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Skin injuries such as wounds or burns following whole-body 𝛾-irradiation (radiation combined injury (RCI)) increase mortality
more than whole-body 𝛾-irradiation alone. Wound-induced decreases in survival after irradiation are triggered by sustained
activation of inducible nitric oxide synthase pathways, persistent alteration of cytokine homeostasis, and increased susceptibility
to systemic bacterial infection. Among these factors, radiation-induced increases in interleukin-6 (IL-6) concentrations in serum
were amplified by skin wound trauma. Herein, the IL-6-induced stress proteins including C-reactive protein (CRP), complement 3
(C3), immunoglobulin M (IgM), and prostaglandin E

2
(PGE

2
) were evaluated after skin injuries given following a mixed radiation

environment that might be found after a nuclear incident. In this report, mice received 3Gy of reactor-producedmixed field (n+𝛾-
photons) radiations at 0.38Gy/min followed by nonlethal skin wounding or burning. Both wounds and burns reduced survival and
increasedCRP, C3, and PGE

2
in serum after radiation. Decreased IgMproduction alongwith an early rise in corticosterone followed

by a subsequent decrease was noted for each RCI situation. These results suggest that RCI-induced alterations of corticosterone,
CRP, C3, IgM, and PGE

2
cause homeostatic imbalance and may contribute to reduced survival. Agents inhibiting these responses

may prove to be therapeutic for RCI and improve related survival.

1. Introduction

Radiation injuries combined with another trauma were
observed at Hiroshima and Nagasaki, Japan, where approx-
imately 60% of victims received radiation alone with approx-
imately 40% of victims having other injuries concurrent
with radiation damage [1, 2]. After the Chernobyl reactor
meltdown, 10% of 237 victims exposed to radiation received
thermal burns [3]. In in vivo experiments with animals
including mice [4–7], rats [8, 9], guinea pigs [10], dogs
[11], and swine [12, 13], burns and wounds usually increase
mortality after otherwise nonlethal irradiation.

Ionizing radiation perturbs hematopoiesis in bone mar-
row, which, in turn, depresses the innate immune responses

against infectious agents, including production of immuno-
globulins, and disturbs the inflammatory responses, includ-
ing C-reactive protein (CRP), the components of comple-
ment, and the normal balance among the inflammatory and
anti-inflammatory cytokines and chemokines. Endogenously
produced interleukin-6 (IL-6) clearly contributes to the sur-
vival of mice recovering from radiation injury [14]. However,
the relationship between increases in cytokine concentra-
tions, particularly IL-6, CRP, and complement was not clear
under the condition of radiation combined injury (CI).

C-reactive protein (CRP) is a general stress-response
protein, which is produced in response to inflammation.
Complement component 3 (C3) is a key component respon-
sible for inactivating many antigens, particularly infectious
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agents [15]. A rise in concentrations of IL-6 in serum,
which is produced predominantly by macrophages [16] and
adipocytes [17], leads to increases in CRP [18]. CRP is a 224-
residue protein with a monomer molecular mass of 25 kDa.
It is produced by the liver and binds to phosphocholine on
microbes assisting in complement binding to foreign and
damaged cells and enhancing phagocytosis by macrophages
expressing CRP receptors. It is used mainly as a marker of
inflammation. Apart from liver failure, there are few known
factors that interfere with CRP production [18].

C3 plays a central role in the activation of complement
system [15]. Its activation is required for both classical and
alternative complement activation pathways. Persons who
have a C3 deficiency are susceptible to bacterial infection [15].

Immunoglobulin M (IgM) antibodies appear early in the
course of an infection and usually reappear, to a lesser extent,
after further exposure. Due to its polymeric nature, IgM pos-
sesses high avidity and is particularly effective at complement
activation. By itself, IgM is an ineffective opsonin; however it
contributes greatly to opsonization by activating complement
and causing C3b to bind to an antigen [19].

Thus, we postulated that IL-6would enhance the CRP, C3,
and IgM responses to radiation and CI. If this postulation
is supported, then the estimation of radiation dose and risk
assessment using these biomarkers will be inaccurate under
the circumstance of CI.

It is evident that 𝛾-irradiation alters corticosterone con-
centrations in blood [20]. Corticosterone is an adrenal
corticosteroid hormone, which contributes to regulation of
immune and stress responses in rodents [21]. The dynamics
of corticosterone depended on the scheme of irradiation and
the time after irradiation [20]. Therefore, it was of interest
to determine blood corticosterone concentrations after high
linear energy transfer (LET) whole-body irradiation.

Radiation induces infection [22] and prostaglandin E
2

(PGE
2
) production [19]. PGE

2
is a primary product of arachi-

donic acid metabolism and is synthesized in blood-vessel
endothelium in response to infection and inflammation, and
it contributes to modulation of inflammation [23]. However,
whether skin injuries prior to radiation would magnify
PGE
2
was not clear. Thus, measuring PGE

2
in irradiated

animals with skin injuries could improve understanding of
the dynamic changes of PGE

2
while offering treatments for

nuclear-radiation victims.
Care is needed in assessing CI after 𝛾-radiation versus

mixed field radiation from a nuclear device. The latter is
a more realistic radiation scenario after a nuclear incident.
Although there have been many studies on 𝛾-radiation
combined injury, few reports are available on radiation or
radiation combined injury from a mixed radiation environ-
ment. Our hypothesis was that skin injuries following mixed
field radiation exposure would reduce survival and modulate
corticosterone, CRP, C3, IgM, and PGE

2
concentrations in

circulation. Therefore, the purpose of this study was to test
this hypothesis. We performed studies of combined injured
mice in the AFRRI TRIGA Reactor to simulate radiation
emitted by a nuclear device and report changes in CRP,
C3, and IgM in mice that were given high LET radiation
followed by either nonlethal skin wound or burn trauma that

would likely occur after a nuclear radiation incident. The
benefit of this report is that understanding the changes in the
inflammatory responses, which are induced by endogenous
IL-6, will provide insight for developing countermeasures to
treat radiation combined injury after a nuclear incident.

