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Abstract
The vitamin E analog γ-tocotrienol (GT3) is a potent radioprotector and mitigator. This study was
performed to (a) determine whether the efficacy of GT3 can be enhanced by the addition of the
phosphodiesterase inhibitor pentoxifylline (PTX) and (b) to obtain information about the
mechanism of action. Mice were injected subcutaneously with vehicle, GT3 [400 mg/kg 24 h
before total-body irradiation (TBI)], PTX (200 mg/kg 30 min before TBI), or GT3+PTX before
being exposed to 8.5–13 Gy TBI. Overall lethality, survival time and intestinal, hematopoietic and
vascular injury were assessed. Cytokine levels in the bone marrow microenvironment were
measured, and the requirement for endothelial nitric oxide synthase (eNOS) was studied in eNOS-
deficient mice. GT3+PTX significantly improved survival compared to GT3 alone and provided
full protection against lethality even after exposure to 12.5 Gy. GT3+PTX improved bone marrow
CFUs, spleen colony counts and platelet recovery compared to GT3 alone. GT3 and GT3+PTX
increased bone marrow plasma G-CSF levels as well as the availability of IL-1α, IL-6 and IL-9 in
the early postirradiation phase. GT3 and GT3+PTX were equally effective in ameliorating
intestinal injury and vascular peroxynitrite production. Survival studies in eNOS-deficient mice
and appropriate controls revealed that eNOS was not required for protection against lethality after
TBI. Combined treatment with GT3 and PTX increased postirradiation survival over that with
GT3 alone by a mechanism that may depend on induction of hematopoietic stimuli. GT3+PTX did
not reduce GI toxicity or vascular oxidative stress compared to GT3 alone. The radioprotective
effect of either drug alone or both drugs in combination does not require the presence of eNOS.

INTRODUCTION
Pharmacological strategies to prevent or reduce radiation-induced injury and lethality after
total-body irradiation (TBI) are urgently needed. Recent studies have identified the vitamin
E analog γ-tocotrienol (GT3) as a powerful radioproprotective agent with a dose reduction
factor (DRF) in excess of 1.3 as well as a postexposure mitigating agent when administered
alone (1–3). Over the years, however, several groups have reported that combined treatment
with vitamin E and the methylxanthine derivative pentoxifylline (PTX) may be particularly
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effective in reducing tissue injury after localized irradiation. For example, vitamin E
combined with PTX has been shown in both preclinical and clinical studies to significantly
reduce and in some circumstances even reverse radiation-induced cardiac, lung, intestinal
and dermal injury (4–9). However, most previous studies have assessed the effects of
vitamin E and PTX on radiation-induced fibrosis, a late complication of radiation exposure,
while little is known about the effects of this combination on acute radiation injury and
radiation-induced mortality.

The radioprotective effects of GT3 depend not only on its antioxidative properties but also
on its abilities to concentrate in endothelial cells and inhibit the enzyme 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase, similar to the drug class statins. HMG-
CoA reductase inhibitors are commonly used in the treatment of hyperlipidemia disorders
but in addition have a plethora of vasculoprotective, anti-inflammatory and anti-fibrotic
effects mediated by endothelial nitric oxide synthase (eNOS, NOS3) (10,11). While it acts
through different and partly unknown mechanisms, PTX has similar antioxidant,
vasculoprotective, anti-inflammatory and anti-fibrotic properties and similarly increases
eNOS activity through an increase in intracellular cyclic adenosine monophosphate (cAMP)
(12–14).

In this study, we examined the effects of GT3 in combination with PTX on TBI-induced
acute hematopoietic, intestinal and vascular injury and subsequent mortality. We further
used eNOS-deficient mice to determine whether protection against lethality from either drug
alone or the combination required the presence of eNOS. Combined therapy was
significantly more effective in improving postirradiation survival than treatment with GT3
only, but the effect on postirradiation lethality did not require the presence of eNOS.
Moreover, our data suggest that administration of GT3 together with PTX may modulate the
hematopoietic radiation response by the induction of hematopoietic stimuli. GT3 combined
with PTX also reduced postirradiation intestinal injury and vascular oxidative stress
compared to vehicle, but no additional benefit was observed by the addition of PTX to GT3
compared to treatment with GT3 alone.

