
  Abstract. Background/Aim: Radiation mitigator, GS-

nitroxide, JP4-039, was evaluated for mitigation of total body

irradiation (TBI) in Fanconi anemia (FA) Fancd2−/−

(129/Sv), Fancg−/− (B6), and Fanca−/− (129/Sv) mice.

Materials and Methods: JP4-039 dissolved in 30% 2-

hydroxypropyl-β-cyclodextrin was injected intramuscularly

24 h after total body irradiation (9.25 Gy) into Fanca−/−,

Fancd2−/− and Fancg−/− mice. Irradiation survival curves

were performed in vitro using bone marrow stromal cell lines

derived from Fanca−/−, Fancd2−/− and Fancg−/− mice.

Results: FA mice demonstrate genotype specific differences in

TBI mitigation by JP4-039. Radiation effects in derived bone

marrow stromal cell lines in vitro were mitigated by drugs

that block apoptosis, but not necroptosis or ferroptosis.

Conclusion: FA mouse models are valuable for elucidating

DNA repair pathways in cell and tissue responses to TBI, and

the role of drugs that target distinct cell death pathways. 

Fanconi anemia (FA) represents a disease associated with

defect in one or more of the 26 genes involved in the scaffold

of proteins that facilitate binding and activity of DNA double

strand break repair enzymes (1-3). Patients with FA, as well as

mouse models of FA, demonstrate radiosensitivity of explant-

ed bone marrow stromal cells in vitro (1-4). 

The mitochondrial targeted radiation mitigator GS-nitrox-

ide, JP4-039, has been demonstrated to significantly amelio-

rate the effects of total body irradiation (TBI) of several

mouse strains when delivered systemically up to 72 h after (5-

11). Furthermore, in organ-specific radiation protection and

mitigation experiments including the oral cavity, mice of three

different genotypes on two different mouse background

strains with DNA repair-deficient FA revealed therapeutic

effects of JP4-039 (1-3, 12-19). Radiation dose–response

curves showed significant reduction in colony formation in

vitro and a radiation-protective effect of JP4-039 in bone mar-

row stromal and hematopoietic progenitor cell lines as well as

fresh bone marrow colony-forming progenitor cells consistent

with FA genotype mouse genotype (1-3, 12, 15). 

In the present studies, we evaluated the response to TBI with

mice of each FA genotype, as well as wild-type littermates,

using the TBI dose lethal for 50% of mice at 30 days (LD50/30).

In these experiments, we looked at mitigation of irradiation

damage as reflected in increased survival following irradiation

by drugs that block apoptosis, necroptosis or ferroptosis. 

Materials and Methods

Mice and animal care. Fanca−/− (129/Sv background) (3), Fancg−/−

(C57BL/6J background) (3), and Fancd2−/− (C57BL/6J (2) or 129/Sv

background) (1) mice were maintained at four mice per cage, according

to University of Pittsburgh Institutional Animal Care and Use

Committee regulations. The breeding genotyping of FA mice of each

genotype, as well as normal control littermates from each breeding have

been described previously (1-3). Serpinb3a−/− and Balb/c control litter-

mates were bred and maintained according to published methods (20).

TBI. Mice received the LD50/30 dose of TBI for each background

mouse strain using a cesium137 irradiator (JL Shepherd, San

Fernando, CA, USA). The dose of TBI delivered was 8.5 Gy. This

dose was shown to be the LD50/30 dose for FA mice and is consistent

with the known differences in radiosensitivity of FA mice (1-3).The

conditions for irradiation at 310 cGy/min, with filters removed from

the cesium irradiator, and dosimetry carried out to ensure uniform

dose distribution in mouse phantoms are described elsewhere (18).

Conditions for irradiation using a pie-plate animal separator, and spe-

cific slots for irradiation, ensuring uniform dose distribution between

animals are described therein. 
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Radiation mitigator drugs and administration. JP4-039 (provided by

Dr. Peter Wipf of the University of Pittsburgh) (18) was dissolved in

30% 2-hydroxypropyl-β-cyclodextrin (Sigma-Aldrich, St. Louis,

MO, USA) at 8 mg/ml and 50 μl was injected intramuscularly to give

a final concentration of 20 mg/kg. For in vitro studies, JP4-039,

necrostatin-1 (Sigma-Aldrich, St. Louis, MO, USA), and baicalein

(Cayman Chemical, Ann Arbor, MI, USA) were dissolved in

dimethyl sulfoxide at 10 mM, and then diluted 1:1000 in tissue cul-

ture medium for a final concentration of 10 μM for each drug.

