka, K., et al.
(2003). Effects of Granulocyte Colony-Stimulating Factor (G-CSF) on
Bleomycin-Induced Lung Injury of Varying Severity. Toxicologic Path. 31,
665–673. doi:10.1080/0192623039024492410.1080/714044700

Amgen (2015b). Inc. “Neulasta Prescribing Information.”. Thousand Oaks, CA.
Available at: http://pi.amgen.com/united_states/neulasta/neulasta_pi_hcp_
english.pdf (Accessed March 28th, 2021).

Amgen (2015a). Inc. “Neupogen Prescribing Information.”. Thousand Oaks, CA.
Available at: http://pi.amgen.com/united_states/neupogen/neupogen_pi_hcp_
english.pdf (Accessed March 28th, 2021).

Amgen (2021). Inc. “Nplate Prescribing Information.”. Thousand Oaks, CA.
Available at: https://www.pi.amgen.com/∼/media/amgen/repositorysites/pi-
amgen-com/nplate/nplate_pi_hcp_english.pdf (Accessed March 28th, 2021).

Barshishat-Kupper, M., Mungunsukh, O., Tipton, A. J., McCart, E. A., Panganiban,
R. A. M., Davis, T. A., et al. (2011). Captopril Modulates Hypoxia-Inducible
Factors and Erythropoietin Responses in a Murine Model of Total Body
Irradiation. Exp. Hematol. 39 (3), 293–304. doi:10.1016/j.exphem.2010.12.002

Boerma, M., Sridharan, V., Mao, X.-W., Nelson, G. A., Cheema, A. K., Koturbash,
I., et al. (2016). Effects of Ionizing Radiation on the Heart. Mutat. Research/
Reviews Mutat. Res. 770 (Pt B), 319–327. doi:10.1016/j.mrrev.2016.07.003

Bracci, S., Valeriani, M., Agolli, L., De Sanctis, V., Maurizi Enrici, R., and Osti, M. F.
(2016). Renin-Angiotensin System Inhibitors Might Help to Reduce the
Development of Symptomatic Radiation Pneumonitis after Stereotactic Body
Radiotherapy for Lung Cancer. Clin. Lung Cancer 17 (3), 189–197. doi:10.1016/
j.cllc.2015.08.007

Chua, H. L., Plett, P. A., Sampson, C. H., Katz, B. P., Carnathan, G. W., MacVittie,
T. J., et al. (2014). Survival Efficacy of the PEGylated G-CSFs Maxy-G34 and
Neulasta in a Mouse Model of Lethal H-ARS, and Residual Bone Marrow

Damage in Treated Survivors. Health Phys. 106 (1), 21–38. doi:10.1097/HP.
0b013e3182a4df10

Cohen, E. P., Moulder, J. E., Fish, B. L., and Hill, P. (1994). Prophylaxis of
Experimental Bone Marrow Transplant Nephropathy. J. Lab. Clin. Med. 124
(3), 371–380.

Cox, G. N., Lee, J. I., Rosendahl, M. S., Chlipala, E. A., and Doherty, D. H. (2020).
Characterization of a Long-Acting Site-specific PEGylated Murine GM-CSF
Analog and Analysis of its Hematopoietic Properties in Normal and
Cyclophosphamide-Treated Neutropenic Rats. Protein J. 39 (2), 160–173.
doi:10.1007/s10930-020-09894-0

Davis, T. A., Landauer, M. R., Mog, S. R., Barshishat-Kupper, M., Zins, S. R.,
Amare, M. F., et al. (2010). Timing of Captopril Administration Determines
Radiation Protection or Radiation Sensitization in a Murine Model of Total
Body Irradiation. Exp. Hematol. 38 (4), 270–281. doi:10.1016/j.exphem.2010.
01.004

Davis, T. A., Mungunsukh, O., Zins, S., Day, R. M., and Landauer, M. R. (2008).
Genistein Induces Radioprotection by Hematopoietic Stem Cell Quiescence.
Int. J. Radiat. Biol. 84 (9), 713–726. doi:10.1080/09553000802317778

Day, R. M., Davis, T. A., Barshishat-Kupper, M., McCart, E. A., Tipton, A. J., and
Landauer, M. R. (2013). Enhanced Hematopoietic Protection from Radiation by
the Combination of Genistein and Captopril. Int. Immunopharmacology 15 (2),
348–356. doi:10.1016/j.intimp.2012.12.029

