
Free Radical Research, May 2010; 44(5): 529–540

ISSN 1071-5762 print/ISSN 1029-2470 online © 2010 Informa UK Ltd. (Informa Healthcare, Taylor & Francis AS)
DOI: 10.3109/10715761003649578

by ultraviolet and ionizing radiation [5,6], cardio-
toxic drugs, ischemia reperfusion [7] and high 
cytokine injury [8]. In contrast to copper/zinc super-
oxide dismutase (Cu/ZnOD), MnSOD exerts its 
primary anti-apoptotic effect at the mitochondrial 
membrane [3]. 

The potential of MnSOD as a therapeutic agent is 
limited because exogenously administered MnSOD 
is relatively unstable, unable to easily cross cellular 
membranes, has a short half-life and is often inef-
fective at reducing infl ammation [4,9]. To overcome 
these limitations, mimics of MnSOD have been 
created. M40403 is a novel, highly stable manga-
nese-containing macrocyclic ligand complex with a 
molecular weight of 483, whose activity mimics that 
of naturally occurring superoxide dismutase (SOD) 
enzymes. It is therefore a prototype of a new class of 
drugs termed SOD mimetics (SODm). Pre-treatment 
with MnSOD (M40403) has been effective in reducing
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Introduction

Ionizing radiation (IR) and chemotherapy are main-
stays of current anti-cancer therapy. Successful treat-
ment of cancer commonly depends on the effects of 
the therapy on molecules involved in cell cycle regu-
lation, membrane integrity and repair of normal host 
tissues. IR generates the release of free radicals that 
not only act directly on the genome of tumour target 
cells, but also on adjacent normal and indirectly on 
distant normal cells causing infl ammation and apop-
tosis that may substantially limit therapy. Manganese 
superoxide dismutase (MnSOD) signifi cantly infl u-
ences the balance of cellular protection vs cell death 
[1–4]. It catalyses the dismutation of superoxide in 
mitochondria, it is essential for life after birth and it 
scavenges free radicals. Whether by reducing apopto-
sis or by other mechanisms, MnSOD may also infl u-
ence ageing, asthma [3] and perhaps transplant 
outcome [4]. MnSOD also inhibits apoptosis induced 
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infl ammation and ischemia-reperfusion injury in the 
rat [9,10]. It also restored vasopressor responses to 
norepinephrine and reversed the hypotension of 
septic shock [11] in a rat model. Recently, M40403 
has been reported to prevent apoptosis in neuronl/
glial forebrain cells induced by N-Methyl-D-aspartate 
[12] and reduce superoxide-induced hypertension 
[13]. In conjunction with catalase, it also decreased 
the accumulation of myeloperoxidase and thiobarba-
turic reactive substances (TBARS) in a model of 
ischemia-reperfusion of rat testis [14]. Based on the 
fact that all of these models were associated with 
oxidant stress, we began a series of investigations to 
determine whether M40403 could reduce the oxidant 
stress of ionizing radiation and thereby be radiopro-
tective. In this study we report that M40403 is radio-
protective to normal lymphoid and hematopoietic 
tissues in vivo and provide haematological, histo-
logical and immunochemical evidence as to how it is 
radioprotective. 

Materials and methods 

Mice

Male BALB/c mice were purchased from Jackson 
Laboratories (Bar Harbor ME). The mice were 
routinely held for 1 week or more before use. All mice 
in these experiments were 8–12 weeks of age, housed 
four to a micro-isolator cage and maintained on 
Teklad-irradiated 29-18 (Harlan, Indianapolis, IN) 
food and water  ad libitum. The Institutional Animal 
Care and Use Committee (IACUC) of the VA 
Medical Center approved all experimental proce-
dures used in these studies. 

M40403

M40403 [C 21H35Cl2MnN5] is one of a pentaazamac-
rocycle class of manganese (II) complexes. It has four 
asymmetric centres, but is a single enantiomer in the 

R,R,R,R confi guration (Figure 1). Typically, it is a 
monohydrate and it is a free fl owing white-to beige 
powder. It is soluble in alcohols, chlorinated solvents, 
nitriles, dimethylformamide and water (ca. 50 g/L). 
The solubility of M40403 in 26 mM sodium 
bicarbonate buffered saline (pH 8.3) is ca. 30 mg/mL. 
It has a catalytic SOD rate �2 � 10 7 M�1 s�1,
comparable to that of the native manganese SOD 
enzyme at a pH of ∼6. The oxidative state of manga-
nese in M40403 is Mn(II). Mn(II) does not dissoci-
ate from M40403 under physiologic conditions  in vitro 
or in vivo. At pH 7.4, the half-life of M40403 diluted 
in 26 mM sodium bicarbonate buffer (Sigma-Aldrich, 
St. Louis , MO) (SBC) is ca. 4 h. Pharmacokinetic 
studies in plasma (performed by the manufacturer) 
after a 3.0 mg/kg dose ip were the  following:  Cmax �
1374 ng/ml and Cmin � 4.53 ng/ml;  T½ � 1.19 h with 
detectable levels until 4 h. 

M40403 was kindly provided in powder form by 
ActivBiotics, Inc. (Lexington, MA) and prepared as 
follows: 30 mg dry powder was dissolved in 6.0 ml 
SBC (26 mM sodium bicarbonate (Sigma-Aldrich, 
St. Louis, MO) adjusted to pH 8.3 with 1 M NaOH 
according to the recommendations of ActivBiotics). 
This stock solution was diluted four times to equal 
1.25 mg/ml in SBC. 