Bone marrow stromal cell line irradiation and clonogenic survival

curve analysis. Bone marrow stromal cell lines from each FA geno-

type and control littermates were passaged and cultured according to

previous publications (1-3). The effect of JP4-039 (10 mM), necro-

statin-1 (10 mM) or baicalein (10 mM) was tested by adding the drug

to single-cell suspensions of each cell line immediately before irradi-

ation. Cells were irradiated to doses between 0 and 8 Gy in conical

centrifuge tubes according to previous publications (1-3). Cells were

plated in Dulbecco’s modified Eagle’s medium for clonogenic sur-

vival assay at densities of between 500 and 3,000 cells per ml.

Quadruplicate cultures were plated for each cell density. Cells and

cultures were incubated in a high humidity incubator with 7% CO2

for 7-10 days after which time the colonies were stained with crystal

violet. Colonies of greater than 50 cells were scored according to pub-

lished methods (8). The calculation of the irradiation dose that

reduced survival to 37% on the exponential portion of the survival

curve (D0) and the extrapolation number of the linear portion of the

survival curve to the y axis (ñ) was carried out according to previous

publication (8).

Statistics. In vitro irradiation survival curves were analyzed using lin-

ear quadratic and single-hit multi-target models. Comparisons of D0
and ñ were performed with an Unpaired t-test. In vivo irradiation sur-

vival curves were analyzed using a log-rank test.

Results

Mitigation of effects of TBI by JP4-039 in Fanca−/− mice.

Groups of Fanca−/− and control 129/Sv littermates (Figure 1),

Fancg−/− mice and control C57BL/6 littermates (Figure 2),
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Figure 1. Total body irradiation (TBI) mitigation by JP4-039 in Fanca−/−

mice. Thirty-four Fanca−/− mice (129/Sv background) were irradiated to

8.5 Gy TBI. Seventeen of the mice were injected with JP4-039 (20 mg/kg

dissolved at 8 mg/ml in 30% 2-carboxypropy-β-cyclodextrin) (50 μl) 24

h after irradiation. The mice were followed for development of

hematopoietic syndrome at which time they were sacrificed. Mice injected

with JP4-039 had significantly increased survivaI.

Figure 2. Lack of total body irradiation (TBI) mitigation by JP4-039 in

Fancg−/− mice. Thirteen Fancg−/− mice (C57BL/6 background) were

irradiated to 8.5 Gy TBI. Twenty-four hours later, seven of the mice were

injected with 50 μl of JP4-039 dissolved in 30% 2-hydroxypropyl-β-

cyclodextrin at a concentration of 8 mg/ml. The mice were followed for the

development of hematopoietic syndrome at which time they were sacrificed.

There was no significant difference in survival between the groups.

Figure 3. Lack of total body irradiation (TBI) mitigation by JP4-039 in

Fancd2−/− mice. Ten Fancd2−/− on a 129/Sv background were

irradiated to 8.5 Gy TBI, and five were injected (50 μl) 24 h later with

JP4-039 (20 mg/kg) in 30% 2-hydroxypropyl-β-cyclodextrin (8 mg/ml).

The mice were followed for development of hematopoietic syndrome.

There was no significant difference in survival between the groups.



and Fancd2−/− and control 129/Sv littermates (Figure 3) were

irradiated to the LD50/30 dose of TBI. 

Fanca−/− mice that received JP4-039 24 h after TBI sur-

vived significantly longer than those that did not (Figure 1). In

contrast, in Fancg−/− (Figure 2) and Fancd2−/− (Figure 3)

mice, JP4-039 demonstrated no significant radiation mitiga-

tion and survival was not improved. JP4-039 demonstrated

significant mitigation in normal littermate control strains on

both the 129/Sv and C57BL/6J B6 (8) background. These

results establish that there are genotypic differences in FA

mice with respect to TBI mitigation by JP4-039.

JP4-039 induces significant radioresistance in bone marrow

stromal cell lines from FA mice. To determine whether differ-

ences in TBI response to JP4-039 were seen with irradiation of

cell lines in vitro, bone marrow stromal cell lines of each

genotype and control littermate were treated with JP4-039 in

vitro immediately after irradiation to doses of 0 to 8 Gy.

