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Introduction: In experimental animal models, biological sex-differences in the
manifestation and severity of normal tissue radiation injury have been well-
documented. Previously we demonstrated male and female rats have
differential and highly reproducible responses to high-dose partial body
irradiation (PBI) with male rats having greater susceptibility to both
gastrointestinal acute radiation syndrome (GI-ARS) and radiation pneumonitis
than female rats.

Methods: In the current study, we have investigated whether differential
expression of the renin-angiotensin system (RAS) enzymes angiotensin
converting enzyme (ACE) and ACE2 contribute to the observed sex-related
differences in radiation response.

Results: During the period of symptomatic pneumonitis, the relative ratio of ACE
to ACE2 (ACE/ACE2) protein in the whole lung was significantly increased by
radiation in male rats alone. Systemic treatment with small molecule ACE2 agonist
diminazene aceturate (DIZE) increased lung ACE2 activity and reduced morbidity
during radiation pneumonitis in both sexes. Notably DIZE treatment also
abrogated morbidity in male rats during GI-ARS. We then evaluated the
contribution of the irradiated bone marrow (BM) compartment on lung
immune cell infiltration and ACE imbalance during pneumonitis.
Transplantation of bone marrow from irradiated donors increased both ACE-
expressing myeloid cell infiltration and immune ACE activity in the lung during
pneumonitis compared to non-irradiated donors.

Discussion: Together, these data demonstrate radiation induces a sex-dependent
imbalance in the renin-angiotensin system enzymes ACE and ACE2. Additionally,
these data suggest a role for ACE-expressing myeloid cells in the pathogenesis of
radiation pneumonitis. Finally, the observed sex-differences underscore the need
for consideration of sex as a biological variable in the development of medical
countermeasures for radiation exposure.
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Introduction

Since the 11 September 2001 terrorist attacks, the federal
government has recognized the possibility of attacks involving
radiological or nuclear weapons as a national security priority.

Victims of radiation exposure may experience a range of dose
dependent toxicities which include both the acute syndromes of
radiation sickness as well as delayed effects of radiation exposure
(DEARE). Our laboratory has developed a rat partial body
irradiation (PBI) model which recapitulates the major sequelae of
acute (gastrointestinal and hematopoietic) and delayed (lung and
kidney) radiation injuries (Fish et al., 2021). In this model, we
previously reported sex-differences in morbidity during the sequelae
of gastrointestinal acute radiation syndrome (GI-ARS) and lung-
DEARE following PBI doses of 10–14 Gy with adult male rats having
increased susceptibility to both GI-ARS and lung-DEARE than age-
matched female rats (Fish et al., 2021). However, the underlying
biological mechanisms regulating these observed sex-related
differences in radiation sensitivity are unknown.

The observed sex difference in lung-DEARE in our rodent model
mirrors the established sex disparity in COVID-19 respiratory syndrome
patients where globally men have significantly higher death rates than
women (Gagliardi et al., 2020; Mukherjee and Pahan, 2021). Interestingly,
there are other established commonalities between radiation pneumonitis
and COVID-19 acute respiratory syndrome including immune
infiltration, inflammatory cytokine release, and dysregulation of the
renin-angiotensin system (RAS) (Barhoumi et al., 2021; Rios et al.,
2021; Geng et al., 2022). It has been hypothesized that the COVID-19
sex disparity may be attributable to dysregulation of RAS as the
angiotensin converting enzyme (ACE) family member ACE2 serves as
the entry point for the SARS-CoV-2 virus (Miličić Stanić et al., 2021).
SARS infection both inhibits ACE2 activity and decreases
ACE2 expression in infected cells (Imai et al., 2005; Haga et al., 2008).
Since ACE2 directly counteracts ACE by converting vasoconstrictor
angiotensin II (AngII) to angiotensin (1–7), the loss of ACE2 has been
proposed to drive an imbalance in favor of excess AngII levels (Sriram and
Insel, 2020). In radiation injury, several decades of research support the
usage of angiotensin converting enzyme (ACE) inhibitors formitigation of
a range of radiation-induced toxicities including: acute hematopoietic
injury (McCart et al., 2019), pneumonitis (Medhora et al., 2012; Gasperetti
et al., 2021; Mungunsukh et al., 2021), cardiac fibrosis (van der Veen et al.,
2015), optic neuropathy (Kim et al., 2004; Ryu et al., 2007), and
nephropathy (Moulder et al., 2007; Fish et al., 2016). Recently, we have
also demonstrated pharmacologic ACE2 agonismwith the small molecule
diminazene aceturate (DIZE) promotes survival in rodent models of
hematopoietic acute radiation syndrome (H-ARS) and DEARE
(Gasperetti et al., 2022).

ACE inhibitors such as lisinopril have well-established function as
vasodilators and suppressors of reactive oxygen species production in
vascular pharmacology (Schramm et al., 2012). While these angio-
protective effects are likely to promote multi-organ recovery following
radiation injury, we have previously demonstrated ACE inhibitor
treatment also directly regulates the function of irradiated immune
cells (Sharma et al., 2022). Treatment with ACE inhibitor lisinopril
suppressed the infiltration of inflammatory immune cell populations in
the lung and the secretion of pro-inflammatory cytokines MCP-1
(CCL2) and MIP1a (CCL3) (Sharma et al., 2022). Importantly,
radiation injury induced an increase in the expression and activity

of ACE in subsets of lung infiltrating CD45+CD11b+ myeloid cells that
was abrogated by treatment with lisinopril (Sharma et al., 2022).