MATERIALS AND METHODS
Chemicals

GT3 was obtained from Yasoo Health Inc. (Johnson City, TN). Shortly before
administration, GT3 was dispersed in a mixture of polyethylene glycol (PEG-400) (Sigma,
St. Louis, MO) and a proprietary emulsifying agent (Stuart Products, Bedford, TX).
PEG-400 with the emulsifying agent but without GT3 was used as a vehicle control. PTX
was obtained from Sigma and dissolved in saline. Saline without PTX was used as a vehicle
control. Unless otherwise specified, all other chemicals were obtained from Sigma.

Animals
The experimental protocol was reviewed and approved by the Central Arkansas Veterans
Healthcare System (CAVHS) Institutional Animal Care and Use Committee (IACUC). Male
CD2F1 mice (Harlan Sprague Dawley, Indianapolis, IN) with a body weight of 22–25 g
were used for comparison of hematopoietic, intestinal and vascular radiation responses. For
the experiments to investigate the requirement for eNOS in lethality protection, B6.129P2-
Nos3tm1Unc/J breeding pairs were obtained from the Jackson Laboratory (Bar Harbor, ME)
and bred in our breeding facility. In this study, eNOS-deficient male offspring 6–8 weeks
old were used. Age- and sex-matched C57BL/6 mice (Charles River, Wilmington, MA)
were used as wild-type controls.
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Animals were housed in conventional cages under standardized conditions with controlled
temperature and humidity and a 12–12-h day-night light cycle. Animals had free access to
water and chow (Harlan Teklad laboratory diet 7012, Purina Mills, St. Louis, MO).

A total of 368 mice were used for these experiments, with 4–8 mice per group. Mice were
randomly assigned to one of the four following treatment groups: vehicle control, PTX
alone, GT3 alone, and GT3 with PTX. Twenty-four hours before irradiation, mice received a
single dose of GT3 (400 mg/kg) or the excipient alone by s.c. injection. Thirty minutes
before irradiation, mice received a single dose of PTX (200 mg/kg) or saline solution by s.c.
injection. These doses and administration schedules (GT3, 200–400 mg/kg, administered
22–24 h before TBI; PTX, 200 mg/kg, administered 15–30 min before TBI) had been
determined to confer optimal lethality protection and were arrived at through extensive
range-finding studies performed in parallel at two separate institutions (University of
Arkansas for Medical Sciences and Armed Forces Radiobiology Research Institute) prior to
initiating the experiments reported here.

To study the effect of PTX, GT3 and GT3+PTX on postirradiation survival, mice received
10.5, 11.5 and 12.5 Gy TBI and were observed for 30 days.

To determine the effect of the different treatments on radiation-induced intestinal and
hematopoietic injury, mice received a single dose of TBI (8.5 Gy, unless otherwise
specified) and were subsequently killed humanely at set times after irradiation (0 h/no
irradiation, 1 day, 3.5 days, 7 days, 10 days, 14 days). Previous experiments in CD2F1 mice
have shown that 8.5 Gy TBI induces pronounced intestinal and hematopoietic injury
together with relatively low 14-day mortality.

Irradiation
Unanesthetized mice were exposed to a single whole-body radiation dose in a Shepherd
Mark I, model 25 137Cs irradiator (J. L. Shepherd & Associates, San Fernando, CA). During
irradiation, the mice were placed in a well-ventilated cylindrical chamber made specifically
for irradiation of mice (J.L. Shepherd & Associates). The chamber was made of Plexiglas
and was divided into four 90° ‘‘pie slice’’ compartments by vertical dividers made of
T-6061 aluminum (machinable grade) with a gold anodized coating. The average dose rate
was 1.35 Gy per min and was corrected for decay each day mice were irradiated.

Survival Studies
To study postirradiation survival, mice received 10.5, 11.5 or 12.5 Gy TBI. Mice were
monitored for 30 days, and the number of dead/moribund mice was recorded twice daily.
Kaplan-Meier survival curves and median survival times were calculated.