Our institute, the Armed Forces Radiobiology Research
Institute (AFRRI), is the only facility in the USA having
a TRIGA Reactor capable of producing neutron/gamma-
photon mixed field irradiations imitating the radiation envi-
ronment after a nuclear accident. This report presents data
obtained from mice exposed to neutron/gamma-photon
mixed field radiation followed by skinwound or burn trauma.
We are the first to publish in the radiation research field such
novel findings for nuclear radiation environments.We report
that either skin wound or skin burn amplified the mixed
field radiation-induced pathophysiological changes, thereby,
subsequently increasing mortality and proving the above-
stated hypothesis.

2. Materials and Methods

Research was conducted in a facility accredited by the
Association for Assessment and Accreditation of Labora-
tory Animal Care International (AAALACI). All procedures
involving animals were reviewed and approved by the AFRRI
Institutional Animal Care and Use Committee. Euthanasia
was carried out in accordancewith the recommendations and
guidance of the American Veterinary Medical Association
[24, 25].

2.1. Animals. B6D2F1/J female mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). The mice were
held in quarantine for two weeks. Representative samples
were examined by microbiology, serology, and histopathol-
ogy to assure the absence of specific bacteria, particularly
Pseudomonas aeruginosa, and common murine diseases.
Mice were used when they were 12–20wk old. Male mice
were not used in this study because of aggressive behavior,
which in these experiments could lead to further injury to
wound sites and enhanced infection. All mice were randomly
assigned to experimental groups. Mice were maintained on a
12 h light/dark, full-spectrum-light cycle with no twilight.

Prior to experimental manipulation, hair of the dorsal
surface of mice was removed under anesthesia (methoxyflu-
rane inhalation) using electric clippers. Mice were placed
in well-ventilated acrylic restrainers for irradiation or sham
treatments. Within 1 h after irradiation or sham irradiation,
mice were anesthetized by methoxyflurane inhalation, and
wounding or sham wounding was performed.

2.2. Mixed Field Neutron-Gamma Irradiation. Mixed neu-
tron and 𝛾 fields were produced by the AFRRI TRIGA (Train-
ing, Research, Isotopes, General Atomics) Reactor (maxi-
mum steady-state power of 1MW). The average fluence-
weighted energy of the unshielded reactor-produced neu-
trons is 1.49MeV,whichwas reduced by appropriate shielding
to a mean fluence-weighted energy of 0.98MeV. An enriched
𝐷
𝑛
/𝐷
𝑇
(0.94) field was produced at 4.2 kW, using 20 cm
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of lead shielding, and the experiments were 100 cm from
the reactor core center. The LD

50/30
and lower and upper

confidence limits for mice irradiated in this field (no skin
injury) are 3.93 (3.89–3.96) Gy. Centerlines for irradiations
were 120 cm above the floor. Mice were irradiated at 0.38 ±
0.02Gy/min in ventilated aluminum tubes rotating at 1.5
revolutions per min. Dose rates varied less than 2% over the
entire field. The 𝐷

𝑛
/𝐷
𝑇
ratio was based upon the paired-

ion chamber method, where a tissue equivalent chamber
and an Mg-Ar gas-flow chamber had different sensitivities
to neutrons and to 𝛾 photons.The nonhydrogenous chamber
measured primarily gamma dose rates.The reactor-produced
𝛾-photon energies ranged from 10 keV to 10MeV.The average
gamma energy for these spectra ranged from 0.67 to 1.8MeV
on average, similar to that for ion pairs produced by 60Co-𝛾-
photons [4–7, 22].

2.3. Skin Injuries. Skin surface injuries were inflicted on the
shaved dorsal surface of mice anesthetized by methoxyflu-
rane inhalation. Methoxyflurane is analgesic up to 48 h after
injury. For nonlethal skin wounds, a double layer of dorsal
skin and attached panniculus carnosus, comprising 15% of
the total body surface area ((TBSA) approximately 24mm in
length and about 15mm in width) and located between the
shoulders and approximately 20mm from the occipital bone,
was removed before or after irradiation by sliding the loose
skin from the body and striking the area with a sanitized steel
punch on a sanitized Teflon-covered board. For nonlethal
skin burns, a 15% TBSA burn was inflicted before or after
irradiation on a template-covered shaved dorsal surface of
mice by a 12 s ignition of 95% ethanol. All mice received
0.5mL of 0.9% NaCl intraperitoneally (i.p.) immediately
after each type of skin injury [5]. Mice receiving only sham
treatments were manipulated identically to other groups but
received no radiation, wounds, or burns. Mice given only
wounds or burns were also treated identically to other groups
but received no radiation.

2.4. Survival. The gross appearance, general health, and
survival of each mouse were followed by visual inspection
twice daily for 30 days in parallel with other assessments.
Euthanasia was carried out when animals showed severe
dyspnea and inability to move when stimulated, according
to US Department of Defense regulations and the AFRRI
Institutional Animal Care and Use Committee pertaining to
care and use of animals in research.

2.5. Blood Collection. In a separate experiment, mice were
anesthetizedwithmethoxyflurane at various time points after
radiation and/or wounding or burning. Blood was collected
through cardiac puncture prior to euthanasia. Serum or
plasma was prepared for biochemical assays including cor-
ticosterone, CRP, C3, IgM, and PGE

2
.