Treatment 

In dose and route fi nding experiments, normal male 
BALB/c mice were injected intra-peritoneally (i.p) or 
subcutaneously (s.c) with doses of 20, 40 and 80 mg/
kg and observed for 5 days. All mice injected with 
20 mg/kg i.p (5/5) or s.c (5/5) survived; 7/10 injected 
i.p and 9/10 injected s.c with 40 mg/kg survived; 1/5 
injected i.p and 0/5 injected s.c. with 80 mg/kg sur-
vived and several of these animals died within 15 min 
of injection. Next, groups of 10 mice were injected 
either with a single or with fi ve daily doses of 30 
mg/kg M40403 i.p or s.c and all survived. 

Two experimental models were tested. In one, the 
dose of IR was held constant at 8.5 Gy total body 
irradiation (TBI). The mice were injected i.p. with a 
single dose of 40 mg/kg, 30 mg/kg, 20 mg/kg or 
10 mg/kg M40403. Thirty minutes later the mice 
received 8.5 Gy total body irradiation (TBI). 
Control animals received 0.1 ml of SBC buffer prior 
to TBI. In the other model, groups of 20 mice 
received either 6.5 or 7.5 Gy TBI. One half of each 
group was treated with 2.0 mg/kg M40403 i.p. and 
the other with SBC 30 min before TBI. All were 
followed for survival. 

Total body irradiation (TBI) 

TBI was delivered at a dose rate of 2.4 Gy/min by a 
Mark IV 137Cesium g-irradiator (J.L. Shepherd, Figure 1.  Structure of M40403. 
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San Fernando, CA). The mice were radiated on a 
rotating platform. 

Experimental plan 

In the initial survival experiments, groups of 8–10 
week old male BALB/c mice were injected (i.p.) with 
control SBC buffer or M40403 30 min prior to 
8.5 Gy TBI and observed for 30 days. Moribund ani-
mals that met specifi c criteria established by the 
IACUC were euthanized and counted as an experi-
mental death. The animals were inspected and 
weighed daily with the exception that they were 
inspected and weighed twice daily if they exhibited 
�20% loss of starting weight coupled with a loss of 
2 g or more body weight within 48 h. Following Asso-
ciation for Assessment and Accrediitation of Labora-
tory Animal Care International (AAALAC) and our 
local guidelines, animals that met the following crite-
ria were euthanized and counted as an experimental 
death. Principle criteria included: ‘abnormal response 
to external stimuli, i.e. slow or no movement after 
gentle prompting, abnormal ambulation, severe diar-
rhea, uncontrolled bleeding, seizures, skin ulcerations 
and rapid/panting respirations’ and lesser ones 
included: ‘hunched posture, �20% loss of starting 
weight, a loss of 2 g or more body weight within 48 
h, abnormal hair and exudates around the eyes and/
or nose. Presence of one of the principal criteria or 
two or more of the lesser criteria constituted the cri-
teria for euthanasia. Euthanasia was accomplished by 
CO2 asphyxiation followed by cervical dislocation. 
Mice that were found dead were not necropsied. 

To investigate the mechanism of M40403 protec-
tion from otherwise lethal TBI, other groups of iden-
tically aged male BALB/c mice received M40403 or 
SBC buffer followed by 8.5 Gy TBI. These animals 
were euthanized at selected times post-TBI for analy-
sis of the effects of TBI and M40403 on tissues most 
susceptible to TBI. The details of this analysis are 
presented with the indiviual experiments. 

Morphologic criteria 

Necropsy was performed at each at the indicated time 
points and from untreated normal controls. The times 
were chosen as follows: 4 h to determine the extent 
and distribution of early radiation-induced apoptosis; 
day 10 to detect changes that were likely to lead to 
death but before the majority of the SBC-injected 
control mice were dying; day 14 because the majority 
of the SBC control animals had died but the majority 
of the 20, 30 and 40 mg/kg injected mice were alive; 
day 21 to detect what histologic and hematologic 
events had occurred that were associated with sur-
vival; and day 53 when it was clear that the surviving 
mice were gaining weight and apparently completely 

recovered. The spleen, thymus, liver, small bowel and 
large bowel were removed  in toto. The spleen was 
weighed and ∼50% was taken for histology and the 
other 50% for the isolation of cells for phenotypic 
analysis. Both aliquots were weighed so that the cell 
counts could equate to the whole spleen. Samples of the 
spleen, liver, thymus, skin and bowel were examined 
by routine haematoxylin-eosin (H&E) light micros-
copy to determine the preservation or loss of lymphoid 
and haematopoeitc tissues and the degree of tissue 
damage (e.g. crypt and villi necrosis in the gut, thin-
ning of the epidermis, bile duct necrosis, etc). In addi-
tion, the degree of apoptosis was determined by  in situ
terminal deoxynucleotide transferase-mediated dUPT 
nick-end-labelling (TUNEL) histochemistry. Modifi -
cations of the TUNEL assay were performed on fi xed 
tissue specimens using the Apoptag Plus Peroxidase 
in situ Apoptosis Detection Kit (Chemicon Interna-
tional, Temecula, CA). Positive control sections were 
included with each group of experimental sections 
that were treated with DNAse and negative control 
sections in which the TdT was omitted, 