Assessment of Intestinal Radiation Injury
1. Mucosal surface area (MSA)—Intestinal mucosal surface area is a well-validated,
sensitive parameter of intestinal radiation injury. Mucosal surface area was measured in
vertical H&E-stained sections of the jejunum using a projection/cycloid method as described
by Baddeley et al. (15). The method has previously been validated specifically for surface
area determination of the intestinal mucosa after irradiation (16).

2. Intestinal crypt colony assay—Microcolony crypt cell survival was assayed as
described by Withers and Elkind (17). At 3.5 days after TBI (0, 8.5, 11, 13 and 15 Gy), mice
were killed and segments of proximal jejunum were obtained, fixed and H&E-stained.
Surviving crypts, defined as crypts containing 10 or more adjacent chromophilic non-Paneth
cells, were counted in transverse cross sections. Four circumferences were scored per mouse
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and microcolony survival was expressed as the average number of crypts per circumference,
with the average from each mouse considered as a single value for statistical purposes.

Assessment of Hematopoietic Injury
1. Bone marrow plasma and bone marrow CFUs—The bone marrow of both femurs
was collected from CD2F1 mice at days 0, 1, 10 and 14 by rinsing the femurs with 200 μl
sterile PBS. The cell suspension was centrifuged (5 min, 3000 rpm), after which the
supernatant was separated from the cell pellet. The supernatant or so-called bone marrow
plasma was collected and stored at −80°C until further analysis. The bone marrow plasma
was used to obtain information about the bone marrow microenvironment. Bone marrow
cytokine/chemokine levels were measured by multiplexing using a Bioplex system (Bio-Rad
Laboratories, Hercules, CA) and the BioSource mouse cytokine/chemokine 20-plex panel
(Invitrogen, Carlsbad, CA). Cytokine/chemokine levels were expressed per mg total protein.
The protein concentration in each sample was measured with a modified Bradford reaction
(Coomassie Plus Protein Assay, Thermo Scientific, Rockford, IL) according to the
manufacturer’s instructions.

Bone marrow cells collected at day 1 postirradiation were used to determine the effect of the
different treatments on MB-CFU. Bone marrow cells were suspended in MethoCult
methylcellulose medium (Stem Cell Technologies, Vancouver, BC, Canada) at a
concentration of 105 cells/ml. The assay was performed in triplicate. A total of 1.1 ml cell-
medium suspension was dispensed per 35-mm cell culture dish. Cell colonies were counted
after 12 days. For each mouse, the average of the three cell culture dishes was calculated and
considered as a single value for statistical purposes.

2. Spleen colonies—Spleen colony counts are a marker of postirradiation hematopoietic
recovery. Endogenous spleen colonies are a result of the proliferation of single
hematopoietic stem cells. At 10 days after TBI, spleens were collected in Bouin’s solution.
After fixation, the spleen colonies were clearly visible as yellowish nodules against a dark,
smooth background. Spleen colonies were counted by two independent observers.

Blood Cell Counts
At 0, 1, 10 and 14 days after 8.5 Gy TBI, blood was collected in an EDTA-coated tube by
retro-orbital puncture. Peripheral blood cell counts were obtained using a veterinary
Hematrue system (Heska Corporation, Loveland, CO) according to the manufacturer’s
instructions.

Vascular Peroxynitrite Production
Vascular peroxynitrite production was measured as described before (1). The abdominal
aorta was dissected with as little perivascular tissue as possible. After collection, the aortas
were incubated with 10 μM dihydrorhodamine 123 (DHR123) (Axxora, San Diego, CA) in
EGM-2 medium (Lonza, Walkersville, MA) for 90 min at 37°C in the dark. Subsequently,
aortas were washed twice with PBS and homogenized in a buffer (PBS, 0.1% Tween-20,
0.1% SDS) using a Polytron PT 6100 homogenizer (Kinematica Inc., Bohemia, NY).
Samples were centrifuged for 5 min at 2000 rpm and supernatant was collected to determine
fluorescence (485/515) using a Synergy HT multiplate reader (BioTek Instruments,
Winooski, VT).