In the current study, we have assessed whether an imbalance in
the RAS within the immune compartment of male rats relative to
female rats may play a role in the observed sex-difference in
radiation sensitivity. Here, we report sex differences in the
regulation of the RAS enzymes ACE and ACE2 in response to
radiation in both the lung and bone marrow. We demonstrate the
agonism of ACE2 mitigates lung injury in both sexes. Additionally,
we demonstrate using a bone marrow transplantation model that
concurrent injury to the bone marrow exacerbates recruitment of
ACE-expressing myeloid cells to the lung during pneumonitis.

Materials and methods

Experimental animals

All studies described were performed in accordance with an
approved Institutional Animal Care and Use Committee protocol.
Age and sex-matchedWAG/RijCmcr rats were bred andmaintained
in a barrier facility at our institution. Two weeks prior to irradiation,
rats were switched to a moderate antioxidant diet (Teklad Global
2018 diet) which is more representative of antioxidant levels in a
human diet (Gasperetti et al., 2021). All rats were provided reverse
osmosis hyper-chlorinated water ad libitum.

Partial body irradiation (PBI) model

Adult female and male WAG/RijCmcr rats were exposed to
12.5 partial body irradiation (PBI) with bone marrow shielding to
one hind-limb (X-RAD 320 Precision, 320 kVp; 169 cGy/min). All
rats received supportive care post radiation consisting of antibiotics
(enrofloxacin ~10 mg/kg/day) in the drinking water from days 2–14,
subcutaneous saline (40 ml/kg) days 2–10, and powdered diet days
35–70. All irradiations were performed between 7–10 am.

Diminazene aceturate (DIZE) administration

Diminazene aceturate (DIZE) was purchased from Sigma-
Aldrich (St. Louis, Missouri, catalog #D7770) and
MedChemExpress (catalog #HY-12404, Monmouth Junction, NJ)
and reconstituted in sterile water at a stock concentration of 10 mg/
ml. Rats were weighed immediately prior to drug administration and
administered 15 mg/kg of the 10 mg/ml DIZE solution via
subcutaneous injection (Qi et al., 2013). Vehicle control rats
received subcutaneous injections of an equivalent volume of
sterile water. Rats were dosed subcutaneously starting at 72 h
post-PBI with either 15 mg/kg DIZE or sterile water (3X/week
(MWF) for the duration of the study.

Bone marrow transplantation model

Three donor adult femaleWAG/RijCmcr rats (11–12 weeks old)
were exposed to 7.75 Gy total body irradiation (TBI) or sham
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irradiation. On day 30 post-irradiation, donor animals were
humanely euthanized and both femurs were carefully excised.
Bone marrow from individual femurs was flushed using a 28-
gauge syringe into 5 ml of sterile phosphate buffered saline (PBS)
containing 10% fetal bovine serum. Cells were pelleted by
centrifugation and the red blood cell fraction was removed with
(Ammonium Chloride Potassium) ACK lysis buffer. Total viable
cells were determined using a Countess Automated Cell Counter
Hemocytometer C10227 (Invitrogen) with trypan blue exclusion
method. Adult female WAG/RijCmcr rats bone marrow recipients
were conditioned with 13 Gy TBI. All rats were irradiated without
the use of anesthetics by being placed in a plastic jig and the entire
body was exposed using a XRAD 320 kV orthovoltage x-ray system
(PrecisionX-Ray, Madison, CT). The X-ray system was operated at
320 kVp and13 mAs with a half-value layer of 1.4 mm copper and a
dose rate of 169 cGy/min. Recipient rats received 5 × 106 whole bone
marrow cells in a volume of 300 ul via intravenous tail vein injection
at 24 h post-irradiation.

Peripheral blood analysis

Complete blood counts complete blood counts (CBC) as done
previously (Gasperetti et al., 2022). Briefly, rats were restrained with
one hand by positioning the forelimbs in the caudodorsal direction
with the thumb and middle finger. A 23-gauge needle attached to a
syringe was carefully inserted into either the right or left external
jugular vein and blood was collected. Syringes were coated with
EDTA to prevent clotting for all CBC blood draws. Complete blood
counts were determined using a Heska Element 5 Veterinary
Hematology Analyzer. The remaining blood was centrifuged to
separate plasma for further analysis. Plasma samples were
shipped to Eve Technologies for progesterone and testosterone
measurement using the Steroid/Thyroid 6-Plex Discovery Assay
(Eve Technologies). Plasma samples were analyzed ELISA for Ang
(1–7) levels and Ang II at day 70 following 12.5 Gy PBI injury. The
commercial kits: Ang II ELISA kit: (Cat# MBS730655,
MyBioSource) and Ang (1–7) ELISA kit: (Cat# MBS8806649,
MyBioSource) were used and followed the protocol per the
manufacturer instructions.

