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Abstract

There is emerging need in new medical products that can mitigate and/or treat the short- and long-
term consequences of radiation exposure after a radiological or nuclear terroristic event. The direct
effects of ionizing radiation are realized primarily via apoptotic death pathways in rapidly
proliferating cells within the initial 1-2 days after the exposure. However later in the course of the
radiation disease necrotic cell death may ensue via direct and indirect pathways from increased
generation of pro-inflammatory cytokines. Here we evaluated radiomitigative potential of
Necrostatin-1 after total body irradiation (TBI) and the contribution of necroptosis to cell death
induced by radiation. Circulating TNFa levels were increased starting on d1 after TBI and
associated with increased plasmalemma permeability in ileum of irradiated mice. Necrostatin-1
given iv. 48h after 9.5 Gy TBI attenuated radiation-induced receptor interacting protein kinase 3
(RIPK3) serine phosphorylation in ileum and improved survival vs. vehicle. Utilizing apoptosis
resistant cytochrome ¢/~ cells, we showed that radiation can induce necroptosis, which is
attenuated by RNAI knock down of RIPK1 and RIPK3 or by treatment with necrostatin-1 or -1s
whereas 1-methyl-L-tryptophan, an indoleamine-2,3-dioxygenase inhibitor, did not exhibit
radiomitigative effect. This suggests that the beneficial effect of necrostatin-1 is likely through
inhibition of RIPK1-mediated necroptotic pathway. Overall, our data indicate that necroptosis, a
form of programmed necrosis, may play a significant role in cell death contributing to radiation
disease and mortality. This study provides a proof of principle that necrostatin—1 and perhaps
other RIPK1 inhibitors are promising therapeutic agents for radiomitigation after TBI.

"Corresponding author: Dr. Hiilya Bayir, Departments of Critical Care Medicine and Environmental and Occupational Health,
University of Pittsburgh, 4401 Penn Avenue, Pittsburgh, PA 15224. bayihx@ccm.upmc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al. Page 2

Keywords
Mitigation; propidium iodide; IL-1q; IL-6; IL-17; 7-CI-O-Nec-1

1. Introduction

The threat of a nuclear and radiological attack or accident has grown in recent years due to
increased activity of global terrorist organizations and a rise in illicit trafficking of
radioactive materials. There is emerging need in new medical products that can mitigate
and/or treat the short- and long-term consequences of radiation exposure after a radiological/
nuclear terrorist event. lonizing radiation causes radiolysis of water with production of free
radicals [1-6]. The immediate burst of radicals upon exposure to irradiation is followed by a
dose-dependent and continuous mitochondrial overproduction of reactive oxygen species [7,
8]. The direct effects of ionizing radiation and water radiolysis products are realized
primarily via apoptotic cell death pathways in rapidly proliferating hematopoietic cells and
gastrointestinal epithelial cells within the initial 1-2 days after the exposure [9] [10, 11].
However later in the course of the radiation disease necrotic cell death may ensue via direct
and indirect pathways from increased generation of pro-inflammatory cytokines and
translocation of bacteria from intestine to blood stream, which are known consequences of
total body irradiation [12]. Thus the therapeutic window of opportunity for inhibitors of
necrotic death pathways will likely be 24h or longer after irradiation.

Although previously considered to be an accidental cell death in response to
physicochemical insults, recent studies suggest that necrosis is a tightly regulated cell death
pathway which includes mitochondrial dysfunction, enhanced reactive oxygen species
production, lipid peroxidation, and early plasma membrane rupture [13]. The understanding
of a specific cellular program for regulated necrosis was initiated by the discovery that the
receptor interacting protein kinase 1 (RIPK1), a serine-threonine kinase, is required for the
necrosis of Jurkat human T lymphocyte cells triggered by the death receptor Fas (CD95)
[14] and the necrosis of mouse embryonic fibroblasts (MEFs) induced by TNFa [15]. Since
then many necroptosis triggers such as interferon y, LPS-mediated activation of TLR4,
genotoxic stress have been described [16]. RIPK1 inhibitors, namely necrostatins, were later
developed and proved to be useful in studies of RIPK1-dependent necroptosis [17]. A RIPK
family member, RIPK3, was later identified as an essential mediator of necroptosis [18, 19].
Interaction of RIPK3 and RIPK1 via their RIP homotypic interaction motif is required for
necroptosis induction [20].