Protein concentration in the supernatant was measured using a modified Bradford reaction
(Coomassie Plus Protein Assay, Thermo Scientific, Rockford, IL). Fluorescence was
expressed per mg protein. At each time, data were expressed relative to the vehicle group.
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Statistical Methods
Sample size estimation and power analysis for the survival experiments were performed as
described elsewhere (18). Calculation of the number of animals required for the other end
points was performed with PASS (NCSS, Kaysville, UT) for fixed effect analysis of
variance (ANOVA) or two-group designs as appropriate, using a significance level of 0.05
and aiming for statistical power of >80% in all experiments.

Statistical analyses were performed using NCSS 2004 for Windows (NCSS, Kaysville, UT).
Data are presented as means ± SEM except for duration of survival, which is presented as
median ± interquartile range (IQR). Two-sided tests were used throughout, and differences
were considered statistically significant when the P value was less than 0.05. Survival curves
were constructed using the Kaplan-Meier method and were compared using the log-rank
test. Mucosal surface areas and vascular peroxynitrite production were compared using
regression analysis with time and treatment group as independent variables. Survival curves
for the crypt colony assay were compared using regression analysis with radiation dose and
treatment group as independent variables. End points from individual animals or observers
were averaged and considered as single values for statistical purposes. Pairwise (univariate)
comparisons were performed with the Mann-Whitney U test.

RESULTS
Overall Lethality and Duration of Survival

The effects of PTX, GT3 and GT3 combined with PTX on postirradiation survival were
determined in mice exposed to 10.5, 11.5 and 12.5 Gy. Exposure to radiation induced signs
of radiation sickness (e.g. diarrhea, weight loss, lethargy) and mortality. The severity of the
symptoms increased with increasing radiation dose. Treatment with GT3 together with PTX
significantly improved postirradiation survival in mice treated with 10.5, 11.5 and 12.5 Gy
(P = 0.0001, P < 0.0001 and P < 0.0001, respectively) (Fig. 1, Table 1). All animals, i.e.
animals exposed to 10.5, 11.5 and 12.5 Gy, treated with GT3 in combination with PTX
survived the 30-day postirradiation observation period. Treatment with only PTX did not
affect postirradiation survival. GT3 decreased postirradiation lethality in animals treated
with both 10.5 Gy (P = 0.001) and 11.5 Gy (P = 0.004) but not in animals treated with 12.5
Gy. At the highest dose of 12.5 Gy there was a significance difference in survival between
GT3-treated animals and animals treated with GT3 in combination with PTX (P = 0.009).

Compared to vehicle, which was associated with 100% lethality after 8.5 Gy TBI, GT3,
PTX and GT3+PTX conferred complete or near-complete protection in both C57BL/6 and
eNOS-deficient mice. The protection was similar for the two mouse strains. In fact, there
was actually a trend, albeit not statistically significant, toward improved survival in the
eNOS-deficient mice. Multivariate analysis revealed that there was a significant effect on
lethality of GT3 (P = 0.0001) and PTX (P = 0.002), but the presence/absence of eNOS did
not have a significant effect. This clearly demonstrates that eNOS is not required for the
protection against lethality by either drug or by the drug combination (Fig. 2).

Intestinal Radiation Injury
Intestinal radiation injury was assessed using intestinal mucosal surface area and crypt
colony survival (Fig. 3). Radiation exposure induced a decrease in intestinal mucosal surface
area at day 3.5 after radiation exposure. Both treatment with GT3 only and GT3 in
combination with PTX improved postirradiation mucosal surface area (P = 0.002 and P =
0.0001, respectively). A trend toward improved mucosal area was observed when treatment
with GT3 combined with PTX was compared with treatment with GT3 only (P = 0.08).
Treatment with PTX only did not affect postirradiation intestinal mucosal surface area.
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Treatment with GT3 and GT3 combined with PTX also improved intestinal crypt colony
survival (P = 0.0002 and P < 0.0001, respectively). No significant difference was observed
between GT3 and GT3 together with PTX. Treatment with PTX only did not improve crypt
colony survival.