Phenotypic analysis 

The viability, phenotype and absolute numbers of 
T-cells, B-cells, monocytes, NK cells and granulocytes 
were compared in the radiated M40403 treated and 
SBC treated and in the non-radiated-untreated control 
animals. The spleen was obtained from groups of ani-
mals killed at 4 h and at 10, 14, 21 and 43 days. After 
isolating and washing the spleen cells at 10°C, they 
were resuspended in 5 ml cold Flow Cytometry 
Medium [FCM] (0.5% Bovine Serum Albumin [BSA] 
� 0.02% Azide in phosphate buffered saline (PBS) pH 
7.4 [FCS]), counted with Crystal Violet [5%] � Acetic 
Acid [0.0125%] and resuspended in FCM at 20 � 10 6

cells/ml. To prevent non-specifi c antibody binding, Fc 
receptors were blocked with CD16/32 (MFCR00) for 
5 min following which they were incubated with anti-
bodies purchased from Caltag (Camrillo CA) unless 
otherwise noted: T-cell/Cluster of Differentiation (CD) 
3 (HM3401); B-cell/CD19 (RM7704); T-cell/CD4 
(MCD0401); T-cell/CD8 (RM2204); Macrophage/
F4/80 (RM2920); Granulocyte/GR-1 (RM3004); NK/
DX5 (BD PharMingen 553858, San Diego, CA). 
Hamster Immunoglobulin G (IgG) (HM01); rat IgG2a 
(R2a01, R2a04); rat IgG2b (RGM 04); served as the 
isotype controls. After incubation for 15 min on ice, 
the cells were washed twice in cold Wash Buffer (0.01% 
Azide in PBS), following which 0.2–0.3 ml 1% para-
formaldehyde (in PBS pH 7.4) was added and analy-
sed by fl ow cytometry. Two colour fl ow cytometry 
measured the percentage cells of each phenotype and 
the absolute numbers were calculated from total num-
ber of cells determined by crystal violet (see above) �
the percentage of phenotype. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



532 J. S. Thompson et al.

Dose reduction factor (DRF) 

The LD 50 (lethal dose for 50% of the animals) for 
control BALB/c mice was determined by injecting 
groups s.c. with SBC buffer 30 min before doses of 
6.0, 6.5, 7.0, 7.5 and 8.5 Gy TBI. The LD 50 of 
BALB/c mice treated with M40403 was determined by 
injecting 30 mg/kg 30 min before doses of 8.5, 9.0, 9.5, 
10.0, 11.0, 11.5 and 12.0 Gy TBI. The 30 day survival 
of each set of data was recorded and the LD 50 of the 
control and experimental set of data was determined 
by probit analysis. The DRF was calculated by dividing 
the LD 50 of the M40403 treated animals by the LD 
50 of the control SBC treated animals. 

Statistics 

For the survival data, the data were analysed by log 
rank statistics. The  p-values refl ect the difference 
between the survival curves. For the other data, two 
tailed T-test statistics assuming unequal samples were 
performed. The data are expressed as means plus or 
minus standard deviation (SD).  p�0.05 was taken as 
statistically signifi cant. 

Results

M40403 protects mice from lethal TBI 
in a dose-related manner 

M40403 was injected i.p. 30 min before 8.5 Gy total 
body irradiation (TBI) into 8–12 week old BALB/c 
male mice. Figure 2A represents the composite of three 
separate experiments in which survival was followed 
until day 30. Whereas all control injected mice died by 
day 17, 30 day survival of mice pre-treated with 40, 
30, 20 or 10 mg/kg was 100%, 90%, 81% and 25%, 
respectively: 40 mg/kg, 30 mg/kg, 20 mg/kg and 10 mg/
kg-all vs SBC ( p�0.0001); 40, 30 and 20 mg/kg 
M40403 were superior to 10 mg/kg ( p�0.001). Thus, 
M40403 improved survival after lethal 8.5 Gy TBI in 
a dose-related manner. We also tested 5 mg/kg M40403, 
but there was early evidence of extensive injury in the 
bowel (Figure 3) and survival was less than that of the 
10 mg/kg pre-treated animals (data is not shown). 

The effect of pre-treatment with 2.0 mg/kg M40403 
i.p. on the 30 survival of mice that received either 6.5 
or 7.5 Gy TBI was also determined (Figure 2B). 
Thirty day survival was: 6.5 Gy (57%), 6.5 Gy �
M40403 (93%), 7.5 Gy (20%) and 7.5 Gy � M40403 
(40%). At both TBI doses, M40403 was radiopro-
tective: 6.5 Gy vs 6.5 Gy plus M40403 ( p�0.001); 
7.5 Gy vs 7.5 Gy plus M40403 ( p�0.05). 

Based on this information, it was clear that M40403 
was radioprotective. To determine how effective it was 
in comparison to other reported radioprotective agents, 
we determined the LD 50 of mice treated only with 
SBC buffer alone vs those that received 30 mg/kg of 

M40403 (Figure 2A). Although survival was nearly the 
same with pretreatment with 20 mg/kg, 30 mg/kg was 
superior ( p�0.05). For this comparison, we chose to 
treat the SBC control and M40403 experimental ani-
mals by the s.c. rather than i.p. or intravenously (i.v.) 
since the effect on survival was similar (30 day survival: 
30 mg/kg i.p. � 90% vs s.c. � 93%). For the control 
LD 50, there were 10 mice for each dose. Survival was: 
6.0 Gy (100%); 6.5 Gy (80%), 7.0 Gy (50%) and 
7.5 Gy (30%) (Figure 3A). These data resulted in an 
LD 50 of 7.09 with fi ducial limits of 6.80–7.51. For the 
LD 50 Gy of the M40403 treated animals, there were 
15 mice for the 8.5, 9.0, 9.5 Gy doses of TBI; 20 mice 
for the 10.0 Gy dose; 10 mice for the 11.0 Gy dose; and 
fi ve mice received 11.5 or 12.0 Gy TBI (Figure 3B). 
Thirty day survival for each dose was: 8.5 Gy (93%), 
9.0 Gy (73%), 9.5 Gy (73%), 10 Gy (60%), 11 Gy 
(20%) and both 11.5 and 12 Gy (0%). Probit analysis 
of the 30 day survival data resulted in an LD 50 
of 10.01 with fi ducial limits of 9.68–10 (Figure 3C). 