DiCarlo, A. L., Hatchett, R. J., Kaminski, J. M., Ledney, G. D., Pellmar, T. C.,
Okunieff, P., et al. (2008). Medical Countermeasures for Radiation Combined
Injury: Radiation with Burn, Blast, Trauma And/or Sepsis. Report of an NIAID
Workshop, March 26-27, 2007. Radiat. Res. 169, 712–721. doi:10.1667/
RR1295.1

DiCarlo, A. L., Maher, C., Hick, J. L., Hanfling, D., Dainiak, N., Chao, N., et al.
(2011). Radiation Injury after a Nuclear Detonation: Medical Consequences
and the Need for Scarce Resources Allocation.Disaster Med. Public Health Prep.
5, S32–S44. doi:10.1001/dmp.2011.17

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 63447712

Gasperetti et al. Polypharmacy to Mitigate Radiation Syndromes

https://doi.org/10.1080/0192623039024492410.1080/714044700
http://pi.amgen.com/united_states/neulasta/neulasta_pi_hcp_english.pdf
http://pi.amgen.com/united_states/neulasta/neulasta_pi_hcp_english.pdf
http://pi.amgen.com/united_states/neupogen/neupogen_pi_hcp_english.pdf
http://pi.amgen.com/united_states/neupogen/neupogen_pi_hcp_english.pdf
https://www.pi.amgen.com/%7E/media/amgen/repositorysites/pi-amgen-com/nplate/nplate_pi_hcp_english.pdf
https://www.pi.amgen.com/%7E/media/amgen/repositorysites/pi-amgen-com/nplate/nplate_pi_hcp_english.pdf
https://www.pi.amgen.com/%7E/media/amgen/repositorysites/pi-amgen-com/nplate/nplate_pi_hcp_english.pdf
https://doi.org/10.1016/j.exphem.2010.12.002
https://doi.org/10.1016/j.mrrev.2016.07.003
https://doi.org/10.1016/j.cllc.2015.08.007
https://doi.org/10.1016/j.cllc.2015.08.007
https://doi.org/10.1097/HP.0b013e3182a4df10
https://doi.org/10.1097/HP.0b013e3182a4df10
https://doi.org/10.1007/s10930-020-09894-0
https://doi.org/10.1016/j.exphem.2010.01.004
https://doi.org/10.1016/j.exphem.2010.01.004
https://doi.org/10.1080/09553000802317778
https://doi.org/10.1016/j.intimp.2012.12.029
https://doi.org/10.1667/RR1295.1
https://doi.org/10.1667/RR1295.1
https://doi.org/10.1001/dmp.2011.17
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Fish, B. L., Gao, F., Narayanan, J., Bergom, C., Jacobs, E. R., Cohen, E. P., et al.
(2016). Combined Hydration and Antibiotics with Lisinopril to Mitigate Acute
and Delayed High-Dose Radiation Injuries to Multiple Organs. Health Phys.
111 (5), 410–419. doi:10.1097/HP.0000000000000554

Fish, B. L., MacVittie, T. J., Szabo, A., Moulder, J. E., and Medhora, M. (2020).
WAG/RijCmcr Rat Models for Injuries to Multiple Organs by Single High Dose
Ionizing Radiation: Similarities to Nonhuman Primates (NHP). Int. J. Radiat.
Biol. 96 (1), 81–92. doi:10.1080/09553002.2018.1554921

Fliedner, T. M., Dörr, H. D., andMeineke, V. (2005). Multi-organ Involvement as a
Pathogenetic Principle of the Radiation Syndromes: a Study Involving 110 Case
Histories Documented in SEARCH and Classified as the Bases of
Haematopoietic Indicators of Effect. Bjr Supplement_27, 1–8. doi:10.1259/
bjr/77700378

Gao, F., Fish, B. L., Moulder, J. E., Jacobs, E. R., and Medhora, M. (2013). Enalapril
Mitigates Radiation-Induced Pneumonitis and Pulmonary Fibrosis if Started
35 Days after Whole-Thorax Irradiation. Radiat. Res. 180 (5), 546–552. doi:10.
1667/RR13350.1

Gao, F., Fish, B. L., Szabo, A., Schock, A., Narayanan, J., Jacobs, E. R., et al. (2014).
Enhanced Survival from Radiation Pneumonitis by Combined Irradiation to
the Skin. Int. J. Radiat. Biol. 90 (9), 753–761. doi:10.3109/09553002.2014.
922722

Goodfriend, T. L., Elliott, M. E., and Catt, K. J. (1996). Angiotensin Receptors and
Their Antagonists. N. Engl. J. Med. 334 (25), 1649–1655. doi:10.1056/
NEJM199606203342507

Inagami, T. (1999). Molecular Biology and Signaling of Angiotensin Receptors: an
Overview. J. Am. Soc. Nephrol. 10 Suppl 11 (Suppl. 11), S2–S7.