Hematopoietic Toxicity and Recovery
Treatment with PTX, GT3 and GT3 in combination with PTX improved ex vivo colony
formation from bone marrow harvested 24 h after 8.5 Gy TBI (Fig. 4). The effect of GT3 in
combination with PTX was significantly more pronounced than the effect of treatment with
PTX or GT3 only (P = 0.005 and P = 0.005, respectively).

Spleen colony counts determined at day 10 after 8.5 Gy TBI showed a pattern similar to the
ex vivo bone marrow CFU. PTX, GT3 and GT3 in combination with PTX increased spleen
colony counts. The effect was most pronounced after the combination treatment. GT3 in
combination with PTX significantly improved postirradiation spleen colony formation
compared to GT3 only (P = 0.005).

Radiation induced a decrease in the numbers of circulating leukocytes, erythrocytes and
platelets to a minimum at 10 days, after which blood cell counts partly recovered (data not
shown). As reported before, GT3 treatment improved hematological recovery significantly.
However, cotreatment with PTX did not affect circulating leukocyte and erythrocyte levels
but did improve platelet recovery at day 14 after TBI (P = 0.05) (Fig. 4).

To obtain information about the bone marrow microenvironment, we determined cytokine
levels in the supernatant of the medium used to collect bone marrow cells from the femurs.
GT3 with or without PTX induced an increase in bone marrow plasma G-CSF at day 0 (P =
0.005 and P = 0.005, respectively) and day 1 postirradiation (P = 0.005 and P = 0.005,
respectively).

As shown in Fig. 5, radiation exposure induced a decrease in bone marrow plasma IL-1a
levels in the early postirradiation phase, with IL-1a levels below the detection limit of the
assay at day 10 after TBI (P = 0.005). Treatment with GT3 in combination with PTX
induced bone marrow plasma IL-1α levels at day 1 and day 10 (P = 0.004 and P = 0.005,
respectively). Treatment with only GT3 does not increase IL-1α levels at day 1; however, it
has an effect on day 10 (P = 0.008).

Radiation exposure induced a reduction in bone marrow plasma IL-6 to levels below the
detection limit of the used assay (day 10: P = 0.005). GT3 together with PTX increased the
availability of IL-6 at day 1 (P = 0.01). GT3 did not affect IL-6.

Like IL-6, combination treatment also increased bone marrow plasma IL-9 levels at day 10
(P = 0.03).

GM-CSF levels were decreased after radiation exposure (day 1: P = 0.006; day 10: P =
0.008; day 14: P = 0.005). None of the treatments affected the postirradiation GM-CSF
levels.

Vascular Peroxynitrite Production
As shown before, GT3 treatment reduced postirradiation vascular peroxynitrite production
(P = 0.02). This parameter did not appear to be affected by PTX (Fig. 6). Moreover, there
was no difference between treatment with GT3 alone and GT3 combined with PTX.
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DISCUSSION
We have previously shown that a single dose of GT3 greatly reduces postirradiation
intestinal, hematological and vascular changes as well as postirradiation lethality in mice
with a DRF in excess of 1.3. Because PTX has been shown to enhance the effects of vitamin
E when used in the prophylaxis or treatment of delayed effects of radiation in several organ
systems, the aim of the present study was to investigate whether PTX could also enhance
protection by GT3 against early TBI-induced toxicity and lethality.

PTX is a phosphodiesterase inhibitor developed to modify blood viscosity and to improve
blood circulation. It has been on the market as a rheological agent for over 30 years. More
recently, the agent’s potential effects on cytokine-induced inflammatory responses, as well
as other properties, have been recognized as well. PTX is believed to have beneficial effects
in various inflammatory diseases, especially those with a TNF-α-driven inflammatory
response.