Figure 2. In vivo radioprotective effect of i.p. injection of M40403. 
(A) This fi gure is a composite of three separate experiments. Ten 
or more sodium bicarbonate buffer (SBC) treated BALB/c control 
animals were included with each experiment. (B) Pre-treatment 
with 2.0 mg/kg M40403 improves 30 day survival of 6.5 and 7.5 
Gy total body irradiated BALB/c mice. 
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The difference of the LD 50 Gy for the SBC control 
treated animals versus the LD 50 for the 30 mg/kg 
M40403 treated was highly signifi cant ( p �0.0001). 
The Dose Reduction Factor comparing the 30 day 50% 
survival of experimental as compared to 30 day 50% 
control survival (DRF 50/30) for animals treated s.c. 
with 30 mg M40403 30 min prior to TBI was 1.41. 

M40403 protects the bowel and enhances multilineage 
hematopoietic recovery 

To investigate the mechanisms of how M40403 pro-
tected mice from lethal TBI, groups of four animals 

each were euthanized to compare haematopoietic 
and lymphoid depletion and recovery by routine 
Haematoxylin and Eosin (H&E) histology and 
TUNEL immunohistochemistry. The 4 h, days 
10, 14 and 21 day time points were chosen to dem-
onstrate the differences in early apoptosis in the 
spleen and bowel at 4 h; the differences in blood 
values and lymphoid tissues on day 10 when some 
of the radiated but otherwise untreated mice were 
beginning to die; on day 14 when more of the radi-
ated-untreated animals were dying; and on day 21 
for characterization of the surviving animals. The 
remaining animals were necropsied on day 43 when 
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Figure 3.  Dose reduction factor induced by subcutaneous pre-treatment with 30 mg/kg M40403. (A) Survival curves of control SBC 
treated mice receiving 6.0, 6.5, 7.0 and 7.5 Gy TBI. (B) Survival curves of 30.mg/kg treated mice receiving 8.0, 8.5, 9.0, 10.0, 11.0 11.5 
and 12 Gy TBI. (C) Probit analysis of Figures 2(A and B) data. Dashed line � no M40403; solid line � pre-treated with M40403. 
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with SBC or 10, 20 or 30 mg/kg M40403 demonstrated 
no signifi cant differences between the absolute num-
bers of CD3, CD4, CD8 lymphocytes, Gr-1 granulo-
cytes, F4/80 macrophages and NK/DX-5 NK cells. 
However, there was a signifi cant increase in the abso-
lute number of Gr-1 granulocytes (13 � 5.0) in the 
radiated animals as compared to untreated controls 
(5.9 � 0.9) ( p 	0. 01) at this early period post-8.5 Gy 
TBI. Table I summarizes the haematological and lym-
phoid changes in the spleen as they progressed from 4 
h to day 43 as compared to that of completely normal 
untreated BALB/c animals of the same age. 

Ten days post-TBI  

All of the SBC control and M40403 experimental 
radiated mice initially lost weight following TBI. There 
was a trend for the 20 or 30 mg/kg treated mice to 
have a little less loss in weight and in the total cell 
count as compared to that in the SBC treated animals. 
Spleen weight had decreased by 2/3 and the total 
spleen cell count by 97% in both SBC control and 
experimental animals as compared to control untreated 
mice of the same sex and age. Light microscopy of the 
small bowel of SBC and 10 mg/kg M40403 treated 
mice exhibited severe loss of villi, but much less injury 
in the mice pre-treated with 20 (Figure 6) or 30 mg/
kg M40403. Sections of the spleen demonstrated 
marked loss of lymphoid tissue (Figure 7). There was 
little apoptosis in the residual lymphocytes, but prom-
inent apoptosis was now evident throughout the red 
pulp and with all doses of M40403. Thus, the day 10 
analysis primarily refl ected radiation damage with 
little evidence of recovery. With the exception of the 
bowel histology, no clear differentiation based upon 
M40403 pre-treatment could be made. 

Fourteen days post-TBI: 10 and 20 mg/kg M40403 
enhance recovery from TBI damage  

At day 14 post-8.5 Gy TBI, only two of the SBC and 
three of the10 mg/kg treated mice were still alive 
(Figure 2A). Body weight and spleen weight had 
not increased signifi cantly from the day 10 weights 
(Table I). Although there was a trend toward slightly 
higher total cell counts, leukocyte counts and CD19 B 
cells in the M40403 treated animals as compared to 
the SBC controls, these differences did not reach sta-
tistical signifi cance. The one exception was an increase 
in total leukocytes in the 10 mg/kg treated animals on 
day 14 as compared to day 10 ( p�0.05). However, this 
may not be biologically signifi cant since the majority 
of the 10 mg/kg treated animals did not survive for 30 
days. Histologically, spleens from  animals killed for 
analysis on this day still showed marked hypocellularity 
(Figure 7), but there were now foci of lymphoid cells 
along trabeculae (data not shown). Apoptosis was even 
more marked in the red pulp of the spleen (Figure 5C). 
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Figure 4.  Pre-treatment with 20 mg/kg M40403 i.p. signifi cantly 
reduced apoptosis in the small bowel 4 h after 8.5 TBI. The 
percentage of apoptotic cells in the villi are represented by the fi rst 
bar of each pair of bars. The second bar of each pair represents 
that percentage of villi with apoptosis in their crypts. The 
percentages are compared for each pair of bars treated with control 
SBC, 20 mg/kg, 10 mg/kg and 5 mg/kg M40403 injected i.p before 
TBI. Error bars indicate means � SD ( n � 4). Apoptosis was 
determined by the TUNEL assay. 

the experiment was terminated. The changes at each 
time point were compared to each other and to a 
group of completely normal untreated BALB/c mice 
of similar age and sex. 