Breathing rate measurement

Breathing rates were measured using a MouseOx Plus Pulse
Oximeter (Starr Life Sciences Corp) in accordance with
manufacturer’s instructions. Rats were acclimated to the recording
processing on the day prior to recording. After calibration for
movement, the breathing rate was measured over a five-minute
period and averaged to obtain the reported rate for each rat.

Bone marrow (BM) isolation

Bone marrow was harvested from the femurs of euthanized rats.
Each femur was carefully excised from the animal and flushed with
PBS containing 10% FBS and 1% Pen/Strep using a 1 ml syringe with
a 25G needle, making sure to flush from both ends to ensure all cells

were removed. Cells were pelleted by centrifugation and the red
blood cell fraction was removed with ACK lysis buffer. Total viable
cells were determined using a Countess Automated Cell Counter
Hemocytometer C10227 (Invitrogen) with trypan blue exclusion
method.

Lung tissue dissociation

Lung cells were dissociated as previously described (Sharma
et al., 2022). The right lung was dissociated to a single cell suspension
with Multi Tissue Dissociation Kit 2 (130–110–203, Miltenyi)
according to the manufacturer’s protocol using the gentle MACS
Dissociator (Miltenyi). The cell suspension was filtered through a
70 μm strainer, pelleted by centrifugation, and cleared of red blood
cells with ACKRed Blood Cell Lysis buffer (BP10-548E, Lonza). Live
cells were enumerated using trypan blue exclusion counting on a
Countess Automated Cell Counter Hemocytometer C10227
(Invitrogen). Lung cells were then used as described below for
Fluorescence-Activated Cell Sorting (FACS) analysis.
Additionally, ten million lung cells per animal were used for
CD45+ enrichment using the CD45 MicroBeads kit (cat#
130–109–682, Miltenyi) per manufacturer’s instructions.

Flow cytometry analysis

Flow cytometry analysis was performed using one million cells. 7-
AAD (420404, Bio Legend) was used to exclude dead cells. Single color
tubes were used to set up a compensation matrix and a Fluorescence
Minus One (FMO) control was included to ensure specific staining.
Antibody staining was performed at 4°C for 30 min in staining buffer
(1XPBS with 2% FBS). The following anti-rat antibodies were used:
CD45-APC (17–0461–82, Thermo Fisher), CD11b- PE/CY7 (201818,
Bio Legend), PE-CD45RA (130–106–774, Miltenyi), and CD3-PE
(12–0030-82). Sample data were acquired on a MACSQuant
10 Analyzer Flow Cytometer (Miltenyi) and analyzed using FlowJo
software version 10.0 (BD Life Sciences). To verify gating and purity,
all populations were routinely backgated.

ACE and ACE2 activity assay

Assays were performed as published before (Gasperetti et al.,
2022) using commercially available fluorometric ACE (Sigma-
Aldrich, CS0002) and ACE2 (Sigma-Aldrich, MAK377) kits as
per manufacturer protocol. Two million cells were lysed in
0.2 mL lysis buffer supplied within the kit and protein
concentration was determined using the BCA method. The data
are represented as units of activity per microgram of protein where
one unit (U) is the amount of enzyme that catalyzes the reaction of
1 nmol of substrate per minute under standard conditions.

RT-PCR analysis

RNA isolation was performed using RNeasy Micro Kit
(cat#74004, Qiagen). RNA was quantified using a Nanodrop
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2000 Spectrophotometer (model- Model: 840–274200, Thermo
Fisher Scientific). The synthesis of cDNA was done using the
High-Capacity RNA-to-cDNA™ Kit (cat# 4387406, Thermo
Fisher Scientific). Transcript expression was analyzed in triplicate
using TaqMan Gene Expression Assay primer probes (cat#4331182,
Thermo Fisher Scientific). The primer probes used were Ace
(Rn00561094_m1), Ace2 (Rn01416293_m1) and the reference
Gapdh (Rn01775763_m1). Expression of target genes was
normalized to GAPDH. Expression of target genes was
normalized to GAPDH. The relative expression of the gene was
calculated with respect to control (0 Gy) and presented as fold
change (2̂-(ΔCt subject)-(mean ΔCt control)), statistics done on
ΔCt values.

Western blotting

Tissue lysis and protein analysis by western blotting were
performed using established methodologies (Sharma et al., 2019;
Gasperetti et al., 2021). Briefly, lung and kidney tissues (~50 mg)
were lysed using Qiagen tissue lysate method in RIPA buffer
(20–188, Millipore Sigma) containing protease and phosphatase
inhibitors. Total protein was estimated using BCA method
(23225, Pierce™). Twenty μg protein from each homogenized
sample was boiled for 5 min in Laemmli sample buffer (Bio-Rad),
separated on a precasted gradient polyacrylamide gel

(NP0335BOX, NuPAGE) electrophoreses (PAGE) (Bio-Rad),
and transferred to a PVDF membrane (IPVH00010, Millipore).
The blots were blocked for 1 h at room temperature in 5% fat free
milk and probed with ACE (ab254222, Abcam), ACE2
(MA5-35544, Thermo Fisher Scientific) and GAPDH
(ab181602, Abcam) primary antibodies at 4°C overnight. On
the following day, the membrane was washed and incubated
with secondary antibody conjugated to horseradish peroxidase
(31460, Thermo Fisher Scientific). The membrane was washed
with 0.5% PBST and signal was observed using Pico substrate
(32132, Pierce) on a Bio-Rad chemiluminescence machine.
Densitometric band intensity was determined using Image J
analysis software. Representative cropped images are presented
in the main figure. Uncropped blots are provided in the
Supplementary Data.