Colony formation by irradiated cells in continuous presence of

JP4-039 over 7 days in culture was scored. As shown in Figure

4A, JP4-039 significantly mitigated the effects of radiation in

all cell lines (Table I).

These results establish that in vitro, JP4-039 was radiation-

protective and -mitigating in bone marrow stromal cell lines

derived from mice of two different FA genotypes. These

results are in contrast to the in vivo mitigation by JP4-039 at

24 h after TBI which was observed only in Fanca−/− mice. 

Lack of detectable radiation mitigation by necrostatin-1 and

baicalein in FA mouse marrow stromal cell lines. Using clono-

genic irradiation survival curves, we tested the anti-necropto-

sis drug necrostatin-1, and the anti-ferroptosis drug baicalein

to determine whether Fanca−/− and Fancd2−/− bone marrow

stromal cells were able to modulate the irradiation dose
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Figure 4. Radiosensitivity of Fanconi anemia cell lines is mitigated by JP4-039, but not by necrostatin-1 or baicalein. Mitigation by JP4-039 of

radiation damage was detected in 129/Sv, Fanca−/−, and Fancd2−/− bone marrow stromal cells (A). In contrast, necrostatin-1 (B) or baicalein (C)

mitigated irradiation damage in the 129/Sv cell line, but not the Fanca−/− or the Fancd2−/− cell lines.



response. Each cell line was treated with each drug and eval-

uated in clonogenic survival assays. The results demonstrated

no detectable mitigation by necrostatin-1 or baicalein for any

of the FA bone marrow stromal cell lines of each genotype

(Table I; Figure 4B and C). In contrast, necrostatin-1, or

baicalein Ied to significant radiation mitigation in bone mar-

row stromal cell lines derived from control littermate (Table

I). These results established that Fanca−/− and Fancd2−/− bone

marrow stromal cell lines did not have increased radiation

resistance when incubated with anti-necroptosis drug, necro-

statin-1, and the anti-ferroptosis drug, baicalein.

Gene deletion does not always result in increased radiation

sensitivity. As a control experiment, we determined whether

homologous recombinant deletion of another gene product

accounted for the radiosensitivity of the FA mouse strains test-

ed. As a control for the radiosensitivity of Fanca−/−, Fancg−/−

and Fancd2−/− mice, we carried out TBI with a third back-

ground strain of radiosensitive Balb/c mice, and a genotypic

variant (Serpinb3a−/−) (20) (Figure 5). In contrast to the data

for FA mice, homologous recombinant negative Serpinb3a−/−

mice exhibited radioresistance (Figure 5). Thus, homologous

recombinant deletion of a gene does not uniformly produce

the phenotype of radiosensitivity to TBI. 

Discussion

There are multiple cell death pathways initiated by exposure

of cell lines, tissues, and organs to TBI (1, 20). Radiation

mitigator drugs delivered 24 h after irradiation, which target

each of three cell death pathways (apoptosis, necroptosis,

and ferroptosis), have been demonstrated to be more effec-

tive in increasing survival after TBI than the delivery of one

mitigator or administration of two mitigators (18). Those

studies also indicated that in TBI, the time of delivery of mit-

igators targeted to each cell death pathway would be opti-

mized by identification of the biochemical targets for each

drug (18). 

To effectively mitigate against irradiation-induced apopto-

sis, JP4-039 was shown to be optimal when delivered at 24 h

after TBI, although waves of apoptosis were still detectable up

to 72 h, and delivery of this mitigator at that time was still

effective (6). In contrast, necrostatin-1, a drug which targets

necroptosis, was shown to be ineffective until delivered at the

delayed time point of 48 h after TBI, and was associated with

detectable up-regulation of tumor necrosis factor-α and inter-

leukin-1, which represent biochemical markers for the initia-

tion of necroptosis (18). Furthermore, the phosphorylation of

receptor-interacting serine/threonine-protein kinase 3 in bone

marrow and tissues was shown to be detectable at 48 h after

TBI, but not earlier, and consistent with the optimal time of

delivery of necrostatin-1. 