Four hours post-TBI: M40403 reduced apoptosis 
in the bowel 

At 4 h after TBI, animals from each treatment group 
were euthanized. H&E microscopy revealed an early 
mild loss of cells in the lymph follicles of the spleen and 
Peyer’s patches, but no changes were detectable in the 
skin or bowel. However, marked apoptosis had already 
occurred in the large and particularly in the small bowel 
in the control SBC and 5 mg/kg treated animals. Figure 
4 illustrates the percentage of villi exhibiting apoptotic 
cells in the small bowel and is based on counting more 
than 100 villi for each measurement. Apoptosis was 
clearly reduced in the animals pre-treated with 20 mg/
kg M40403. The majority of the apoptotic cells were in 
the bases of the villi, but in more severe cases, crypt 
injury was also marked and in some of the most severely 
damaged the terminal tufts of the villi were apoptotic. 
Apoptosis was also prominent in the lymphoid follicles 
of the spleen and Peyer’s patches (Figures 5 A and B), 
but, in this case, there was no apparent reduction with 
any dose of M40403 tested as  compared to that occur-
ring in the SBC controls. Flow cytometry analysis of 
spleen cells from the 8.5 Gy TBI animals pre-treated 
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New erythropoiesis was still scant, but nucleated red 
blood cells (rbcs) were now seen in the red pulp of 
some of the 20 mg/kg M40403-treated animals. The 
haematocrit of the remaining SBC-treated animals had 
dropped to 17.0 � 4.08 ( n � 4) as compared to that 
of the M40403 treated animals: 20 mg/kg (26.08 �
0.83;  n � 4) and 10 mg/kg (23.45 � 1.27;  n � 4). The 
haematocrits of both the 20 mg/kg ( p�0.01) and 10 
mg/kg ( p�0.05) treated animals were statistically supe-
rior to that of the SBC control. 

Injury was also evident in the small bowel of a SBC-
treated mouse euthanized on day 14 (Figure 6B) as 
compared to the nearly normal bowel from a 
20 mg/kg-M40403-treated animal (Figure 6E). In 
contrast, the small bowel of the animals that had been 
euthanized because they were moribund, e.g. on day 
15, exhibited markedly short villi, necrosis 
of their crypts and debris in the lumen (Figure C). 
Thus, by day 14, there was further evidence of destruc-
tion of the small bowel in the animals that had received 
control SBC as contrasted to much less injury in the 
mice pre-treated with 20 and 30 mg/kg M40403. 

Twenty-one days post-TBI: M40403 treated mice exhibit 
resurgent erythroid and granulopoiesis in the spleen  

By day 21 there were dramatic increases in the weights 
of the majority of spleens from the mice pre-treated 

with 20 or 30 mg/kg (Table I). The data from the 
20 and 30 mg/kg (listed as 20 mg/kg in Table I) 
treated animals has been pooled since there was 
essentially no difference between the two dosages and 
the changes refl ecting their recovery post-TBI were 
so dramatic. To a less quantitative degree, there were 
similar changes in the mice that received 10 mg/kg 
M40403 and survived to day 21. The mean weight 
of the spleens from animals pre-treated with 20 or 30 
mg/kg M40403 was much greater at day 21 (333.0 
mg) as compared to day 14 (31.5 mg) ( p �0.0001), 
but also greater than that of untreated control 
weights: untreated control vs 20 or 30 mg/kg M40403 
(p�0.001). This was due to a �15-fold increase in 
total leukocytes compared to that on day 14 and 
included increases in lymphocytes, monocytes and 
NK cells, but was predominately related to a profound 
increase in immature and mature granulocytes (50.7 
� 10 6 vs 0.6 � 10 6) ( p�0.0001). Megakaryocytes 
were defi nitely increased, indicating impending recov-
ery of platelets. However, the predominant change 
was a massive increase in the number of nucleated 
rbcs by day 21 (405.7 � 10 6) as compared to day 14 
(0.31 � 10 6). There were no surviving SBC animals 
to compare, but there was a statistically signifi cant 
difference ( p�0.05) in the haematocrit of the 20 mg/
kg mice (24.34 � 2.14;  n � 7) vs that of the 10 mg/kg 
mice (19.10 � 3.97;  n � 4). Histologically, it was 
diffi cult to confi rm increased granulopoiesis because 

Figure 5.  Pre-treatment with M40403 i.p. had no early effect on apoptosis of the spleen and a Peyers patch. Magnifi cation 600�, TUNEL 
assay. (A) Marked apoptosis in splenic lymphoid tissue at 4 h post-TBI. (B) Marked apoptosis in a Peyer’s patch at 4 h post-TBI. (C) 
Marked apoptosis in splenic red pulp and its absence in residual white pulp 14 days post-TBI. (D) The absence of signifi cant apoptosis 
in the spleen of a completely normal untreated animal. 
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the red pulp was overshadowed by the marked 
erythropoiesis (Figures 8B1 and B2). 

By 43 days post-TBI, animals receiving 30 mg/kg 
M40403 appear clinically, histologically and 
hematologically recovered 

A group of eight radiated mice treated with 30 mg/kg 
M40403 were observed until day 43 at which time 
they had regained or exceeded their initial body 
weight and they appeared to be entirely healthy. The 
striking increases in total leukocytes and nucleated 
rbcs noted on day 21 had reversed to that of untreated 
control values, as had all of the sub-sets of leukocytes 
that were measured (Table I, Figures 8C1, 2 and D1, 
2). Thus, these data demonstrate that 20 or 30 mg/kg 
M40403 generally promoted a strong recovery in 
erythroid, myeloid, lymphoid and megakaryocytic 
cells and help to explain why M40403 treatment 
promoted survival after lethal TBI .