Histology

Histological analysis was performed on femur and lungs on
day 70 following 12.5 Gy PBI. Tissue processing and staining
were performed at the MCW Children’s Research Institute
(CRI) Histopathology Core. The left lung inflated and fixed
in 10% paraformaldehyde prior to paraffin embedding. Lungs
were then sectioned (4 μm thick) and stained with tryptase
antibody (IMGENEX catalogue #IMG-80250, 1:150) or

FIGURE 1
Characterization of Peripheral Blood ACE Activity Following Partial Body Irradiation (PBI). (A) Total peripheral blood white blood cell (WBC) counts
and (B) percentage peripheral blood neutrophils (%NEU) at days 0, 14, 42, and 70 following 12.5 Gy partial body irradiation (PBI) with shielding of 5%–8%
BM in one hind limb. (C) ACE activity within CD45+ peripheral blood mononuclear cells (PBMCs) at days 0, 42, and 70 following 12.5 Gy PBI. (D) Plasma
AngII and Ang(1-7) levels at day 70 following irradiation. (N = 5 rats per group). (E) Blood plasma levels of testosterone and progesterone at day
70 following 12.5 Gy. (N= 5 rats per group). For all graphs, error bars indicate standard error of the mean *p < 0.05; **p < 0.01.
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Masson’s trichrome stain (Fish et al., 2021). Femurs were
decalcified, sectioned (4 μm thick) and stained with
hematoxylin and eosin (H&E). Mast cells were assessed by
positive tryptase staining in five randomly selected fields
(10x) using ImageJ software. Collagen quantification was
performed on five 20X fields per tumor in ImageJ using the
ImageJ “Colour Deconvolution” tool with the “Masson’s
trichrome” setting.

Graphic design

Schematics were “Created with BioRender.com” using an
academic license.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism version
9 (GraphPad Software, Inc.). Data are represented as mean +/- standard
error (SEM). Statistical analysis of multiple groups and time points was
conducted using ANOVA with appropriate multiple comparison tests. p
values < 0.05 were considered statistically significant.

Results

Characterization of peripheral blood ACE
activity following partial body
irradiation (PBI)

Male and female rats were exposed to a dose of 12.5 Gy PBI to
allow for tissue collection at scheduled time points coinciding with
acute hematologic injury (D14), immediately prior to symptomatic
pneumonitis (D42) and during symptomatic pneumonitis (D70).
Total peripheral white blood cell (WBC) counts were decreased
following radiation injury and required up to 42 days to recover to
pre-irradiation levels (Figure 1A). Interestingly, at day 42 irradiated
male rats exhibited an elevation in the percentage of circulating
neutrophils relative to female rats (Figure 1B). Within the peripheral
blood CD45+ cell population, we then assessed ACE enzymatic
activity. ACE activity increased in the peripheral blood CD45+

population after irradiation in both male and female rats and was
significantly different in both sexes compared to baseline at day 70
(Figure 1C). Day 70 plasma was also analyzed for circulating levels of
RAS peptides AngII and Ang (1–7) (Figure 1D). Plasma AngII levels
were similar between males and females, but were increased post-
irradiation in both male and female rats (Figure 1D). Conversely,

FIGURE 2
Sex Differences in Lung Immune Infiltrate During Radiation Pneumonitis. (A) Breathing rate at days 42 and 70 following 12.5 Gy Partial Body
Irradiation (PBI). (B) Left, representative lung sections stained with mast cell marker tryptase (brown) in 0 Gy and 12.5 Gy PBI male and female rats at
70 days post radiation. Right, quantification of tryptase+ mast cells. (C) Representative flow cytometric analysis of the lung CD45+CD11b+ myeloid cell
population at day 42 post-irradiation. (D) Quantification of percentage lung CD45+ cells and percentage CD45+ CD11b+ myeloid cells. (E) ACE
activity within the lung CD45+ cell population at day 42 following 12.5Gy PBI. (N = 5 rats/group). For all graphs, error bars indicate standard error of the
mean *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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plasma Ang (1–7) levels were unchanged by radiation but
significantly higher in females than males at both timepoints
(Figure 1D). It is notable that this radiation dose renders both
male and female rats sterile and circulating levels of testosterone and
progesterone were respectively absent by day 70 post injury
(Figure 1E).