Plasma membrane permeabilization and release of intracellular components are key
morphological features of necroptosis [13]. Recent studies suggest that activation of RIPK3
leads to the phosphorylation of mixed lineage kinase domain like (MLKL) protein [21].
Oligomerization and binding of mixed lineage kinase domain like (MLKL) with
phosphatidylinositols was shown to allow recruitment of MLKL to the plasma membrane
leading to the permeabilization of the latter [22]. Typically necroptosis is induced upon
inhibition of caspases but it can occur in the absence of caspase inhibition as seen in TNF-
induced systemic inflammatory response syndrome, or during infection [23, 24]. In this
study, we evaluated radiomitigative potential of Necrostatin-1 after TBI and the contribution
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of necroptosis to cell death induced by ionizing radiation. Circulating TNFa levels were
increased after TBI and associated with increased plasmalemma permeability in ileum of
irradiated mice. Necrostatin-1 given 48h after TBI attenuated irradiation-induced RIPK3
serine phosphorylation in ileum and improved survival vs. vehicle. Furthermore utilizing
apoptosis resistant cytochrome ¢/~ cells, we show that radiation can directly induce
necroptosis, which is attenuated by RNAIi knock down of RIPK1 and RIPK3 or by treatment
with necrostatin-1 or necrostatin-1s.

2. Materials and methods

2.1. Materials

2.2. Animals

The Annexin V and CytoTox-ONE assays were purchased from Biovision (Mountain View,
CA) and Promega (Madison, WI), respectively. Antibodies used in the experiments were
follows: RIPK1 from BD Pharmingen (San Diego, CA), RIPK3 from ProSci (Poway, CA),
phosphoserine antibody from Abcam (Cambridge, MA). Unless indicated, all other reagents
including were from Sigma (St. Louis, MO). Necrostatin-1s (5-((7-CI-1H-indol-3-
yl)methyl)-3- methylimidazolidine-2,4-dione) or 7-CI-O-Nec-1) was obtained from
BioVision (Milpitas, CA)

All procedures were pre-approved and performed according to the protocols established by
the Institutional Animal Care and Use Committee of the University of Pittsburgh. C57BL/
6NTac female mice were anaesthetized with Nembutal (1 mg per 20 gm mouse) and
irradiated using a Shepherd Mark 1 Model 68 cesium irradiator at a dose rate of 80 cGy
min~L. For analysis of plasma cytokines by multiplex mice were euthanized at either 24 or
48 h after 9.25 Gy TBI (n = 3/time point/group). Mice were euthanized with carbon dioxide
inhalation, and blood samples were obtained by cardiac puncture. Multiplex was performed
as described previously [25]. For assessment of the radiomitigative effect of necrostatin-1
after TBI, mice (n = 15/group) were irradiated to a total body dose of 9.25 Gy or 9.5 Gy.
Mice were divided into separate groups and administered vehicle or Necrostatin-1 (1.65
mg/kg in 10% cremephor el/10% ethanol) via intravascular (i.v.) route at various time
points: 1h before, at 24h, at 48h, or at 72h after TBI. The mice were followed for the
development of haematopoietic syndrome at which time they were euthanized. For
evaluation of RIPK3 phosphorylation, mice were euthanized at 7 d after 9.5 Gy TBI (n = 3/
time point). Animals were then transcardially perfused with 5 ml phosphate buffered saline
(PBS). lleum was harvested from each mouse for protein extraction.