2.6.Measurements of Corticosterone, CRP, C3, IgM, and PGE
2
.

Corticosterone, IgM (Abcam, Cambridge, MA), CRP, C3
(GenWay, San Diego, CA), and PGE

2
(MyBioSource, San

Diego, CA) were measured with commercial ELISA kits
following the manufacturer’s protocol.

2.7. Statistical Analysis. Data are expressed as the mean ± SD.
For each survival experiment, 24 mice per group were tested
on an individual basis. Survival analyses were performed
using a Kaplan-Meier curve and the log-rank test. For each
bioassay experiment, 6 mice per group were tested on an
individual basis. Each biochemical assay was performed for
each blood sample. One-way ANOVA, two-way ANOVA,
studentized-range test, and Bonferroni’s inequality were used
for comparison of groups, with 5% as a significant level.

3. Results

3.1. Survival after Radiation Combined Injury Depended on
Injury Type and Timing of Injury. The dose of radiation,
which caused 50% mortality in a 30-day period after irra-
diation (LD

50/30
), was 3.93Gy for radiation alone, 3.52Gy

for radiation plus burn, and 3.05Gy for radiation plus
wound. When mice received only skin wound, skin burn,
or 3Gy neutron irradiation, mortality was 4%, 4%, and 3%,
respectively, during the 30-day period of the study (Figure 1).
However, when irradiated mice received skin wounding
before or after irradiation, mortality incidence was altered.
The magnitude of mortality was affected by the time interval
between irradiation and wounding. A longer interval before
or after irradiation was associated with greater mortality than
were shorter intervals. It should be noted that wounding prior
to irradiation attenuated the radiation-induced mortality by
5–41% compared towhenwoundswere given after irradiation
(Figure 1(a)).

When mice received skin burns after irradiation, mortal-
ity increased by 14–20%, but the increase was independent
of the time interval between irradiation and burning. When
burning was given before irradiation, mortality was only 0–
8% (Figure 1(b)). Skin burn was a less severe injury than skin
wound.

Figure 1 was a representative survival study. Similar
results were obtained in other independent experiments not
included in this study. No standard deviation, therefore, can
be inserted in the figure.

The time interval of 10min between irradiation and sub-
sequent skin injuries was used for the following experiments
in order to measure concentrations of corticosterone, CRP,
C3, IgM, and PGE

2
at various time points with sufficient

statistical power (Figures 2–6).

3.2. Skin Injuries Altered Radiation-Induced Corticosterone
Stress Responses. Corticosterone is the main glucocorticoid
involved in regulation of stress responses [21]. To determine
whether radiation, wound, burn alone, or their combination
generated stress, corticosterone concentrations in plasma
were measured. Irradiation or wounding induced similar
acute increases in corticosterone concentrations within 1 day,
whereas irradiation-wound combination increasedmore cor-
ticosterone than either one alone. Corticosterone concentra-
tions returned to baseline in irradiated mice and in wounded
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Figure 1: Survival after radiation combined injury depended on injury type and timing of injury.𝑁 = 24mice per group and per time point.
A representative data set is presented here. No SD is included. Similar results were reproducible in other independent experiments. (a) Skin
wounding before or after irradiation reduced 30-day survival after irradiation. Wounding after irradiation decreased 30-day survival more
than wounding before irradiation. (b) Skin burning after but not before irradiation reduced 30-day survival after irradiation. wnd: wounding;
brn: burning; rad: radiation at 3Gy (n/n + 𝛾 = 0.94).
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Figure 2: Corticosterone increased then decreased inmouse plasma after irradiation and wounding but not irradiation and burning.𝑁 = 3–6
per group at each time point.The control corticosterone concentration was 334±24 ng/mL. (a) Skin wound trauma transiently enhanced the
radiation-induced increase in plasma corticosterone concentrations at days 1–5 and then reduced it below the baseline at days 5–9. ∗𝑃 < 0.05;
∗∗
𝑃 < 0.01 versus control group. (b) Skin burn trauma reduced the radiation-induced increase in plasma corticosterone concentrations

within 1 d, increased at day 3, reduced again between days 7–9, and returned to the baseline line at day 11. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 versus control
group. wnd: wounding; brn: burning; rad: radiation at 3Gy (n/n + 𝛾 = 0.94).
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Figure 3: Skin injuries altered CRP responses to radiation.𝑁 = 3–6
per group and per time point. The control CRP concentration was
4.0±0.1 𝜇g/mL. (a) Skin wound trauma transiently decreased serum
CRP concentrations at days 2 and 3, then increased it at days 4–7,
reduced to baseline, and rose again at days 16–24. ∗𝑃 < 0.05; ∗∗𝑃 <
0.01 versus control group. (b) Skin burn trauma increased serum
CRP concentrations at days 1, 5, and 20 after irradiation. ∗𝑃 < 0.05;
∗∗
𝑃 < 0.01 versus control group. wnd: wounding; brn: burning; rad:

radiation at 3Gy (n/n + 𝛾 = 0.94).

mice and remained at baseline during the next 8 days. At day
9, irradiation increased corticosterone concentration again,
whereaswounding reduced corticosterone belowbaseline but
rose again at day 11 (Figure 2(a)). In contrast, corticosterone
concentrations in irradiated-wounded mice remained above
baseline until day 7 and then below baseline (Figure 2(a)).

In contrast to wounds and radiation, burns alone did not
acutely increase corticosterone until day 3. At day 9, burning
increased the corticosterone concentration similar to irradia-
tion at days 3–5 and 9. A synergistic increase in corticosterone
was not observed after the irradiation-burn combination.
Instead, at day 7, the corticosterone concentration was below
but returned to baseline at day 11 (Figure 2(b)).