A third cell death pathway, ferroptosis (21), has been shown

to be initiated when the level of glutathione peroxidase-4
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Table I. Radioprotection of Fanconi anemia bone marrow stromal cell lines by small molecule drugs JP4-039, baicalein, and necrostatin-1. 129/Sv

control, Fanca−/− and Fancd2−/− bone marrow stromal cell lines were used in irradiation survival curves. JP4-039, baicalein (10 μM) and

necrostatin-1 (10 μM) were added 1 h before irradiation, and cells were then kept in culture for 7 days. The cells were stained with crystal violet

and colonies greater than 50 cells counted. The data were analyzed using single-hit, multi-target or linear quadratic models. Significant p-values

are shown. 

Cell line Control Baicalein Necrostatin-1 JP4-039                         

D0 ñ D0 ñ p-Value* D0 ñ p-Value* D0                  ñ             p-Value*

129/Sv 1.92±0.16 5.1±1.2 1.75±0.11 11.8±2.7 0.0493 1.66±0.14 12.7±0.15 0.0122 2.87±0.12      4.7±0.11         0.0444

Fanca−/− 1.77±0.11 3.2±0.4 1.84±0.21 3.3±0.6 1.65±0.07 3.7±0.4 3.10±0.25       3.9±0.3          0.0444

Fancd2−/− 2.21±0.09 1.9±0.2 1.82±0.09 2.5±0.3 2.01±0.09 2.8±0.5 2.73±0.10       5.1±2.0          0.0237

*For D0 vs. Control.

Figure 5. Radiation mitigation in Serpinb3a−/− mice compared to control

Balb/c littermates. Fifteen Balb/c (Serpinb3+/+) and 15 Serpinb3a−/−

mice received total body irradiation to 7.75 Gy, and were followed up

for development of hematopoietic syndrome at which time they were

sacrificed. Serpinb3a−/− mice had significantly increased survivaI.



(mitochondrial active antioxidant) decreased, and when the

acyl-CoA-synthase marker for the oxidized lipid changes

associated with ferroptosis increased. Of three drugs known to

block ferroptosis, baicalein was found to be the optimal miti-

gator for this cell death pathway, and best delivered at 24 h

after TBI along with the anti-apoptosis drug, JP4-039 (18). 

In the present experiments both background strain mice,

129/Sv and C57BL/6J, as well as their derived bone marrow

stromal cell lines were radioresistant when treated with JP4-

039. Furthermore, irradiation was also mitigated in control

mouse cell lines in vitro by necrostatin-1 and baicalein. We

tested whether radiation mitigators were also effective against

TBI in FA mice.

Mice with FA of two different background strains and dif-

ferent genotypes were tested for amelioration of TBI-induced

hematopoietic syndrome, using a dose of irradiation that is

rescuable by bone marrow transplantation and by delivery of

the anti-apoptotic drug, JP4-039. The results demonstrated

that JP4-039 protected from TBI in Fanca−/− but not Fancg−/−

or Fancd2−/− mice. The difference in TBI radiation mitigation

by JP4-039 according to FA genotype was in contrast to the

uniform in vitro radiation protection observed in bone marrow

stromal cell lines from each genotype. 

The present data are consistent with the model in which dif-

ferent cell phenotypes in tissues of mice, including bone mar-

row hematopoietic cells, intestinal stem cells, and cells of the

liver and lung, may account for the radiosensitivity to TBI that

is not ameliorated by systemic delivery of JP4-039 (12, 18). In

contrast to the data with FA mice, in wild-type littermates of

each FA genotype, uniform radiation mitigation was induced

by necrostatin-1 and baicalein, as well as JP4-039. The data

are also consistent with the notion that different cell popula-

tions within tissues in some FA genotypes may be radiosensi-

tive (12, 22). The results support the non-uniform response of

patients with FA to total or partial body irradiation used to pre-

pare individuals for bone marrow transplantation. Results with

different FA genotypes with respect to TBI sensitivity and

amelioration by JP4-039 are consistent with other studies

showing genotype specific differences in TBI sensitivity and

known relative radioresistance of female compared to male

mice (23, 24), and between mouse strains (25). 

The present studies establish the relative ineffectiveness of

radiation mitigators targeting necroptosis (necrostatin-1) or

ferroptosis (baicalein) (18) in cell lines from FA mice, while

there was significant radiation protection/mitigation by the

same drugs in control bone marrow stromal cell lines. These

mouse models of FA should prove valuable for studies of the

mechanisms of radiation toxicity and amelioration by drugs

that target distinct cell death pathways.
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