2.3. Administration of propidium iodide and detection of propidium iodide and TUNEL
positive cells

Propidium iodide (PI; 10 mg/mL; Sigma) was diluted in 0.9% NaCl and 0.2 mg/kg was
administered 2 h before killing by intraperitoneal injection in a total volume of not more
than 100 pL. TBI mice were killed at 2 d after 9.25 Gy. The llea from control and TBI mice
were fixed in 2% paraformaldehyde for 1 hour, cryoprotected in 30% sucrose in PBS
overnight and then shock frozen in liquid nitrogen cooled isopentane. 7 micron cryostat
section were cut and mounted on superfrost slides (Fisher). TUNEL (Terminal
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deoxynucleotidyl transferase mediated dUPT nick end labeling) staining was conducted as
described [26]. In brief, TUNEL staining was conducted with the ApopTag Peroxidase Kit
or ApopTag Fluorescein In Situ Apoptosis Detection Kit (Cat# S7101 or S7110, Chemicon
International, Temecula, CA). Sections were then counterstained with Dapi and were
mounted directly in Gelvatol and coverslipped. Imaging was with a Nikon Al confocal
microscope with a 20x 0.75 NA objective. Three channels were imaged using 405nm (Dapi)
488nm (TUNEL) and 561nm (PI) lasers. Imaging of each channel was sequential to avoid
channel bleed through. To derive an overview of labelling a motorized scanning stage was
use to collect several images which were stitched using NIS Elements.

Mouse embryonic Cyt ¢/~ cells (ATCC, Manassas, VA) and Cyt c*/* cells (courtesy of X.
Wang, University of Texas, Dallas) were cultured in DMEM supplemented with 15% FBS,
25 mM Hepes, 50 mg/L uridine, 110 mg/L pyruvate, 2mM glutamine, 1x nonessential
amino acids, 50 uM B-mercaptoethanol, 100 U/L penicillin, and 100 mg/L streptomycin in a
humidified atmosphere of 5% CO,, 95% air at 37°C. In order to induce ferroptosis Cyt ¢/~
cells were exposed to L-buthionine sulphoximine (BSO) for 48h [27].

2.5. Exposure of cells to y-lrradiation

Cells were cultured in fresh medium prior to irradiation and were y-irradiated with a
Shepherd model 143-45A irradiator (J.L. Shepherd & Associates, CA) at indicated dose.
Cells were then incubated in the presence or absence of necrostatin-1, necrostatin-1s,
ferrostatin-1, zVAD-fmk alone or in combination with necrostatin-1 in complete culture
medium at 37°C in 5% CO, incubator until harvest.

2.6. Measurements of phosphatidylserine externalization, propidium iodide staining and
caspase 3/7 activity

Externalization of phosphatidylserine was analyzed by flow cytometry using Annexin V kit
(Biovision). In brief, harvested cells were stained with Annexin V-fluorescein
isothiocyanate and propidium iodide 5 min in the dark before flow cytometry analysis. Cell
debris as represented by distinct low forward and side scatter were gated out for analysis.
Ten thousand events were collected on a FACScan flow cytometry (BD Biosciences,
Rutherford, NJ) supplied with CellQuest software. Caspase—3/7 activity was measured using
a luminescence Caspase—GloTM 3/7 assay kit (Promega) according to the manufacturer’s
instructions.

2.7. Lactate dehydrogenase (LDH) assay

LDH release was assessed using CytoTox-ONE kit (Promega) according to manufacturer’s
instructions. The enzyme activity from the culture medium and floating cells were used as
an index of cell death. The adherent cells were lysed in 0.9% Triton X-100 and assayed for
LDH activity. This cell-associated LDH activity was then added to the LDH activity in the
culture medium. The amount of LDH present in the medium was calculated as a percentage
of the total, which was then used to estimate the percentage of cell death in the
corresponding samples.
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2.8. Western blotting and immunoprecipitation

Samples were separated on 10% SDS-PAGE, transferred onto a nitrocellulose membrane,
and probed with antibodies against RIPK1 (BD Pharmingen, 1:2000), RIPK3 (ProSci,
1:500) or actin (loading control, Sigma, 1:5000) followed by horseradish peroxidase-
coupled detection. For immunoprecipitation, samples from mouse intestine were
homogenized in RIPA buffer supplemented with 1x protease and 1x phosphatase inhibitor
cocktails (Sigma and Roche). After pre-clearing with IP matrix (Santa Cruz), lysates were
incubated with phosphoserine antibody (Abcam, 1:200) overnight. The resulting immune
complexes were washed and resolved on 10% Tris/glycine gels (Invitrogen). Membranes
were probed with anti-RIPK3 antibody (ProSci, 1:500) for RIPK3 phosphorylation.