3.3. Skin Injuries Altered CRP Responses to Radiation.
Because radiation increased CRP in anemic cancer patients
[26], CRP in serum was measured in irradiated mice. Irra-
diation alone transiently increased CRP concentrations at
day 5 that returned to baseline quickly and remained low

but rose again at day 28. Wounding alone acutely increased
CRP concentrations that returned to baseline at day 5.
The radiation-wound combination induced a delayed rise at
days 4–9 and 17–24 that remained elevated (Figure 3(a)). In
contrast, burning alone acutely reduced CRP concentrations
that returned to baseline at day 6.The radiation-burn combi-
nation increased CRP within 1 day, returned to baseline, and
then rose again at days 17–20 (Figure 3(b)).

3.4. Skin Injuries Altered C3 Responses to Radiation. C3 plays
a central role in the activation of complement system [15].
Its activation is required for both classical and alternative
complement activation pathways. Persons who have a C3
deficiency are susceptible to bacterial infection [15]. More-
over, it was evident that CI resulted in an early onset of bac-
terial infection and occurrence of a severe systemic bacterial
infection [26]. Therefore, C3 was measured in these animals.

Irradiation increasedC3 concentrations in serum to 140 ±
10% of daily control (𝑃 < 0.05) within 1 day, but returned
to baseline at day 7 and stayed below baseline up to day 25
(Figure 4(a)).Wounding acutely increasedC3 concentrations
to 240±40% (𝑃 < 0.01), much greater than irradiation alone,
within 1 day and stayed at a plateau for 7 days returning to
baseline by day 9. However, irradiation wounding magnified
C3 concentrations to 430 ± 30% (𝑃 < 0.0001) that remained
above baseline until day 20.

In Figure 4(b), burning increased C3 within 1 day, reach-
ing a peak of 400 ± 80% (𝑃 < 0.01) within 2 days, and
remained elevated up to day 25. Unlike wounding, irradiation
burning increased C3 concentration to 285 ± 25% (𝑃 <
0.01), for approximately 5 days, but C3 concentration then
decreased to a concentration just above the baseline through
day 20.

3.5. Skin Injuries Further Decreased IgM Reduction after
Irradiation. IgM antibodies appear early in the course of an
infection activating complement and causing C3b to bind
to the antigen [27]. In our previous work, Gram-positive
and Gram-negative bacterial infections [22] were identified
as complications in radiation combined injury situations.
Therefore, IgM was measured. Figure 5 depicts that irradi-
ation reduced IgM within 2 days, reached a nadir within 4
days, returning to baseline by day 8 and falling again at day
10, and remained at this low to the end of the observation.
Wounding alone reduced IgM to a nadir within 3 days and
returned to baseline at day 7 (Figure 5(a)). The radiation-
wound combination reduced IgM concentrations even more
than radiation alone but to the similar amount as wounding
alone. Unlike wounding alone, the reduction was sustained
for 20 days. Burn alone reduced IgM concentrations reaching
a nadir within 3 days that returned to baseline by day
10, whereas the radiation-burn combination reduced IgM
concentrations that were sustained through the reduction to
day 25 (Figure 5(b)).

3.6. Skin Injuries Sustained Prostaglandin E
2

Responses
to Radiation. Radiation induces infection [22] and PGE

2

release [19]. To determine whether skin injuries after
radiation would change this inflammatory marker, PGE

2
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Figure 4: Skin injuries altered C3 responses to radiation. 𝑁 = 3–5 per group and per time point. (a) Skin wound trauma enhanced and
sustained the radiation-induced increase in serum C3 concentrations. The control C3 concentration was 325 ± 10 𝜇g/mL. ∗𝑃 < 0.05; ∗∗𝑃 <
0.01; ∗∗∗𝑃 < 0.001 versus control group. (b) Skin burn trauma increased and sustained serumC3 concentrations after irradiation.The control
C3 concentration was 310±11 𝜇g/mL. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 versus control group. wnd: wounding; brn: burning; rad: radiation
at 3Gy (n/n + 𝛾 = 0.94).
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Figure 5: Skin injuries enhanced the radiation-induced decrease in IgM concentrations.𝑁 = 6 per group and per time point. (a) Skin wound
trauma enhanced and sustained the radiation-induced decrease in serum IgM concentrations. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001 versus
control group. (b) Skin burn trauma decreased and sustained serum IgM concentrations after irradiation. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001
versus control group. wnd: wounding; brn: burning; rad: radiation at 3Gy (n/n + 𝛾 = 0.94).
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Figure 6: Skin injuries sustained prostaglandin E
2
response to radiation. 𝑁 = 2–6 per group and per time point. The control PGE

2

concentration was 15 ± 2 pg/mL. (a) Skin wound trauma sustained the radiation-induced increase in PGE
2
concentrations. ∗𝑃 < 0.05;

∗∗
𝑃 < 0.01 versus control group. (b) Skin burn trauma transiently enhanced serum PGE

2
concentrations after irradiation. ∗𝑃 < 0.05;

∗∗
𝑃 < 0.01 versus control group. wnd: wounding; brn: burning; rad: radiation at 3Gy (n/n + 𝛾 = 0.94).

concentrations were, therefore, measured using commercial
ELISA kits.

Irradiation increased PGE
2
in irradiated animals and

reached a peak of 550±100% (𝑃 < 0.01) at day 3 that returned
to baseline at day 7 (Figure 6).Wounding also increasedPGE

2

by 200±20% (𝑃 < 0.01) within 1 day and returned to baseline
at day 9. The radiation-wound combination increased PGE

2
,

reaching a peak of 580 ± 120% (𝑃 < 0.01) at day 3 that was
sustained up to day 9 (Figure 6(a)).