Sex differences in lung immune infiltrate
during radiation pneumonitis

We then evaluated lung function and immune infiltration
during pneumonitis. Following irradiation, breathing rate in
male rats was elevated relative to females and was significantly
increased at day 70 post-PBI (Figure 2A). Histological analysis of
the lung was performed to quantify tryptase+ mast cells
(Figure 2B). Mast cells are a subset of myeloid cells recruited
to sites of inflammation (Krystel-Whittemore et al., 2015) and
have previously been shown to be recruited to rat lung following
high dose irradiation to the thorax (Ward et al., 1993; Szabo et al.,
2010). Consistent with these reports, we observe a significant
increase in tryptase+ mast cells in both sexes post-irradiation. The

increase in tryptase+ mast cells was significantly greater in males
than females (Figure 2B). Mast cell invasion in the lung is
associated with collagen deposition and the subsequent
development of radiation fibrosis in the rat lung (Watanabe
et al., 1974; Ward et al., 1990). A small but significant
increase in collagen deposition assessed by Masson’s trichrome
staining was observed at day 70 following radiation in both sexes
(Supplementary Figure S1).

Flow cytometric analysis demonstrated total CD45+

immune cells and CD45+CD11b+ myeloid cells were
increased following irradiation in the lungs of both female
and male rats (Figure 2C). Although the percentage of
CD45+ cells post-irradiation was similar between the sexes,
male rats exhibited an enrichment for CD45+CD11b+

myeloid cells compared to female rats (Figure 2D).
Interestingly, ACE activity within the lung CD45 population
was differentially regulated by radiation in male and female rats.
In females, ACE activity decreased from day 0 to day 42 post-
irradiation, whereas ACE activity was not significantly altered
in male rats at this time point. Post-irradiation, ACE activity in
the lung CD45+ population was significantly greater in males
versus females (Figure 2E).

Whole lung ACE and ACE2 expression

To evaluate whether radiation alters the balance of ACE
enzymes ACE and ACE2, we next performed PCR and Western
blot analysis on whole lung lysates for ACE and ACE2 on day 70. At
the transcript level, neither Ace or Ace2 was significantly different
between male and female rats (Supplementary Figure S2). However,
total ACE protein was significantly increased following radiation in
male rats alone (Figures 3A–C, Supplementary Figure S3). Total
ACE2 protein was elevated in female rats compared to male rats at
both baseline and following radiation injury (Figures 3B–D,
Supplementary Figure S3). Based on these data, we next
calculated the ratio of ACE/ACE2 protein to assess for overall
imbalances in the ACE/ACE2 levels. Here, we observed the ratio
ACE/ACE2 protein ratio is significantly increased by radiation in
males alone (Figure 3E). In male rats, the ACE/ACE2 ratio is
elevated from a mean of 2.1 prior to radiation to 5.9 at day
70 post-PBI.

ACE2 agonism with diminazene aceturate
(DIZE) improves survival following partial
body irradiation

In this rat strain, we have previously demonstrated sex-
differences in susceptibility to two subsyndromes of radiation
injury: gastrointestinal acute radiation syndrome (GI-ARS) and
radiation pneumonitis (Gasperetti et al., 2022). Here, we
evaluated if sex differences in radiation response could be
abrogated by pharmacologically correcting for the imbalance in
ACE/ACE2 ratio by treatment with the small molecule
ACE2 agonist diminazene aceturate (DIZE). Male and female rats
were exposed to 13.5 Gy PBI and treated subcutaneously with either
vehicle or DIZE through endpoint (day 120). Increased whole lung

FIGURE 3
Radiation-induced changes in ACE and ACE2 protein expression
in the whole lung. (A) Representative, cropped day 70 western blot
analysis of ACE (A) and ACE2 (B) protein in whole lung lysates in 0 Gy
and 12.5 Gy partial body irradiated rats with corresponding
GAPDH control. Uncropped blots are provided in Supplementary
Figure S3. Western blotting bands of ACE (C) and ACE2 (D) were
quantified by densiometric analysis and normalized with respect to
GAPDH bands. (E) The ratio of ACE and ACE2 protein expression. (N =
5 rats/group). For all graphs, error bars indicate standard error of the
mean ***p < 0.001; ****p < 0.0001.
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ACE2 activity was confirmed in a satellite cohort of male rats treated
with DIZE (Supplementary Figure S4). Consistent with our prior
studies, survival in vehicle-treated male rats was reduced compared
to female rats due to a combination of increased GI-ARS morbidity
(deaths prior to day 8) and increased in lung morbidity (deaths days
50–120) (Figure 4). Median survival was 59.5 days in vehicle-treated
male rats versus 84.5 days in vehicle-treated female rats.
Administration of DIZE improved survival in both groups
(Figure 4). In DIZE-treated males no deaths were observed
before day 8 (0/11 rats) compared to four deaths (4/10) in the
male vehicle group. The remainder of the male vehicle rats
succumbed to morbidities associated with respiratory failure
during days 50–120. However, in the DIZE-treated group, 82%
(9/11) rats survived past day 120. Log-rank analysis of the all-cause
morbidity in DIZE-treated males compared to vehicle control was
highly significant (p < 0.0001). In female rats, no morbidity was
observed during GI-ARS, but 56% (9/16) of vehicle treated females
succumbed to lung injury. Similar to males, DIZE treatment was
capable of mitigating lung injury in females with 90% (9/10)
surviving to day 120 (p = 0.017).