2.9. Statistical Analysis

Data are expressed as mean + SEM or mean + S.D. as indicated in figure legends. Changes
in variables for different assays were analyzed by a two-tailed Student’s t test for
comparisons. Differences were considered significant at p < 0.05. The log-rank test was
used for analysis of overall survival that is defined as the time from the date of radiation to
the 35 days post radiation between treated vs. the radiation-only control group.
Hematopoietic syndrome occurs within the first 30 days post radiation.

3. Results

Previous studies showed that TNFa-induced lethal systemic inflammatory response
syndrome in mice is mediated via RIPK1 mediated necroptosis. Furthermore, RIPK1
inhibitor Necrostatin-1 given i.v prior to TNFa administration sensitized C57B6 mice to
TNFa-induced hypothermia and shock. To determine optimal timing of Necrostatin-1
administration, we first evaluated plasma levels of TNFa after TBI in mice. TNFa levels
were increased starting on day 1 after TBI (Fig. 1a) followed by increases in
proinflammatory cytokines IL-1a, IL-6 and IL-17 (Fig. 1b—d), which were shown to mediate
TNF-induced systemic inflammatory response syndrome and septic shock in mice [28] [29]
[30]. Increases in pro-inflammatory mediators were temporally associated with increased
plasmalemma permeability and a small amount of TUNEL staining in ileum of irradiated
mice suggesting activation of non-apoptotic cell death pathways after TBI (Fig. 1e).

In order to evaluate whether necroptosis contributes to mortality after TBI we utilized a
potent inhibitor of necroptosis, necrostatin-1. Groups of 15 mice received vehicle or one
dose of necrostatin-1 i.v. 1 h before or at 24 h, 48 h, or 72 h after 9.25 Gy TBI or 48 h after
9.5 Gy TBI. Necrostatin-1 given 24, 48 or 72 h after TBI was effective in improving
survival compared to vehicle (Fig. 2a and b). However pre-treatment with Necrostatin-1 did
not improve survival vs. vehicle (Fig. 2b) indicating that Necrostatin-1 mitigates TBI-
induced disease process but it does not function as a radioprotector at the dose/time used in
these experiments. Previous studies showed that RIPK1 plays an important role in
RIPK3phosphorylation, which is required for necroptosis induction [31]. We found that
necrostatin-1 attenuated TBI-induced RIPK3 serine phosphorylation in ileum (Fig. 2c),
indicating involvement of RIPK1 and RIPK3 activation after TBI.
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To further evaluate the role of RIPK1 and RIPK3 in radiation-induced necroptosis, we
developed an in vitro model of radiation-induced necroptosis in cytochrome c (cyt c)
deficient cells. Activation of caspase 3/7 (~10-fold vs. control, Fig 3a) and externalization of
phosphatidylserine (Fig. 3b) were observed in Cyt c*/* cells exposed to irradiation. On the
other hand, Cyt ¢/~ cells showed attenuated caspase 3/7 activity (~2-fold vs. control),
increased P1 positivity (~6-fold vs. control) and LDH release (~4-fold vs. control) (Fig. 3a,
¢, d) upon radiation exposure indicating a switch from apoptotic to necrotic death pathway
with permeabilization of plasma membrane. Necrostatin-1 as well as 7-CI-O-Nec-1
(Necrostatin-1s) decreased irradiation-induced LDH release in a dose dependent manner in
Cyt c—/— cells (Fig. 4a). Notably, Necrostatin-1 did not attenuate cell death in MECs (Fig.
5), which are known to undergo primarily apoptotic death upon irradiation [32], although
pan-caspase inhibitor z\VAD-fmk was effective. Combined ZVVAD + necrostatin-1 treatment
as effective as ZVAD alone in attenuating irradiation-induced PS externalization (Fig. 5).