Discussion

The pro-drug amifostine is the only drug approved by 
the Federal Drug Administration (FDA) as a cytoprotec-
tive agent [15–17]. There are at least fi ve mechanisms 
whereby amifostine may exert this effect: (1) free radical 
scavenging; (2) facilitation of DNA repair; (3) activation 
of NF-κB [6]; (4) induction of MnSOD [18,19]; and (5) 
induction of transitory intracellular hypoxia, making the 
cell less susceptible to free radical generation. Supershift 
analysis has confi rmed that amifostine specifi cally acti-
vates the p50/p65 heterodimer of nuclear factor-kappaB 
(NF-κB) and that inhibition of either dimer diminishes 
the capacity of amifostine to induce MnSOD [20]. Fur-
thermore, there appears to be an important interaction 
between MnSOD and p53. Pani et al. [21] observed 
higher levels of the anti-oxidant MnSOD and resistance 
to oxidant injury in p53-/-  cells. This resistance could be 
temporarily reduced by the transfection of p53,  suggesting 
that MnSOD was negatively regulated by p53. Recently, 
Dhar et al. [22] demonstrated that over-expression of 

Table I. Effect of M40403 on lymphoid and haematological recovery in mice receiving 8.5 Gy TBI. 

Time
p-TBI

M40403
dose

BW
(g)

Spl W 
(mg)

Total 
cells

Total � 106∗∗ Absolute cell counts

rbcsa leuksb CD19 CD3 CD4 CD8 Gr-1 F4/80 DX5

4 h 30 (4)c M
� SD

25.6 76.0 132.0 2.3 127.7 56.6 29.9 28.5 12.2 12.4 8.0 8.7
3.0 9.3 36.8 0.9 33.0 0.6 1.3 6.2 2.8 5.3 1.8 3.3

20 (4)c M
� SD

24.9 78.1 136.4 2.4 147.2 75.8 40.7 32.9 3.7 4.7 9.5 10.0
1.8 1.9 20.3 0.2 24.9 11.1 8.8 4.5 2.2 1.1 2.7 2.1

10 (4)c M
� SD

26.1 77.8 155.5 2.5 153.0 88.7 33.1 29.7 14.7 13.9 11.3 9.8
2.0 4.7 41.0 2.5 42.0 20.0 10.3 5.3 2.2 8.3 0.5 2.5

SBC (4)c M
� SD

21.0 78.9 154.0 1.6 152.4 84.0 42.1 31.0 15.0 13.0 0.3 8.1
3.7 4.9 39.1 0.1 39.6 20.2 6.4 5.4 1.0 5.0 1.6 2.5

10 days 30 (3)c M
� SD

27.2 27.7 1.6 0.5 1.4 0.1 0.8 0.7 0.1 0.2 0.2 0.4
0.3 0.6 0.7 0.2 0.6 0.0 0.4 0.3 0.1 0.1 0.1 0.3

20 (2)c M
� SD

24.8 35.5 2.1 0.4 1.7 0.1 0.7 0.6 0.1 0.1 9.3 0.7
0.8 2.6 1.0 0.2 0.8 0.0 0.4 0.3 0.0 0.0 0.2 0.5

10 (4)c M
� SD

26.1 28.5 1.5 0.6 0.8 0.0 0.5 0.4 0.1 0.1 0.3 0.7
0.1 3.0 0.2 0.4 0.3 0.0 0.1 0.0 0.1 0.0 0.1’ 0.3

SBC (4)c M
� SD

24.9 26.8 0.9 0.4 0.6 0.0 0.5 0.3 0.0 0.0 0.1 0.2
0.2 3.7 0.5 0.4 0.6 0.0 0.3 0.3 0.0 0.0 0.1 0.2

14 days 20 (4)c M
� SD

24.8 31.5 2.7 0.3 4.7 0.8 1.1 1.1 0.4 0.2 0.2 0.4
0.78 5.0 1.1 0.1 4.0 0.7 0.5 0.4 0.5 0.1 0.1 0.2

10 (4)c M
� SD

23.6 28.4 5.6 0.6 4.9 1.4 1.9 1.5 0.3 0.1 0.2 0.4
3.8   4.6 3.3 0.4 2.6 1.4 0.7 1.0 0.2 0.1 0.1 0.3

SBC (3)c M
� SD

21.7 20.4 2.1 0.7 2.0 0.3 0.9 0.7 0.1 0.0 0.1 0.3
1.5 5.4 0.2 0.7 0.1 0.2 0.1 0.1 0.0 0.0 0.0 0.1

21 days 20 (6)c M
� SD

23.5 333.9 464.1 405.7 79.2 7.3 11.8 7.8 4.5 50.7 4.1 6.4
1.2 32.6 186.6 137.0 18.7 4.1 3.9 2.4 1.1 15.3 1.3 2.6

10 (4)c M
� SD

19.1 237.5 186.0 155.8 30.2 3.1 8.7 6.2 3.4 9.4 2.4 4.2
3.4 104.3 76.3 71.1 6.6 1.4 2.2 2.3 1.7 5.9 1.0 2.2

54 days 30 (8)c M
� SD

26.3 68.0 116.3 2.6 115.9 60.8 36.7 25.5 9.1 6.9 8.6 9.7
0.8 4.3 14.1 0.8 13.6 6.7 5.6 3.4 1.4 1.0 1.5 1.7