Jenkins, P., and Watts, J. (2011). An Improved Model for Predicting Radiation
Pneumonitis Incorporating Clinical and Dosimetric Variables. Int. J. Radiat.
Oncology*Biology*Physics 80 (4), 1023–1029. doi:10.1016/j.ijrobp.2010.03.
05880

Jenkins, P., and Welsh, A. (2011). Computed Tomography Appearance of Early
Radiation Injury to the Lung: Correlation with Clinical and Dosimetric Factors.
Int. J. Radiat. Oncology*Biology*Physics 81 (1), 97–103. doi:10.1016/j.ijrobp.
2010.05.017

Kharofa, J., Cohen, E. P., Tomic, R., Xiang, Q., and Gore, E. (2012). Decreased Risk
of Radiation Pneumonitis with Incidental Concurrent Use of Angiotensin-
Converting Enzyme Inhibitors and Thoracic Radiation Therapy. Int. J. Radiat.
Oncology*Biology*Physics 84 (1), 238–243. doi:10.1016/j.ijrobp.2011.11.013

Kma, L., Gao, F., Fish, B. L., Moulder, J. E., Jacobs, E. R., and Medhora, M. (2012).
Angiotensin Converting Enzyme Inhibitors Mitigate Collagen Synthesis
Induced by a Single Dose of Radiation to the Whole Thorax. Jrr 53 (1),
10–17. doi:10.1269/jrr.11035

Kumar, V. P., Biswas, S., Sharma, N. K., Stone, S., Fam, C. M., Cox, G. N., et al.
(2018). PEGylated IL-11 (BBT-059): A Novel Radiation Countermeasure for
Hematopoietic Acute Radiation Syndrome. Health Phys. 115 (1), 65–76. doi:10.
1097/HP.0000000000000841

Lee, H. T., Park, S. W., Kim, M., Ham, A., Anderson, L. J., Brown, K. M., et al.
(2012). Interleukin-11 Protects against Renal Ischemia and Reperfusion Injury.
Am. J. Physiology-Renal Physiol. 303 (8), F1216–F1224. doi:10.1152/ajprenal.
00220.2012

Ma, C.-M., Coffey, C. W., DeWerd, L. A., Liu, C., Nath, R., Seltzer, S. M., et al.
(2001). AAPM Protocol for 40-300 kV X-Ray BeamDosimetry in Radiotherapy
and Radiobiology. Med. Phys. 28 (6), 868–893. doi:10.1118/1.1374247

McCart, E. A., Lee, Y. H., Jha, J., Mungunsukh, O., Rittase, W. B., Summers, T. A.,
Jr, et al. (2019). Delayed Captopril Administration Mitigates Hematopoietic
Injury in a Murine Model of Total Body Irradiation. Sci. Rep. 9 (1), 2198. doi:10.
1038/s41598-019-38651-2

Medhora, M., Gao, F., Fish, B. L., Jacobs, E. R., Moulder, J. E., and Szabo, A. (2012).
Dose-modifying Factor for Captopril for Mitigation of Radiation Injury to
Normal Lung. J. Radiat. Res. 53 (4), 633–640. doi:10.1093/jrr/rrs004

Medhora, M., Gao, F., Gasperetti, T., Narayanan, J., Khan, A. H., Jacobs, E. R., et al.
(2019). Delayed Effects of Acute Radiation Exposure (DEARE) in Juvenile and
Old Rats: Mitigation by Lisinopril. Health Phys. 116 (4), 529–545. doi:10.1097/
HP.0000000000000920

Medhora, M., Gao, F., Glisch, C., Narayanan, J., Sharma, A., Harmann, L. M., et al.
(2015). Whole-thorax Irradiation Induces Hypoxic Respiratory Failure, Pleural
Effusions and Cardiac Remodeling. J. Radiat. Res. 56 (2), 248–260. doi:10.1093/
jrr/rru095