Burning increased PGE
2
to 180 ± 20% within 1 day. The

increase was sustained for 11 days.The radiation-burn combi-
nation increased PGE

2
release, reaching a peak of 850±150%

(𝑃 < 0.01) at day 4 and returning to the baseline by day 9.

4. Discussion

The condition identified as combined injury (CI) was
described more than 9 decades ago. Due to continuing
concerns for the potential use of a nuclear weapon by
terrorists or a rogue nation, attention has been focused on
establishing useful animal systems for evaluating the conse-
quences of exposure to radiation in conjunction with injuries
associated with nuclear weapon detonation (RCI). Casualties
are expected to overwhelm health care facilities, and thus
it is imperative to determine (1) the physiologic changes
resulting from radiation, tissue injury, and their combina-
tions that lead to morbidity and mortality and (2) counter-
measures useful for mass-casualty applications. In the study

reported here, we used an enriched field of neutrons to
simulate the nuclear weapon detonation combined with skin
injuries to monitor the physiological responses and survival
of experimental animals. The results were consistent with
those in animals, which received a higher dose of pure 60Co-
𝛾-photon radiation [4–7, 28–31].

In our earlier radiation studies, mice received various
doses and qualities of X-rays, 60Co-𝛾-photons, and reactor-
produced mixed field (n + 𝛾-photons) radiations given at
0.4Gy/min. Compared to X-ray irradiation and 60Co-𝛾-
photon irradiation, as the 𝐷

𝑛
/𝐷
𝑡
increased, the relative

biological effect (RBE) of neutrons increased and the LD
50/30

decreased. The addition of a standard sized wound or burn
in irradiated mice further increased the RBE and further
decreased the LD

50/30
. In all cases, skin wounds subsequent

to irradiation resulted in greater 30-day mortality and
protracted wound healing compared to skin burns [7]. In
contrast to skin injuries after irradiation, skin injuries prior
to irradiation decreased mortality. We now postulate that
nonlethal skin injuries precondition the body by significantly
increasing the basal levels of IL-6, IL-8, IL-10, G-CSF,
and GM-CSF [29] so that the self-defensive mechanism is
activated to protect against radiation injury. IL-6 induces
production of neutrophils [32] and is now known to inhibit
TNF-𝛼 and IL-1 and activate IL-10 and transcription 3
[33, 34].

Kiang et al. [29, 30] reported that wound trauma magni-
fied 𝛾-radiation induced increases in IL-6 concentration in
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blood and was further enhanced by a subsequent systemic
bacterial infection. An increased IL-6 concentration upreg-
ulated nuclear factor-interleukin-6 (NF-IL6) expression that
is a transcription factor binding the promoter region of the
iNOS gene. On the other hand, wound trauma-enhanced
systemic bacterial infections [22, 29, 35] activated toll-like
receptor-4 ((TLR-4) a receptor of endotoxin) that increased
nuclear factor-keppa B ((NF-𝜅B) a transcription factor to
both iNOS and IL-6 genes) expression to transcribe the IL-6
gene and the iNOS gene, forming a positive feedback among
iNOS, IL-6, NF-𝜅B, and NF-IL6 [29].

The magnitude of mortality increased by radiation-
wound combination was greater than by radiation-burn
combination. It was also sensitive to the time interval between
wounding and irradiation,whichwas not observed in the case
of burns. The discrepancies between wounds and burns are
not clear but suggest that different mechanisms are involved.
We postulate that, because the concentration of increased IL-
6 in serum of burned mice [36] was much lower than that in
woundedmice [29], the degree of stress produced by wounds
was significantly greater than burns which was indicated by
lower corticosterone concentrations and a higher survival
rate in irradiated-burned mice (Figures 1 and 2). Further
studies of burns are warranted to elucidate this view.

While wound injury, compared to burn injury, had a
greater impact on survival, both wounds and burns given
after irradiation resulted in serum increases in CRP, C3, and
PGE
2
. Decreased IgM production as well as IgG and IgA

production (data not shown) along with an early rise in
corticosterone followed by a subsequent decrease was noted
for each radiation combined injury situation.

Although mice did not reveal that CRP concentration
correlated with radiation dose or time after exposure [37],
our data indicated that a transient increase in serum CRP
concentrations at day 5 after irradiation was observed. The
difference between our data and that reported by others
[37] could be due to the different strains of mice studied
in the experiments (BALB/c versus B6D2F1). However the
time of the transiently increased CRP concentration is con-
sistent with the onset of bacterial infection in irradiated-
wounded mice [29]. In the scenario of radiation combined
injury, increased CRP by radiation-wound combination
and decreased CRP by radiation-burn combination would
over- or under-estimate the radiation dose, respectively. The
correction factor involved with CRP as a biomarker for
assessing radiation doses cannot be ignored and should
be kept in mind. CRP is also recognized as a biomarker
of inflammation because it is a result of a rise of IL-6, a
proinflammatory mediator [38, 39]. The time of increased
CRP concentrations is consistent with the time course of
bacterial infection and elevated cytokine concentrations [29,
35]. Therefore, an inhibitor of CRP such as sitagliptin [40]
might serve as a countermeasure for either radiation injury or
radiation combined injury.On the other hand, CRPpromotes
binding of complement to microorganisms and enhances
phagocytosis by CRP receptor-positive macropahges [38].
Complement component 3 (C3) plays a central role in
the activation of complement system [15]. People with C3
deficiency are susceptible to bacterial infections [15, 41].