Recent data suggest that necrostatin-1 may have pleiotropic effects [33-35] and it can also
inhibit indoleamine-2,3-dioxygenase (IDO) [36], which is induced by TNFa [12]. Thus we
tested the effect of specific inhibitor of IDO, 1-methyl-L-tryptophan, in cyt c deficient cells.
1-methyl-L-tryptophan did not exhibit any radiomitigative effect (Fig. 4b) suggesting that
the radiomitigative effect of necrostatin-1 is likely through inhibition of RIPK1-mediated
necroptotic pathway. To further evaluate the role of RIPK1 and RIPK3 in radiation-induced
death, we utilized RNAI approach to knock down expression of RIPK1 and RIPK3 (Fig. 4c).
Modest but statistically significant decreases in radiation-induced death were observed in
Cyt ¢/~ RIPK1 and RIPK3 knock down cells (Fig. 4d). Combined together these results
indicate that necroptosis is activated after irradiation and targeted inhibition of this cell death
pathway leads to successful late radiomitigation.

4. Discussion

This study suggests a possible role for necroptosis in the pathogenesis of radiation injury.
We show that radiation can lead to direct induction of RIPK1-RIPK3-dependent necroptosis
in cytochrome c deficient cells that cannot undergo apoptosis and necrostatin-1 can rescue
mice from lethal radiation. Necrostatin-1 has been widely used to evaluate the role of
necroptosis since its discovery using an in vitro cell death assay in U937 cells exposed to
TNFa and ZVAD to induce necroptosis (Degterev et al, 2005). Recent studies, however
suggest that Necrostatin-1 can block apoptosis, ferroptosis and inhibit IDO under certain
conditions [27, 36, 37]. Alternative strategies to evaluate the role of RIPK1 and necroptosis
include the use of Necrostatin-1s (or 7-CI-O-NEC), with exclusive selectivity towards
RIPK1 in a screen of a >400 kinases, including several other RIP family members [33]. Our
data in Cyt ¢/~ cells showed that both Necrostatin-1s and RNAi knock-down of RIPK1
attenuated radiation-induced cell death.

There are no reported studies evaluating the role of IDO after TBI. IDO can be induced by
TNFa, which is increased in plasma after TBI [12]. In models of systemic inflammatory
response, inhibition of IDO pre-insult is deleterious, however, post-insult is beneficial [33,
38]. Our studies suggest that specific IDO inhibitor, 1-methyl-D,L-tryptophan (1-MT) does
not exert radiomitigative effect in Cyt ¢/~ cells. Ferroptosis is a recently discovered form of
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nonapoptotic oxidative cell death triggered by glutathione peroxidase 4 (Gpx4) deficiency
[27, 39]. Necrostatin-1 has been shown to attenuate death of Gpx4 deficient cells suggesting
that it might have anti-ferroptotic effects [27]. Ferroptosis is inhibited by the small molecule
compounds named ferrostatins [39]. Ferrostatins were reported to potentiate protective
effects of necrostatin-1 in renal tubular cell death after ischemia reperfusion [40]. Our
experiments using Ferrostatin-1, a potent inhibitor of ferroptosis [39], showed that it was not
effective in ameliorating irradiation-induced death of Cyt ¢/~ cells (Fig. S1a). We reasoned
that Cyt ¢/~ cells might be resistant to ferroptosis, thus we exposed them to BSO that leads
to ferroptotic death by Gpx4 inhibition through depletion of glutathione [27]. Cyt ¢/~ cells
were sensitive to BSO-induced death and Ferrostatin-1 was successful in attenuating it (Fig.
S1b). Combined these data suggest that the radiomitigative effects of Necrostatin-1 are
likely primarily mediated through inhibition of RIPK1-mediated necroptosis after TBI.