Medhora, M., Gao, F., Wu, Q., Molthen, R. C., Jacobs, E. R., Moulder, J. E., et al.
(2014). Model Development and Use of ACE Inhibitors for Preclinical
Mitigation of Radiation-Induced Injury to Multiple Organs. Radiat. Res. 182
(5), 545–555. doi:10.1667/RR13425.1

Medhora, M., Gasperetti, T., Schamerhorn, A., Gao, F., Narayanan, J., Lazarova, Z.,
et al. (2020). Wound Trauma Exacerbates Acute, but Not Delayed, Effects of
Radiation in Rats: Mitigation by Lisinopril. Ijms 21 (11), 3908. doi:10.3390/
ijms21113908

Moulder, J. E. (2014). 2013 Dade W. Moeller Lecture. Health Phys. 107 (2),
164–171. doi:10.1097/HP.0000000000000082

Moulder, J. E., Cohen, E. P., and Fish, B. L. (2011). Captopril and Losartan for
Mitigation of Renal Injury Caused by Single-Dose Total-Body Irradiation.
Radiat. Res. 175 (1), 29–36. doi:10.1667/RR2400.1

Moulder, J. E., Fish, B. L., and Cohen, E. P. (1993). Treatment of Radiation
Nephropathy with ACE Inhibitors. Int. J. Radiat. Oncology*Biology*Physics 27
(1), 93–99. doi:10.1016/0360-3016(93)90425-u

Neta, R., Oppenheim, J. J., and Douches, S. D. (1988). Interdependence of the
Radioprotective Effects of Human Recombinant Interleukin 1 Alpha, Tumor
Necrosis Factor Alpha, Granulocyte Colony-Stimulating Factor, and Murine
Recombinant Granulocyte-Macrophage Colony-Stimulating Factor.
J. Immunol. 140 (1), 108–111.

Neta, R. (1989). Cytokines in Radioprotection and Therapy of Radiation Injury.
Biotherapy 1 (1), 41–45. doi:10.1007/BF02170134

Ng, J., Guo, F., Marneth, A. E., Ghanta, S., Kwon, M.-Y., Keegan, J., et al. (2020).
Augmenting Emergency Granulopoiesis with CpG Conditioned Mesenchymal
Stromal Cells in Murine Neutropenic Sepsis. Blood Adv. 4 (19), 4965–4979.
doi:10.1182/bloodadvances.2020002556

Plett, P. A., Chua, H. L., Sampson, C. H., Katz, B. P., Fam, C. M., Anderson, L.
J., et al. (2014). PEGylated G-CSF (BBT-015), GM-CSF (BBT-007), and
IL-11 (BBT-059) Analogs Enhance Survival and Hematopoietic Cell
Recovery in a Mouse Model of the Hematopoietic Syndrome of the
Acute Radiation Syndrome. Health Phys. 106 (1), 7–20. doi:10.1097/
HP.0b013e3182a4dd4e

Plett, P. A., Sampson, C. H., Chua, H. L., Joshi, M., Booth, C., Gough, A., et al.
(2012). Establishing a Murine Model of the Hematopoietic Syndrome of the
Acute Radiation Syndrome. Health Phys. 103 (4), 343–355. doi:10.1097/HP.
0b013e3182667309

Radiation Emergency Medical Management (2020). Myeloid Cytokines for
Treatment of Acute Exposure to Myelosuppressive Doses of Radiation:
Hematopoietic Subsyndromeof Acute Radiation Syndrome (H-ARS).
Available at: https://www.remm.nlm.gov/cytokines.htm (Accessed November
14th, 2020).[

Sanofi-Aventis Llc, S.-A. U. (2018). Leukine Prescribing Information. NJ:
Bridgewater. . Available at: https://www.accessdata.fda.gov/drugsatfda_docs/
label/2018/103362s5240lbl.pdf?utm_campaign�20180329% (Accessed March
28th, 2021).