In addition, increases in PGE
2
are important for combating

radiation combined injury because inhibition of COX-2 by
celecoxib and meloxicam exacerbated mortality induced by
radiation combined injury [42]. Then, the possibility that
these increases in CRP, C3, and PGE

2
may be self-defense

responses and are beneficial and desirable cannot be ruled
out.

Skin injuries decreased IgM concentrations in serum,
which is undesirable due to colonization of the injury
with bacteria. IgM antibodies rise early in the course of
an infection and contribute in activating complement and
causing C3b to bind to bacteria [27]. A decreased IgM
concentration suggests a reduction of IgM-producing B cells
and complement activity, which would impede the host’s
ability to combat bacterial infections caused by radiation
combined injury. This decrease could abrogate the benefit
provided by increased CRP, C3, and PGE

2
.

Investigators studying high LET irradiation combined
injury also facemany challenges. Perhaps themost important
are (1) finding effective countermeasures promoting short-
term survival, (2) evaluating the consequences of partial body
irradiation along with tissue injuries, and (3) developing a
skin injury situation for testing in animals. Along this line,
it was determined that WR-151327, an aminothiol, increased
survival of mice from radiation combined injury in which
the LD

50/30
was increased over that for nontreated mice [43].

However, it is well known that aminothiols as a class have
significant toxicity [44] and therefore would have limited
practical use.

It is evident that biodosimetry has been focused on low
LET irradiation. There are no data available to assess high
LET irradiation doses, and no biodosimetry comparisons
can be made between the two. Therefore, it is unknown
if the biodosimetry data from low LET irradiation will be
relevant to assess high LET irradiation doses. The literature
on pathophysiological studies including signal transduction
pathways after high LET irradiation is very limited as well.
Moreover, effects of the high LET irradiation at various
radiation dose rates may need to be investigated, even though
it is likely that there may be no dose-rate effect unless at very
high dose rates [45].

In summary, nonlethal skin injuries prior to irradiation
increased survival from high LET irradiation, whereas these
skin injuries after irradiation reduced survival from high LET
irradiation. The magnitude of survival was sensitive to the
time interval between irradiation and skin wounding but
not skin burning. Skin wounding but not burning acutely
enhanced radiation-induced corticosterone concentrations,
but both types of skin injuries then decreased the concen-
trations below the baseline. Skin wounds increased CRP,
but skin burns decreased CRP immediately after irradiation.
However, both skin injuries acutely enhanced radiation-
induced C3 increases, IgM decreases, and PGE

2
increases.

These alterations were sustained during the observation
period.

The severity of injury manifested immediately after
irradiation combined with skin injuries and prognosis for
survival depends upon a complex matrix of factors including
many physiological endpoints. Changes in the parameters
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measured in this study support not only early intervention
with intensive therapy to strengthen chances of survival but
also the concept of successful therapy, whichmay be adjusted
to conserve critical medical resources. Our results suggest
that RCI-induced alterations on corticosterone, CRP, C3,
IgM, and PGE

2
cause homeostatic imbalances and may con-

tribute to reduced survival. Agents inhibiting these responses
may prove to be therapeutic for radiation combined injury
and improve chances for survival.

Abbreviations

LET: Linear energy transfer
CRP: C-reactive protein
C3: Complement component 3
IL-6: Interleukin-6
IgM: Immunoglobulin M
rad: Radiation
wnd: Wound
brn: Burn
RCI: Radiation combined injury
TBSA: Total body surface area
VSD: Veterinary Science Department
AFRRI: Armed Forces Radiobiology Research Institute.

Disclaimer

The views, opinions, and findings contained in this report
are those of the authors and do not reflect official policy
or positions of National Institute of Health, Department
of the Navy, Department of Defense, or the United States
Government.

Conflict of Interests

The authors declare that they have no conflict of interests.

Authors’ Contribution

G. David Ledney conceived, designed, and performed all the
experiments in the paper. Data were presented in the Radi-
ation Combined Injury Symposium: Models, Mechanisms,
and Countermeasures, April 5, 2012, a 50th Anniversary
Event for the Armed Forces Radiobiology Research Institute,
at the Uniformed Services University of the Health Sciences,
Bethesda, MD, USA. Juliann G. Kiang wrote the paper. All
authors read and approved the final manuscript.

Acknowledgments

The authors gratefully thank the AFRRI IACUC and vet-
erinary personnel for animal care, the staff of the radiation
dosimetry section and operators of the radiation sources,
and Dr. Thomas B. Elliott’s editorial assistance. This work
was supported by the Armed Forces Radiobiology Research
Institute (AFRRI) under Research Work Unit 4440–00129
(to G. David Ledney) and NIAID-IAA YI-AI5045-04 (to
Juliann G. Kiang and G. David Ledney).

References

[1] H. S. Kishi and M. E. Carey, “Effects of the “special bomb”:
recollections of a neurosurgeon in Hiroshima, August 8-15,
1945,” Neurosurgery, vol. 47, no. 2, pp. 441–446, 2000.

[2] S. Iijima, “Pathology of atomic bomb casualties,” Acta Patholog-
ica Japonica, vol. 32, Supplement 2, pp. 237–270, 1982.

[3] A. V. Barabanova, “Significance of beta-radiation skin burns in
Chernobyl patients for the theory and practice of radiopathol-
ogy,” Vojnosanitetski Pregled, vol. 63, no. 5, pp. 477–480, 2006.

[4] G. D. Ledney, E. D. Exum, and P. A. Sheehy, “Survival enhanced
by skin-wound trauma in mice exposed to 60Co radiation,”
Experientia, vol. 37, no. 2, pp. 193–194, 1981.

[5] G. D. Ledney, H.M.Gelston Jr., S. R.Weinberg, and E. D. Exum,
“Survival and endogenous spleen colonies of irradiated mice
after skin wounding and hydroxyurea treatment,” Experientia,
vol. 38, no. 10, pp. 1228–1230, 1982.