Con. (4)c M
� SD

25.4 81.2 112.1 4.8 107.7 60.2 34.4 23.7 11.7 5.9 7.3 5.1
0.5 6.8 35.0 3.7 31.4 16.9 12.9 7.6 2.6 0.0 3.3 1.5

BW � body weight; Spl W � spleen weight; rbcs � nucleated red blood cells; leuks � leukocytes; M4 � M40403; SBC � sodium 
bicarbonate; Control � completely untreated BALB/c mice. 
aTotal nucleated rbcs � total cell count – total number of leukocytes � 106.
bAbsolute leukocyte and phenotypic leukocyte counts: determined by multiplying the total number of cells � 106 counted by 
haemocytometer by the % CD45 � total leukocytes; and ∗∗∗ by the % CD19 � B-cells; % CD3, CD4 and CD8 � T-cells; % Gr-1 �
granulocytes; % Dx-5 � NK cells; and % F4/80 � monocytes/macrophages.
(n)c � number of animals examined.
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p53 inhibits MnSOD gene expression by its binding to 
specifi city protein 1 (Sp-1), i.e. one of the factors critical 
for induction of MnSOD. The calculated DRF of 1.41 
for M40403 indicates that it is a radioprotective drug. A 
key question was how does this compare to the DRF for 
amifostine and other similar radioprotective agents? It is 
diffi cult to directly make this comparison because the 
strain of mice, the route of administration and the doses 
tested vary in the reported studies. The route of admin-
istration is important since extrapolation of animal results 
should take into consideration what routes could be pos-
sible for human self-administration quickly after radia-
tion exposure. Some of the older investigations cite 
amifostine’s DRF 50/30 �2.0 [23,24]. Brown 
et al. [24] studied the radioprotective effect of a large 
group of compounds in male BALB/c mice receiving 
TBI and reported DRFs as high as 2.3 for those pre-
treated with WR-2721 (amifostine). It is diffi cult to com-
pare this result to that we observed with M40403 because 
their reported LD 50/30 of 9.60 � Gy is unusually high 
for BALB/c mice that are known to be one of the more 
radiosensitive strains [25–27]. For comparison, the 
LD-50/30 we observed for 10–12 week old male BALB/c 
mice housed in micro-isolater cages, fed laboratory chow 
and provided with acidifi ed water, was 7.09 Gy. 

Interest in the possibility that mimics of superoxide 
dismutase could be radioprotective dates back at 

least to the report of Sorenson [28], who observed 
that pre-treatment with a copper containing mimetic 
improved the LD50/30 dose survival of B6VDF1 
mice from 6.3 to 7.0 Gy TBI. In 1993 this same 
group also reported that 40 μmol/kg of a manganese-
salicylate containing compound administered s.c. 
1–3 h after TBI improved survival from an ∼LD 50 
dose of 8.0 Gy to C57BL/ mice. They suspected that 
the benefi t was due in part to an unknown effect in 
addition to acting as superoxide dismutase. Two 
recent reports are of particular interest because they 
both may involve protection via initiation of MnSOD 
(SOD2). EUK-189 is a superoxide dismutase/cata-
lase mimetic. Administration of 70 mg/kg s.c. 1 h 
before TBI to CD2F1 mice resulted in a DRF � 1.15 
[29].  Burdelya et al. [30] injected 0.2 mg/kg s.c. of a 
derivative of fl agellin (CBLB502) 30 min before TBI 
to Swiss mice that was less immunogenic and toxic 
than the parent fl agellin and determined a dose mod-
ifying factor of 1.6 if administered 30 min before 
TBI. In addition, a mitigating effect was also observed 
if it was injected up to 1 h after radiation. CBLB502 
activated NF-κB and increased superoxide dismutase 
2 (SOD2 � MnSOD) in the lamina propria of the 
small bowel. NF-κB induction of SOD2 may be the 
key, since it has also been observed with amifostine 
[4,6,17]. 

Figure 6.  Tissue injury and recovery of the small bowel and spleen in lethally irradiated mice pre-treated i.p. with sodium bicarbonate 
buffer [SBC] or M40403. Haematoxylin and Eosin (H&E) staining. Magnifi cation: 600�. (A–C) The small bowel at days 10, 14, and 
prior to death on day 15 in control mice treated with SBC. (D–F) The comparison of small bowel histology in mice treated with 20 mg/
kg M40403 i.p. on days 10, 14 and 21. 
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Within the dosage range of 10–30 mg/kg, our stud-
ies demonstrate that the MnSOD mimetic M40403 
reproduces some of the cytoprotective effects attrib-
uted to MnSOD and to amifostine. For example, 
20–30 mg/kg M40403 dramatically reduced the apop-
tosis in the bowel that developed in the control ani-
mals within 4 h after TBI. Subsequently, the bowel in 
animals receiving this dose of M40403 was spared 
much of the destruction of villi seen in the control 
treated mice. This is similar to the observations 
reported by Guo et al. [8] using gene transfer of 
MnSOD. This benefi t may be accounted for by the 
early ability of M40403 to reduce reactive oxidant 
species induced by TBI. The fact that the mice receiv-
ing 20–30 mg/kg (and to a lesser extent 10 mg/kg) 
M40403 did not suffer marked destruction of intes-
tinal villi is clearly one critical factor in the survival 
advantage related to M40403 pre-treatment. 