Bone marrow ACE and ACE2 expression

Since our prior data indicate radiation increases ACE activity
within myeloid cell fractions ex vivo, we next evaluated whether
radiation induces long term imbalances in ACE and
ACE2 activity within the bone marrow (BM). Here we
observed both female and male rats exhibit a long-term loss in
BM cellularity following irradiation (Figures 5A, B). Within the
whole BM, we assessed differences in total ACE and
ACE2 activity following irradiation. Here we saw higher BM
ACE activity in male rats compared to female rats both at baseline
and at day 70 post-irradiation, with the difference reaching

statistical significance at day 70 (Figure 5C). BM
ACE2 activity was initially greater in female rats relative to
male rats, but ACE2 activity in males and females was similar
at day 70 post-irradiation (Figure 5C). The ratio of BM ACE/
ACE2 activity is significantly higher in male rats both at baseline
and day 70 post-PBI compared to female rats (Figure 5C). To see
what lineage cell subsets are potentially contributing to increased
ACE activity in male rats, we performed FACS analysis for
specific BM lineages including CD11b+ myeloid cells, B220+

B-lymphocytes, and CD3+ T-lymphocytes. In irradiated male
rats, the proportion of CD45+CD11b+ BM myeloid cells were
increased relative to female rats at day 70 (Figure 5D). No
significant differences in B or T lymphocytes were observed
(Figure 5D). We then assessed ACE expression within the BM
CD45+CD11b+ myeloid cell population (Figure 5E). 5%-10% of
CD11b BM cells were positive for cell surface ACE by FACS
analysis (Figure 5F). No differences in the fraction of CD11b cells
expressing ACE were observed between sexes or following
radiation (Figure 5F). However, the total fraction of
ACE+CD11b cells was higher in irradiated males compared to
irradiated females due to the overall increase in CD11b cells
observed in irradiated males (Figure 5G).

Transplantation of irradiated bone marrow
increases lung ACE activity

In the partial body irradiation injury model, it is possible the
observed long-term BM damage may lead to systemic immune
dysfunction. To isolate the contribution of the irradiated BM on
lung immune cell infiltration and ACE imbalance during
pneumonitis, we performed a BM assay in female rats exposed to
13 Gy total body irradiation. Rats were transplanted with 5 × 106 BM
mononuclear cells (BM MNCs) from either healthy donors or from

FIGURE 4
Treatment with ACE2 agonist diminazene aceturate (DIZE) reduces morbidity following 13.5 Gy partial body irradiation (PBI). Survival following
13.5 Gy PBI in male and female rats following subcutaneous (SQ) treatment with vehicle or DIZE three times per week (MWF) starting at 72 h post-
irradiation and continued through endpoint. Log-rank analysis was used to compare survival between male vehicle (N = 10 rats), female vehicle (N =
16 rats), male + DIZE (N= 11 rats) and female + DIZE (N = 10 rats) through day 120.
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donors on day 30 following exposure to 7.75 Gy total body
irradiation (Figure 6A). Recipient rats were euthanized on day
70 to assess for changes in lung immune infiltrate and ACE
activity. Although equal BM cell doses were transplanted in each
group, rats receiving irradiated BM MNCs had lower total bone
marrow cellularity at day 70 compared to recipients receiving non-
irradiated BM MNCs (Supplementary Figure S5A). Recipients of
irradiated BM MNCs also had a higher percentage of circulating
neutrophils (Supplementary Figure S5B) and higher BM ACE
activity (Supplementary Figure S5C). In the analysis of the lung
immune compartment, rats transplanted with irradiated BMMNCs
had elevated total CD45+ and CD45+CD11b+ cells relative to
recipients of non-irradiated BM MNCs (Figures 6B, C). Within
the CD45+CD11b+ fraction, about 39% of cells were positive for ACE
and no differences in ACE enrichment were observed between
treatment groups (Figures 6D, E). However, the overall

percentage of ACE+CD45+CD11b+ cells was elevated in the
recipients of irradiated BM MNCs versus non-irradiated BM
MNCs recipients (Figure 6E). Finally, we observed ACE activity
within the lung CD45+ cell population to be significantly increased
in the irradiated BM MNCs versus non-irradiated BM MNCs
recipients (Figure 6F).

Discussion

Biological sex-differences in normal tissue response to
radiation injury have been reported by multiple labs (Jones
et al., 2019; Fish et al., 2021; Sridharan et al., 2021; Brickey et al.,
2022; Cosar et al., 2022; Orschell et al., 2022; Patterson et al.,
2022; Andruska et al., 2023; Broustas et al., 2023; Gibbs et al.,
2023; Singh et al., 2023) and the efficacy of candidate medical

FIGURE 5
Radiation-induced changes in ACE and ACE2 protein expression in the bone marrow (BM). (A) Representative H&E-stained sections of male and
female femurs prior to irradiation (0 Gy) and at day 70 following 12.5 Gy PBI. (B) Total viable bone marrow cells per femur at day 70 in non-irradiated
control and irradiated rats. (C) BMenzymatic activity of ACE (left) and ACE2 (middle) at day 70. Right, calculated ratio of ACE/ACE2 at day 70. (D) Percent of
total bone marrow positive for mature bone marrow lineage markers: CD11b, B220 and CD3 markers in control and irradiated rats at day 70. (E)
Representative flow cytometry of BM CD45+CD11b+ myeloid cell population. (F) Representative histograms of ACE cell surface staining within the BM
CD45+CD11b+ population. (G) Left, quantification of ACE+ expression within the CD45+CD11b+ population. Right, quantification of ACE+CD45+CD11b+