[6] G. D. Ledney, E. D. Exum, D. A. Stewart, H. M. Gelston Jr, and
S. R. Weinberg, “Survival and hematopoietic recovery in mice
after wound trauma and whole-body irradiation,” Experimental
Hematology, vol. 10, Supplement 12, pp. 263–278, 1982.

[7] G. D. Ledney, E. D. Exum, and W. E. Jackson III, “Wound-
induced alterations in survival of 60Co irradiated mice: impor-
tance of wound timing,” Experientia, vol. 41, no. 5, pp. 614–616,
1985.

[8] A. K. Davis, E. L. Alpen, and G. E. Sheline, “The combined
effects of thermal burns andwhole-body x-radiation on survival
time and mortality,” Annual Surgery, vol. 140, pp. 113–118, 1954.

[9] F. A. Valeriote and D. G. Baker, “The combined effects of
thermal trauma and x-irradiation on early,” Radiation Research,
vol. 22, pp. 693–702, 1964.

[10] B. Korlof, “Infection of burns, I. A bacteriological and clinical
study of 99 cases. II. Animal experiments: burns and total body
x-irradiation,”Acta Chirurgica Scandinavica, vol. 209, pp. 1–144,
1956.

[11] J. W. Brooks, E. I. Evans, W. T. Ham Jr., and J. D. Reid, “The
influence of external body radiation on mortality from thermal
burns,” Annals of surgery, vol. 136, no. 3, pp. 533–545, 1952.

[12] H. Baxter, J. A.Drummond, L.G. Stephens-Newsham, andR.G.
Randall, “Studies on acute total body irradiation in animals—I.
Effect of streptomycin following exposure to a thermal burn and
irradiation,” Plastic Reconstruction Surgery, vol. 12, pp. 439–445,
1953.

[13] G. M. McDonnel, W. H. Crosby, C. F. Tessmer et al., “Effects
of nuclear detonations on a large biological specimen (swine),”
Report WT-1428, Operation Plumbbob, Project 4.1, Defense
Atomic Support Agency, Sandia Base, Albuquerque, NM, USA,
1961.

[14] R. Neta, R. Perlstein, S. N. Vogel, G. D. Ledney, and J. Abrams,
“Role of interleukin 6 (IL-6) in protection from lethal irradi-
ation and in endocrine responses to IL-1 and tumor necrosis
factor,” Journal of Experimental Medicine, vol. 175, no. 3, pp.
689–694, 1992.

[15] M. R.Wessels, P. Butko,M.Ma,H. B.Warren, A. L. Lage, andM.
C. Carroll, “Studies of group B streptococcal infection in mice
deficient in complement component C3 or C4 demonstrate
an essential role for complement in both innate and acquired
immunity,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 92, no. 25, pp. 11490–11494,
1995.



10 Oxidative Medicine and Cellular Longevity

[16] S. Kern, S. A. Robertson, V. J. Mau, and S. Maddocks, “Cytokine
secretion by macrophages in the rat testis,” Biology of Reproduc-
tion, vol. 53, no. 6, pp. 1407–1416, 1995.

[17] M. Berg, D. L. Fraker, and H. R. Alexander, “Characterization
of differentiation factor/leukaemia inhibitory factor effect on
lipoprotein lipase activity and mRNA in 3T3-L1 adipocytes,”
Cytokine, vol. 6, no. 4, pp. 425–432, 1994.

[18] W. Nunomura, Y. Takakuwa, and T. Higashi, “Changes in
serum concentration andmRNA level of rat C-reactive protein,”
Biochimica et Biophysica Acta, vol. 1227, no. 1-2, pp. 74–78, 1994.

[19] M. Verheij, G. C. M. Koomen, J. A. Van Mourik, and L. Dewit,
“Radiation reduces cyclooxygenase activity in cultured human
endothelial cells at low doses,” Prostaglandins, vol. 48, no. 6, pp.
351–366, 1994.

[20] M. B. Sambur, O. F. Mel’nikov, S. V. Timchenko, andM. D. Tim-
chenko, “The functional dynamics of the system of immunity
in rats during adaptation to single and fractionated exposures
to low doses of external gamma irradiation,” Radiation Biology,
Radioecology and Dosimetry, vol. 34, no. 1, pp. 55–63, 1994.

[21] P. Timpl, R. Spanagel, I. Sillaber et al., “Impaired stress response
and reduced anxiety in mice lacking a functional corticotropin-
releasing hormone receptor 1,”Nature Genetics, vol. 19, no. 2, pp.
162–166, 1998.

[22] T. B. Elliott, G. D. Ledney, R. A. Harding et al., “Mixed-
field neutrons and 𝛾-photons induce different changes in ileal
bacteria and correlated sepsis in mice,” International Journal of
Radiation Biology, vol. 68, no. 3, pp. 311–320, 1995.

[23] L. I. Lemieux, S. S. Rahal, and C. R. J. Kennedy, “PGE
2
reduces

arachidonic acid release in murine podocytes: evidence for an
autocrine feedback loop,” American Journal of Physiology: Cell
Physiology, vol. 284, no. 2, pp. C302–C309, 2003.

[24] C. A. Montgomery, “Oncologic and toxicologic research: alle-
viation and control of pain and distress in laboratory animals,”
Cancer Bulletin, vol. 42, pp. 230–237, 1990.

[25] S. P. Tomasivic, L. G. Coghlan, K. N. Gray, A. J. Mastromarino,
and E. L. Travis, “IACUC evaluation of experiments requiring
death as an end point: a cancer center’s recommendations,”
Laboratory Animals, pp. 31–34, 1988.