Radiation disease is a continuum of biological processes which include i) DNA damage,
stress response and apoptosis within minutes to hours; ii) necrotic cell death, inflammation
and defects in proliferation and replenishment of damaged or dying cells within days to
weeks; and iii) fibrosing inflammation and atrophy of the damaged organs in weeks to
months after TBI [41]. Previous studies identified an essential role for RIP kinase in DNA
damage-induced NF-kB activation after ionizing radiation [42]. We observed that TNFa
levels were higher starting on day 1 after TBI followed by increases in pro-inflammatory
cytokines IL-1a and IL-6. Similar findings have been reported by us and others after TBI
[43-46]. TNFa induces systemic inflammatory response syndrome and septic shock in mice
[28]. Induction of proinflammatory cytokines such as IL-1 [29], IL-6 and 1L-17 [30]
partially mediates TNF-induced sepsis. TNFa, Fas ligand, and interferon-y (IFN-vy) can
induce regulated necrotic cell death. Loss of membrane integrity and release of intracellular
content after necroptosis have the ability to further worsen inflammatory response [13]. The
released immunogenic endogenous molecules are termed “damage associated molecular
patterns (DAMPs) [13]. They include high-mobility group box-1 (HMGBL1) protein, IL-1a,
mitochondrial content such as cardiolipin and lipid mediators [13]. These DAMPs then
stimulate pattern associated receptors including Toll-like receptors (TLR) thus triggering a
vicious cycle of necroptosis — inflammation — necroptosis after TBI. Recently the concept
that regulated necrosis may not only follow but also precede or amplify the inflammatory
response has been gaining attention [24, 47]. Our data with Cyt ¢/~ cells suggest that
irradiation may cause regulated necrosis independently of an outside signal thus trigger
inflammation as has been shown for ischemia/reperfusion injury [48]. Establishing whether
regulated necrosis is a trigger or an amplifier of inflammation in vivo after TBI is
challenging since the two processes can proceed concurrently with each other making it
difficult to infer causality. However experimental studies in mice lacking FAS-associated
death domain protein in intestinal epithelial cells show that these mice have increased
number of necrotic epithelial cell death and develop a spontaneous inflammatory bowel
disease. RIPK3 deficiency prevents epithelial cell death and inflammation in the intestine
supporting a proinflammatory function for necroptosis in vivo [49]. Identifying critical steps
in this pathway can give hints for the mechanistic and timely strategies for radiomitigation.
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Previous studies have shown induction of necroptosis upon gamma irradiation and
protection against necroptosis by necrostatin-1 in tumor cells suggesting that activation of
necroptosis may improve radiosensitivity. [50]. In the only other published study evaluating
the radiomitigative potential of RIPK inhibitors after TBI in normal tissues, C57BL/6 male
mice were exposed to a single dose 15 Gy of X-ray that resulted in death by day 4 after
irradiation associated with activation of apoptosis, necrosis and autophagy in ileum [51].
Among the three compounds evaluated: autophagy inhibitor 3-methyladenine, caspase
inhibitor zZVAD-fmk, and necrostatin-1, only necrostatin-1 improved survival by 50% vs.
irradiated control when given i.p. at a dose of 33 pg/mouse at 24h after irradiation. This
beneficial effect was accompanied by a reduction in irradiation-induced nuclear to
cytoplasmic translocation of HMGBL in ileal epithelium. At higher doses (66 and 132 ug/
mouse) however the radiomitigative effect of necrostatin-1 was abolished despite complete
inhibition of HMGBL1 translocation suggesting that both apoptotic and IDO-mediated effects
might have played a role in the benefit observed. It is possible that combined therapies
targeting multiple cell death pathways might be more effective than either one alone.

We chose to use 1.65 mg/kg 1V dosing for Nec-1 based on previous literature showing
benefit after cardiac ischemia-reperfusion when necrostatin-1 is administered at the time of
reperfusion via i.v. route [52]. Necrostatin-1 at low doses (0.6 mg/kg i.v.) was shown to
sensitize female C57BL/6 mice to TNF-induced systemic inflammatory response that
included hypothermia and death if given prior to TNF administration [33]. Similar findings
were reported with i.p. administration of necrostatin-1 prior to sepsis induced by cecal
ligation and puncture and cerulean-induced pancreatitis [53, 54]. This effect is thought to be
due to inhibition of IDO by Necrostatin-1. Higher doses of Necrostatin-1, however,
improved survival in TNF-induced shock. We observed that female C57BL/6 mice injected
with higher dose Necrostatin-1 (1.65 mg/kg in cremphor el/ethanol) i.v. at 48 h after 9.5 Gy
irradiation had increased survival.