population. N = 5 rats/group. For all graphs, error bars indicate standard error of the mean *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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countermeasures (MCMs) for radiation toxicity have also been
shown to vary based on biological sex (DeBo et al., 2015; Daniel
et al., 2020; DiCarlo et al., 2021; Winters et al., 2023). Consistent
with our prior studies, we have validated increased sensitivity to
radiation-induced pneumonitis in male rats compared to age-
matched female rats as evidenced by increased breathing rate,
higher infiltration of immune cells in the lung, and reduced
survival (Fish et al., 2021). Although male rats exhibited
increased tryptase+ mast cells compared to female rats, we
did not see a sex difference in collagen deposition by
Masson’s trichrome staining at this time point during
pneumonitis. Additional studies will be necessary to
determine if there is a sex difference in the progression to
late fibrotic lung injury.

We characterized expression of the RAS enzymes ACE and
ACE2 to see if differential regulation of the RAS system may
play a role in mediating this sex difference. The RAS system is
known to be a crucial regulator of the pathogenesis of radiation-
induced toxicities as ACE inhibitors have been shown to reduce
multi-organ toxicity in animal models (Kma et al., 2012;
Medhora et al., 2012; Fish et al., 2016; Mungunsukh et al.,
2021) and the incidental use of lisinopril in cancer patients
undergoing radiation therapy is associated with decreased
normal tissue toxicity (Kharofa et al., 2012; Kerns et al.,
2022). Additionally, we have recently demonstrated that

pharmacologic agonism of ACE2 also significantly improves
survival during pneumonitis (Gasperetti et al., 2022). In our
prior studies, we demonstrated that either pharmacologic
inhibition of ACE or pharmacologic activation of
ACE2 regulate immune cell function (Gasperetti et al., 2022;
Sharma et al., 2022). In the case of ACE inhibition with
lisinopril, we observed a reduction of radiation-induced
inflammatory response in vivo and a direct suppression of
radiation-induced ROS generation in human CD14+

monocytes (Sharma et al., 2022). Whereas agonism of
ACE2 was observed to promote hematopoietic reconstitution
and increase survival during the acute radiation syndrome in
female rats (Gasperetti et al., 2022). Together, these studies
suggest the RAS plays a key role in mediating the immune
response following radiation injury.

For these reasons, we evaluated the local expression of ACE and
ACE2 in the lung following radiation injury. Here we observed both
sex and radiation dependent changes in ACE and ACE2 expression.
In the lung, ACE2 protein is increased in female rats relative to male
rats both before and at 70 days following radiation, while ACE is
significantly increased by radiation in male rats alone. The
concurrent increase in ACE and lower basal ACE2 levels leads to
an overall imbalance in the local RAS in the lungs of male rats. The
radiation-induced changes in ACE and ACE2 expression are similar
to findings in a hypertension rat model, where male rats were

FIGURE 6
Recipients of irradiated bonemarrow exhibit elevated myeloid ACE activity in the whole lung. (A) Bone marrowmononuclear cells (BM MNCs) from
either control (0 Gy) or 7.75 Gy irradiated donors were transplanted into recipient rats exposed to 13 Gy. At day 70, the lung myeloid compartment was
assessed by FACS analysis. (B) Representative flow cytometry gating of the CD45+CD11b+ myeloid cells in the lungs of BM-recipient rats. (C) Left,
quantification of total lung CD45+ and CD45+ CD11b+ cells. (D) Representative histograms of ACE+ cells within the CD45+CD11b+ myeloid cell
fraction. (E) Left, quantification of ACE+ expression within the CD45+CD11b+ population. Right, quantification of ACE+CD45+CD11b+ population. (F)
Whole lung enzymatic ACE activity. (N = 9 rats/group). For all graphs, *p < 0.05.
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observed to have an imbalance in the relative levels of lung ACE and
ACE2 levels pathways favoring activation of the proinflammatory
ACE/AngII signaling pathway (Martins et al., 2021). Additionally, in
adult mice ACE2 protein expression is significantly upregulated in
the lungs of female versus male mice (Shahbaz et al., 2022).
Importantly, we observed similar survival in males and females
treated with ACE2 agonist DIZE which indicates pharmacologic
correction of the radiation-induced ACE/ACE2 imbalance may
abrogate sex-differences in radiosensitivity. Of note,
ACE2 agonism with DIZE was capable of rescuing male rats
from morbidity due to GI-ARS. Future studies will be necessary
to evaluate the potential dysregulation of the gut RAS, but recent
studies suggest intestinal ACE and ACE2 may play a regulatory role
in the intestine (Ferreira-Duarte et al., 2023).