[26] W. R. Reed, D. H. Hussey, and R. L. DeGowin, “Implications
of the anemia of chronic disorders in patients anticipating
radiotherapy,” American Journal of the Medical Sciences, vol.
308, no. 1, pp. 9–15, 1994.

[27] B. Wellek, H. Hahn, and W. Opferkuch, “Opsonizing activi-
ties of IgG, IgM antibodies and the C3b inactivator cleaved
third component of complement in macrophage phagocytosis,”
Agents and Actions, vol. 6, no. 1–3, pp. 260–262, 1976.

[28] G. D. Ledney and T. B. Elliott, “Combined injury: factors with
potential to impact radiation dose assessments,”Health Physics,
vol. 98, no. 2, pp. 145–152, 2010.

[29] J. G. Kiang, W. Jiao, L. H. Cary et al., “Wound trauma increases
radiation-inducedmortality by activation of iNOS pathway and
elevation of cytokine concentrations and bacterial infection,”
Radiation Research, vol. 173, no. 3, pp. 319–332, 2010.

[30] J. G. Kiang, B. R. Garrison, and N. V. Gorbunov, “Radiation
combined injury: DNA damage, apoptosis, and autophagy,”
Adaptative Medicine, vol. 2, pp. 1–10, 2010.

[31] J. G. Kiang, B. R. Garrison, T. M. Burns M Zhai et al.,
“Wound trauma alters ionizing radiation dose assessment,” Cell
& Bioscience, vol. 2, no. 1, article 20, 2012.

[32] W. L. Biffl, E. E. Moore, F. A. Moore, C. C. Barnett Jr., C.
C. Silliman, and V. M. Peterson, “Interleukin-6 stimulates

neutrophil production of platelet-activating factor,” Journal of
Leukocyte Biology, vol. 59, no. 4, pp. 569–574, 1996.

[33] K. K. Abdul-Aziz and M. J. Tuorkey, “Targeting tumor necrosis
factor alpha (TNF-𝛼) in diabetic rats could approve avenues for
an efficient strategy for diabetic therapy,”Diabetes andMetabolic
Syndrome, vol. 6, pp. 77–84, 2012.

[34] H. Sakata, P. Narasimhan K Niizuma, C. M. Maier, T. Wakai,
and P. H. Chan, “Interleukin 6-preconditioned neural stem cells
reduce ischaemic injury in stroke mice,” Brain, vol. 135, pp.
3298–3310, 2012.

[35] R. Fukumoto, L. H. Cary, N. V. Gorbunov, E. D. Lombar-
dini, T. B. Elliott, and J. G. Kiang, “Ciprofloxacin modulates
cytokine/chemokine profile in serum, improves bone marrow
repopulation, and limits apoptosis and autophagy in ileum after
ionizing radiation combined with wound trauma,” PLoS ONE,
vol. 8, no. 3, Article ID e58389, 2013.

[36] J. L. Palmer, C. R. Deburghgraeve,M. D. Bird,M. Hauer-Jensen,
and E. J. Kovacs, “Development of a combined radiation and
burn injury model,” Journal of Burn Care and Research, vol. 32,
no. 2, pp. 317–323, 2011.

[37] N. I. Ossetrova and W. F. Blakely, “Multiple blood-proteins
approach for early-response exposure assessment using an in
vivomurine radiationmodel,” International Journal of Radiation
Biology, vol. 85, no. 10, pp. 837–850, 2009.

[38] M. B. Pepys andG.M.Hirschfield, “C-reactive protein: a critical
update,” Journal of Clinical Investigation, vol. 111, no. 12, pp.
1805–1812, 2003.

[39] D. C. W. Lau, B. Dhillon, H. Yan, P. E. Szmitko, and S. Verma,
“Adipokines: molecular links between obesity and atheroslcero-
sis,” American Journal of Physiology, vol. 288, no. 5, pp. H2031–
H2041, 2005.

[40] N. Satoh-Asahara, Y. Sasaki, H. Wada et al., “A dipeptidyl
peptidase-4 inhibitor, sitagliptin, exerts anti-inflammatory
effects in type 2 diabetic patients,” Metabolism, vol. 62, no. 3,
pp. 347–351, 2012.

[41] W. Matsuyama, M. Nakagawa, H. Takashima, F. Muranaga,
Y. Sano, and M. Osame, “Molecular analysis of hereditary
deficiency of the third component of complement (C3) in two
sisters,” Internal Medicine, vol. 40, no. 12, pp. 1254–1258, 2001.

[42] W. Jiao, J. G. Kiang, L. Cary, T. B. Elliott, T. C. Pellmar, and G. D.
Ledney, “COX-2 inhibitors are contraindicated for treatment of
combined injury,” Radiation Research, vol. 172, no. 6, pp. 686–
697, 2009.

[43] G. D. Ledney, T. B. Elliott, R. A. Harding, W. E. Jackson III, C.
E. Inal, andM. R. Landauer, “WR-151327 increases resistance to
Klebsiella pneumoniae infection in mixed-field- and 𝛾-photon-
irradiated mice,” International Journal of Radiation Biology, vol.
76, no. 2, pp. 261–271, 2000.

[44] M. E. A. B. Van Beek, R. L. Doak, C. P. Sigdestad, and D. J.
Grdina, “Pathological effects of the radiation protector WR-
151327 in mice,” Radiation Research, vol. 124, no. 1, pp. 79–84,
1990.

[45] C. S. Griffin and S. Hornsey, “The effect of neutron dose rate
on jejunal crypt survival,” International Journal of Radiation
Biology, vol. 49, no. 4, pp. 589–595, 1986.