On the other hand, apoptosis of the splenic 
lymphoid tissue was prominent at 4 h and marked 
hypocellularity subsequently occurred in all of the 
irradiated animals irrespective of M40403 treatment. 
However, on day 10 there was less apoptosis in the 
red pulp of the 20 mg/kg treated mice. There was an 
increase in nucleated rbcs in both 10 and 20 mg/kg 
at day 14 as compared to the one SBC animal necrop-
sied on day 14. This preceded a very marked increase 
in nucleated rbcs and the increase in granulocytes 
that occurred by day 21. Although we did not directly 

determine recovery of platelets, megakaryocytes were 
present by day 14 and numerous in the red pulp by 
day 21. The capacity of amifostine to stimulate bone 
marrow colony forming units-granulocyte, erythroid, 
macrophage, megakaryocyte (CFU-GEMM) and 
burst forming units-erythroid (BFU-E) cell growth 
has been observed in murine cells after radiation [31] 
and in normal non-irradiated human marrow [32]. 
To our knowledge M40403 has not been reported as 
to whether or not it might share this feature with 
amifostine, but our histological data is suggestive of 
an important haematopoietic effect. 

Could M40403 mitigate radiation injury if admin-
istered following TBI? This has not been tested, but 
there are reports of its effectiveness after the initiation 
of other experimental injuries [33–35]. 

The doses of 20 and 30 mg/kg may appear to be 
high but were tolerated in these experimental condi-
tions. Extrapolation to man of these doses in the 
mouse considers three very relevant factors. First, Voi-
son et al. [36], based on weight to body surface area 
(M2), recommended a mouse/man conversion factor 
of 12. Second, this conversion based on body surface 
area does not take into account the relative clearance 
of M40403 in the mouse as compared to man. The 
compound M40403 has been extensively studied in 
animals (mice, rat and dog) and man (personal com-
munication; Dr Dennis P. Riley, Galera Therapeutics 
St. Louis, MO). The pharmacokinetics (PK) and 

Figure 7.  Loss of splenic lymphoid tissue at 10 and 14 days in lethally irradiated mice pre-treated i.p. with either control SBC or 20 mg/
kg M40403. Haematoxylin and Eosin (H&E) staining. Magnifi cation: 350�. (A) Normal untreated spleen. Note numerous well developed 
lymphoid follicles. (B) Spleen 4 h after 8.5 Gy TBI in an SBC treated animal. Note, no major change seen. (C) Spleen 14 days after
8.5 Gy TBI in an SBC treated animals showing loss of lymphoid tissue. (D) Spleen 14 days after 8.5 Gy TBI in an animal treated with
20 mg/kg M40403. Note the marked loss of lymphoid tissue in both (C) and (D). 
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is a risk of generating an acute NO-induced  Cmax
driven toxicity in the mouse but, if this does not 
occur, there are no longer term negative effects and 
the benefi t of the higher dose can be achieved. Taken 
together, this accounts for the observation, that when 
40 mg/kg was injected, a few animals died within min-
utes but if they survived this early death, this dose 
completely protected the 8.5 Gy TBI-mice (Figure 2). 
Since M40403 has been dosed in over 600 subjects 
via an i.v. infusion at doses higher than 0.2 mg/kg, 
one can reasonably conclude that the protective 
effects observed, when M40403 is administered to 
mice exposed to radiation, can be achieved in man 
with clinically relevant doses. 

Conclusion

We conclude that M40403 is effective in reducing 
TBI-induced tissue destruction and has potential as 
a new radioprotective agent. 

Declaration of interest : Supported by a VA Merit 
Review Grant, a VA Merit Entry Award and a Uni-
versity of Kentucky Research Graduate Studies 
Award. The authors declare no confl icts of interest. 
The authors alone are responsible for the content and 
writing of this paper. 

species relationships for M40403 exhibit very stan-
dard allometric scaling of dose following administra-
tion i.v. of the drug in the rat, dog and man. For 
example, an i.v. dose in the rat scales to a human 
equivalent dose of 1/6 th of the rat dose in mg/kg and 
∼50% of the corresponding dog dose in mg/kg. In the 
mouse, however, the compound exhibits a very differ-
ent clearance and PK behaviour such that the normal 
PK scaling to a human equivalent dose based on allo-
metric scaling is altered. The compound clears very 
rapidly from the blood of mice, resulting in a scaling 
factor that is less than the surface area scaling of 
1/12th. This results in a striking difference in the clear-
ance (CL (L/h/kg) of M40403 in the mouse of 7.08 
as compared to that in the human (0.15), rat (0.l3) 
and dog (0.01). Thus, the area under the curve 
(AUC)/dose is ∼40–60-fold greater in humans as 
compared to the mouse. Therefore, the pharmacology 
of M40403 in the mouse is characterized by neces-
sarily administering doses much higher than needed 
in the rat, human or dog to elicit a pharmacological 
effi cacy. However, a bolus injection, as administered 
to our mice, may manifest a toxic effect related to the 
potentiation of nitric oxide (NO), resulting in an early 
reduction in blood pressure. This translates into a 
maximum concentration ( Cmax) toxicity that can be 
moderated by slow infusion rates. Consequently, there 

Figure 8.  Tissue injury and recovery of the spleen in lethally irradiated mice pre-treated with M40403 or SBC i.p. Haematoxylin and 
Eosin (H&E) staining. (A1–D1) Magnifi cation �350. H&E comparison of the histology of the spleen of a mouse dying on day 15 (A1), 
a mouse treated with 20 mg/kg M40403 and alive on day 21 (B1), a mouse treated with 30 mg/kg M40403 and alive on day 43 (C1) and
a completely untreated control mouse (D1). (A2–D2) Magnifi cation �600. The same spleens at higher power. Note the marked 
hypocellularity of the SBC-treated animal dying on day 15, the profound increase in nucleated red blood cells in the 20 mg/kg M40403-
treated animal at day 21 as compared to the normal white and red pulp architecture of the animal living on day 43 (C1–C2) and the
normal untreated control animal (D1–D2). 
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