In the irradiated lung, we hypothesized the observed imbalance in
ACE/ACE2 ratio was due in part to dysregulation of myeloid cell
compartment as we previously observed lung infiltrating ACE-
expressing myeloid cells are increased post-irradiation (Sharma et al.,
2022). This observation led us to examine the bone marrow
compartment following radiation injury in these same animals.
Within the bone marrow at day 70, we observed a long-term
suppression in total cellularity in both male and female rats. This is
consistent with the long-term bone marrow dysfunction and chronic
injury observed in prior rodent studies of long-term survivors of high
dose irradiation (Chua et al., 2019; Gasperetti et al., 2023). However, in
male rats alone, we observed a significant increase following radiation in
the bone marrow myeloid compartment, higher numbers of ACE-
expressing CD11b+ myeloid cells, and increased ACE activity. We
report 5%-10% of CD11b myeloid cells express ACE which is line
with prior characterization of the local bone marrow RAS in rats
(Strawn et al., 2004). Interestingly, mousemodels of bonemarrow aging
also show a similar pattern of increased myelopoiesis and upregulation
of ACE protein (Chittimalli et al., 2023). As ACE expression in the
myeloid compartment has previously been shown to regulate
myelopoiesis, macrophage differentiation, and systemic immune
function in both human and rodent models (Okwan-Duodu et al.,
2010; Lin et al., 2011; Okwan-Duodu et al., 2019; Bueno et al., 2023), we
surmised radiation-induced ACE activation in the bone marrow
myeloid compartment may promote a systemic pro-inflammatory
response that exacerbates radiation pneumonitis.

To investigate the potential connection between radiation injury
to the bone marrow and systemic pro-inflammatory response, we
then assessed whether lung immune infiltrate is increased in
recipients of irradiated bone marrow compared to recipients of
non-irradiated bonemarrow. Relative to recipients of non-irradiated
bone marrow, we observed irradiated recipients exhibit a greater
increase in immune cell infiltration in the lung as well as higher
numbers of ACE+ CD11b+ myeloid cells and increased ACE activity.
One notable shortcoming of this study was that it was only
performed with only female bone marrow donor and female
recipient rats. We surmise the observed differences in immune
cell infiltrate and ACE activity may have been more pronounced
in male rats, but future studies will be necessary to confirm. Despite
this shortcoming, this study confirms that long-term injury to the
bone marrow alters the progression of radiation pneumonitis and
increases ACE-expressing myeloid cell accumulation in the

irradiated lung. These data this support the growing body of
evidence that ACE-expressing myeloid cells regulate the
pathogenesis of inflammatory diseases (Friedland et al., 1978;
Danilov et al., 2003; Rutkowska-Zapala et al., 2015; Danilov
et al., 2019; Cao et al., 2020; Tonon et al., 2022).

Finally, to our knowledge, this study is the first to report organ-
specific sex-differences in the RAS following radiation injury. Sex
differences in the RAS are well-established in other diseases and
have been proposed to be a factor in the observed sex disparity in
COVID-19 mortality (Gagliardi et al., 2020; Mukherjee and Pahan,
2021; Rocheleau et al., 2022; Xie et al., 2023). However, an important
distinction that is not addressed by the current study is whether the
observed increase in ACE+myeloid cells in male rats is mainly due to
increased myelopoiesis in male rats as monocyte differentiation in
known to be increased in males and is thought to be driven by
testosterone signaling through the androgen receptor (AR) in
myeloid progenitor cells (Consiglio and Gollnick, 2020). Sex
hormones are indeed likely to contribute to radiation sensitivity
in this model as previous studies in the rat PBI model demonstrated
no sex differences in radiation pneumonitis in pre-pubertal rats
(Medhora et al., 2019). Furthermore, female sex hormones induce
ACE2 activity (Reis and Reis, 2020) and prior studies have shown
that activation of the ACE2/Ang1-7/MasR pathway via Ang1-7
administration decreases myelopoiesis and corrects for aging
associated increases in bone marrow inflammation (Chittimalli
et al., 2023).

Together, these data highlight the importance of sex as a
biological variable in the development of medical
countermeasures for treatment radiation injuries. Future studies
will be necessary to determine if the response to therapeutics
targeting the RAS pathway is sex dependent.
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SUPPLEMENTARY FIGURE S1
Masson’s trichrome stained lung sections. Left, representative
photomicrographs of lung tissue from female and male rats at day 70 day in
0 Gy control and following 12.5 Gy PBI. Right, quantification of the
collagen-positive fibrotic region. The error bars indicate the standard error of
the mean ****p < 0.0001.

SUPPLEMENTARY FIGURE S2
Whole lung transcriptional expression ofAce andAce2. mRNAexpression of Ace and
Ace2 mRNA in the whole lung tissue at day 42 post-irradiation. (N = 5 rats/group).

SUPPLEMENTARY FIGURE S3
Uncropped Western blots for ACE, ACE2, and GAPDH.

SUPPLEMENTARY FIGURE S4
ACE2 Enzymatic Activity in the lungs of DIZE treated rats. ACE2 enzymatic
activity was measured in the whole lung of control and irradiated (Day 50)
male rats treated with DIZE.

SUPPLEMENTARY FIGURE S5
Recipients of irradiated bonemarrow exhibit elevated BMACE activity. (A) BM
cellularity 13 Gy TBI rats transplanted with either control or irradiated
(7.75 Gy) BM MNCs on day 70. (B) Percent peripheral blood neutrophils
(NEU) at day 70 in the recipient rats. (C) Enzymatic whole BM ACE activity at
day 70. *p < 0.05; **p < 0.01.
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