In conclusion, the data suggest that necroptosis, a form of programmed necrosis, may play a
significant role in cell death contributing to radiation injury and mortality. This study
provides a proof of principle that necrostatin-1 and perhaps other RIPK1 inhibitors are
promising therapeutic agents for radiomitigation after TBI.
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Highlights
« Radiation disease generates pro-inflammatory mediators

» Delayed stages of radiation disease include non-apoptotic cell death
mechanisms

e Necrostatin-1 acts as effective radiomitigator but not as radioprotector
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Figure 1.
Plasma TNFa (a), IL-1a (b), IL-6 (c) and (d) IL-17 levels were increased after 9.25 Gy total

body irradiation (TBI). Day (d) O is prior to irradiation. Mean = SEM, *p < 0.05 vs. d0. (e)
Plasma membrane permeability to propidium iodide (PI) and TUNEL positivity were
observed in mouse ileum 2 days after 9.25 Gy TBI. Large area 3D confocal microscopy at
high resolution was performed in TBI (A-D, A1) and control (E, E1) mice. Pl was given i.p.
(0.2 mg/mouse) and mice were sacrificed 2h after injection. Panel A and E are superposed
maximum intensity images of nuclei (blue), TUNEL (green) and PI (red). Panel B shows
nuclei alone, panel C TUNEL alone (insert: higher magnification of TUNEL positive cells
indicated by the arrow, scale bar = 100 pm) and panel D P1 alone. Panel Al and E1 show an
enlargement of the inset area in A and E, respectively. TUNEL or Pl positivity was not
apparent in control.
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Figure 2.
Radiation mitigation by necrostatin-1 (Nec-1). (a) C57BL/6 mice injected with 1.65 mg/kg

Nec-1 i.v. at 48 h after 9.5 Gy (triangles) had increased survival vs. vehicle (circles) (p = 0.
04 n = 15/group). (b) Nec-1 (1.65 mg/kg) given i.v. 1h before (triangles) 9.25 Gy irradiation
did not improve survival vs. vehicle (closed circles). Whereas mice that received Nec-1
(1.65 mg/kg) i.v. at 24h (inverted triangles), at 48h (diamonds) or at 72h (open circles) after
irradiation had increased survival vs. vehicle (closed circles) (p = 0.02 for 24h; p = 0. 04 for
48h; p = 0.02 for 72h, n = 15 mice/group). (c) Effect of Nec-1 on RIPK3 phosphorylation
induced by irradiation in mouse intestine. Nec-1 attenuated irradiation-induced
phosphorylation of RIPK3. Inset: Proteins immunoprecipited with anti-phosphoserine (p-
Ser) antibody were probed with RIPK3 antibody. Mean + SD, *p < 0.01 vs. irradiation (IR).
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Figure 3.

Induction of non-apoptotic cell death by irradiation. (a) Measurement of caspase activity and

(b) Flow cytometry analysis of cell death at 48h after 10 Gy irradiation in cytochrome ¢
normal (Cyt c*/*) and deficient (Cyt c=/7) cells. (c) Assessment of Pl positivity and (d)

LDH release at 48h after 15 Gy irradiation in Cyt ¢/~ cells. Mean SD, * p < 0.01 vs. Cyt

c** IR, #p < 0.05 vs. control.
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Figure 4.

Induction of necroptotic death by irradiation (IR) in Cyt ¢/~ cells. (a) Radiomitigative
effect necrostatin-1 (Nec-1) and necrostatin-1s (Nec-1s) in Cyt ¢/~ cells. (b) Effect of 1-
Methyl-L-tryptophan (LMT) in irradiated Cyt ¢/~ cells. (c) RNAi knock down of RIPK1
and RIPK3 in Cyt ¢/~ cells. (d) RIPK1 and RIPK3 RNAI attenuated irradiation-induced
cell death. Cells were y-irradiated at a dose of 15 Gy, and Nec-1, Nec-1s or LMT was added
to cells 30 min after irradiation exposure for 48 h incubation. Mean + SD. #p < 0.05 vs. IR,
*n<0.01lvs. IR.
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Figure 5.

Radiomitigative effect of ZVAD and necrostatin-1 in mouse embryonic cells (MECs).
ZVAD but not necrostatin-1 attenuated irradiation induced PS externalization assessed at
48h after 10 Gy irradiation (IR) in MECs. Combined ZVAD + necrostatin-1 treatment was
as effective as ZVAD alone. Mean + SD. #p < 0.05 vs. IR,
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