Satyamitra, M., Kumar, V. P., Biswas, S., Cary, L., Dickson, L., Venkataraman, S.,
et al. (2017). Impact of Abbreviated Filgrastim Schedule on Survival and
Hematopoietic Recovery after Irradiation in Four Mouse Strains with
Different Radiosensitivity. Radiat. Res. 187 (6), 659–671. doi:10.1667/
RR14555.1

Singh, V. K., and Seed, T. M. (2020). Pharmacological Management of Ionizing
Radiation Injuries: Current and Prospective Agents and Targeted Organ
Systems. Expert Opin. Pharmacother. 21 (3), 317–337. doi:10.1080/14656566.
2019.1702968

Sio, T. T., Atherton, P. J., Pederson, L. D., Zhen, W. K., Mutter, R. W., Garces, Y. I.,
et al. (2019). Daily Lisinopril vs Placebo for Prevention of Chemoradiation-
Induced Pulmonary Distress in Patients with Lung Cancer (Alliance MC1221):
A Pilot Double-Blind Randomized Trial. Int. J. Radiat.
Oncology*Biology*Physics 103 (3), 686–696. doi:10.1016/j.ijrobp.2018.10.035

Small, W., Jr, James, J. L., Moore, T. D., Fintel, D. J., Lutz, S. T., Movsas, B., et al.
(2018). Utility of the ACE Inhibitor Captopril in Mitigating Radiation-
Associated Pulmonary Toxicity in Lung Cancer. Am. J. Clin. Oncol. 41 (4),
396–401. doi:10.1097/COC.0000000000000289

Sun, F., Sun, H., Zheng, X., Yang, G., Gong, N., Zhou, H., et al. (2018). Angiotensin-
converting Enzyme Inhibitors Decrease the Incidence of Radiation-Induced
Pneumonitis Among Lung Cancer Patients: A Systematic Review and Meta-
Analysis. J. Cancer 9 (12), 2123–2131. doi:10.7150/jca.24665

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 63447713

Gasperetti et al. Polypharmacy to Mitigate Radiation Syndromes

https://doi.org/10.1097/HP.0000000000000554
https://doi.org/10.1080/09553002.2018.1554921
https://doi.org/10.1259/bjr/77700378
https://doi.org/10.1259/bjr/77700378
https://doi.org/10.1667/RR13350.1
https://doi.org/10.1667/RR13350.1
https://doi.org/10.3109/09553002.2014.922722
https://doi.org/10.3109/09553002.2014.922722
https://doi.org/10.1056/NEJM199606203342507
https://doi.org/10.1056/NEJM199606203342507
https://doi.org/10.1016/j.ijrobp.2010.03.058
https://doi.org/10.1016/j.ijrobp.2010.03.058
https://doi.org/10.1016/j.ijrobp.2010.05.017
https://doi.org/10.1016/j.ijrobp.2010.05.017
https://doi.org/10.1016/j.ijrobp.2011.11.013
https://doi.org/10.1269/jrr.11035
https://doi.org/10.1097/HP.0000000000000841
https://doi.org/10.1097/HP.0000000000000841
https://doi.org/10.1152/ajprenal.00220.2012
https://doi.org/10.1152/ajprenal.00220.2012
https://doi.org/10.1118/1.1374247
https://doi.org/10.1038/s41598-019-38651-2
https://doi.org/10.1038/s41598-019-38651-2
https://doi.org/10.1093/jrr/rrs004
https://doi.org/10.1097/HP.0000000000000920
https://doi.org/10.1097/HP.0000000000000920
https://doi.org/10.1093/jrr/rru095
https://doi.org/10.1093/jrr/rru095
https://doi.org/10.1667/RR13425.1
https://doi.org/10.3390/ijms21113908
https://doi.org/10.3390/ijms21113908
https://doi.org/10.1097/HP.0000000000000082
https://doi.org/10.1667/RR2400.1
https://doi.org/10.1016/0360-3016(93)90425-u
https://doi.org/10.1007/BF02170134
https://doi.org/10.1182/bloodadvances.2020002556
https://doi.org/10.1097/HP.0b013e3182a4dd4e
https://doi.org/10.1097/HP.0b013e3182a4dd4e
https://doi.org/10.1097/HP.0b013e3182667309
https://doi.org/10.1097/HP.0b013e3182667309
https://www.remm.nlm.gov/cytokines.htm
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/103362s5240lbl.pdf?utm_campaign=20180329%
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/103362s5240lbl.pdf?utm_campaign=20180329%
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/103362s5240lbl.pdf?utm_campaign=20180329%
https://doi.org/10.1667/RR14555.1
https://doi.org/10.1667/RR14555.1
https://doi.org/10.1080/14656566.2019.1702968
https://doi.org/10.1080/14656566.2019.1702968
https://doi.org/10.1016/j.ijrobp.2018.10.035
https://doi.org/10.1097/COC.0000000000000289
https://doi.org/10.7150/jca.24665
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Unthank, J. L., Miller, S. J., Quickery, A. K., Ferguson, E. L., Wang, M., Sampson, C.
H., et al. (2015). Delayed Effects of Acute Radiation Exposure in a Murine
Model of the H-ARS. Health Phys. 109 (5), 511–521. doi:10.1097/HP.
0000000000000357

U.S. Food and Drug Administration (2015a). FDA Approves Radiation Medical
Countermeasure. Available at: https://www.fda.gov/emergency-preparedness-
and-response/about-mcmi/fda-approves-radiation-medical-countermeasure
(Accessed September 30th, 2020).

U.S. Food and Drug Administration (2015b). Guidance for Industry: Product
Development under the Animal Rule. Available at: https://www.fda.gov/
regulatory-information/search-fda-guidance-documents/product-development-
under-animal-rule (Accessed October 12th, 2020).

U.S. Food and Drug Administration (2021). Radiological and Nuclear Emergency
Preparedness Information from FDA. Available at: https://www.fda.gov/
emergency-preparedness-and-response/mcm-issues/radiological-and-nuclear-
emergency-preparedness-information-fda#fastfacts (Accessed March 25th,
2021).

Conflict of Interest: GC is an employee of Bolder BioTechnology, Inc. and has a
financial interest in the company. GC and CO are inventors on patents related to
use of PEG-HGFs to treat ARS. GC, CO, BF, and MM are inventors on a pending
patent application related to the use of combinations of HGF and ACE inhibitors to
treat ARS.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Gasperetti, Miller, Gao, Narayanan, Jacobs, Szabo, Cox, Orschell,
Fish and Medhora. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 63447714

Gasperetti et al. Polypharmacy to Mitigate Radiation Syndromes

https://doi.org/10.1097/HP.0000000000000357
https://doi.org/10.1097/HP.0000000000000357
https://www.fda.gov/emergency-preparedness-and-response/about-mcmi/fda-approves-radiation-medical-countermeasure
https://www.fda.gov/emergency-preparedness-and-response/about-mcmi/fda-approves-radiation-medical-countermeasure
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/product-development-under-animal-rule
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/product-development-under-animal-rule
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/product-development-under-animal-rule
https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/radiological-and-nuclear-emergency-preparedness-information-fda#fastfacts
https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/radiological-and-nuclear-emergency-preparedness-information-fda#fastfacts
https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/radiological-and-nuclear-emergency-preparedness-information-fda#fastfacts
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Polypharmacy to Mitigate Acute and Delayed Radiation Syndromes
	Introduction
	Methods
	Animal Care
	Acute Radiation Syndrome Study
	Total Body Irradiation in Rats
	Dosimetry for Irradiation (Medhora et al., 2014)
	Interventions
	Blood Cell Counts
	Statistical Analyses

	Delayed Effects of Acute Radiation Exposure Study
	Leg-Out Partial Body Irradiation in Rats
	Interventions
	Measurement of Breathing Interval
	Measurement of Blood Urea Nitrogen
	Lung Histology
	Kidney Histology
	Statistical Analyses


	Results
	Mitigation of Acute Radiation Syndrome
	Enhanced Survival After 7.5 Gy TBI With PEG-HGFs
	Effects of PEG-HGFs and Lisinopril on Recovery of blood BCell Counts After Radiation

	Mitigation of Delayed Effects of Acute Radiation Exposure to 120 days
	Survival After 13 Gy Leg-Out PBI With Lisinopril
	Mitigation of Radiation Pneumonitis With Lisinopril
	Breathing Interval Measurements to Monitor Lung Injury During Pneumonitis
	Histological Changes at 56-days to Determine Lung Injury During Pneumonitis
	Mitigation of Radiation Nephropathy With Lisinopril
	Blood Urea Nitrogen Measurements to Monitor Renal Injury
	Histological Chages at 120-Days to Determine Renal Injury

	Mitigation of Delayed Effects of Acute Radiation Exposure to 160 Days
	Survival After 13 Gy Leg-Out PBI With Lisinopril
	Mitigation of Radiation Nephropathy With Lisinopril


	Discussion
	Mitigation of ARS by the Triple Combination in the Presence of Lisinopril
	Mitigation of DEARE by Lisinopril in the Presence of TC
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