Multiple studies have been performed to investigate the use of PTX as both a radioprotector
and a radiosensitizer. Preclinical studies have shown that PTX might increase
radiosensitivity of p53-mutated tumor cell lines by modulating cell cycle progression (19–
21). Moreover, PTX might suppress DNA double-strand break repair and improve tumor
oxygenation (22,23). When used as a tumor radiosensitizer, PTX does not appear to increase
normal tissue radiation toxicity. In a phase III randomized clinical trial to study the effect of
PTX on the radiation response of non-small cell lung cancer, PTX treatment did not increase
dysphagia, odynophagia, pulmonary fibrosis or pneumonitis (24).

When studied as a radioprotector, PTX has often been used in combination with vitamin E.
This combination therapy has been shown to reduce radiation fibrosis in various organ
systems (4–9). Little is known about the effect of PTX on the acute radiation response. Ward
et al. have shown that in rats PTX does not reduce (semi-) acute dermal and pulmonary
radiation injury, assessed 2 months after radiation exposure (25).

As shown previously, GT3 reduces postirradiation intestinal injury. The current study shows
that prophylactic treatment with PTX in combination with GT3 is more efficient in reducing
TBI-induced mortality than treatment with PTX or GT3 alone. Our data suggest that the
increased survival with the combination treatment is likely because of accelerated
hematopoietic recovery and is not due to further improvement of gastrointestinal or vascular
radiation responses. The addition of PTX to GT3 did not improve postirradiation crypt
colony survival or intestinal mucosal surface area and failed to potentiate the effect of GT3
on postirradiation vascular peroxynitrite production. Rather, the additional protection
conferred by PTX (in combination with GT3) in the ‘‘GI subsyndrome range’’ is assumed to
be dependent on GI protection by GT3.

On the other hand, the combination therapy significantly increased both ex vivo bone
marrow colony formation at 1 day after radiation exposure and in vivo spleen colony
formation at day 10 postirradiation. Whereas combination treatment was shown to have a
pronounced effect on postirradiation hematopoietic colony formation, only a modest effect
on postirradiation circulating blood cell counts was observed in our experiment. Compared
to GT3 alone, GT3 combined with PTX improved only platelet recovery; no effect on
leukocytes or erythrocytes was observed over the benefit of GT3 alone. Although the lack of
effect on peripheral leukocyte and erythrocyte recovery might seem unexpected considering
the observed effect on bone marrow CFUs and spleen colonies, this observation might be
explainable. First, GT3 is a potent radioprotector with strong hematopoietic effects. Our
current survival data show that GT3 protects against TBI-induced death up to a dose of 11.5
Gy. Combination treatment was shown to be more potent, since it offered full protection
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against death even at a dose of 12.5 Gy. In the current study, blood cell counts were
performed after 8.5 Gy TBI. This dose was chosen to provide sufficient numbers of
surviving animals in the vehicle- and PTX-treated groups, but it may not have been optimal
for detecting a difference in peripheral blood cell recovery between the GT3 group and the
GT3+PTX group. Moreover, the effect of adding PTX might be lineage specific and more
pronounced for platelet formation than for the formation of leukocytes and erythrocytes.

To obtain information about the mechanism by which combination treatment modulates the
bone marrow microenvironment and thereby the postirradiation hematopoietic response, we
studied the effect of the different treatments on bone marrow plasma cytokine/chemokine
levels. This technique to study the bone marrow niche was described by Kissel et al. (26).
Cytokine/chemokine levels were expressed per mg bone marrow plasma protein. Notably,
differences between treatment groups do not appear to be caused by differences in bone
marrow cellularity. When cytokine/chemokines levels were expressed per 107 present bone
marrow cells, similar results were observed as when expressed per mg protein. When
interpreting the bone marrow plasma data, it has to be borne in mind that PTX was
administered only 30 min before radiation exposure and that the effect of PTX on the day 0
data might therefore be limited. Both GT3 and GT3 with PTX caused an increase bone
marrow plasma G-CSF levels. Singh et al. have shown that GT3 treatment increases
circulating G-CSF levels (27). They hypothesized that GT3 improves postirradiation
hematopoietic recovery by stimulating the bone marrow with G-CSF. The fact the GT3
increases G-CSF levels in the bone marrow microenvironment may support this theory.
However, because GT3 combined with PTX did not improve G-CSF levels compared with
GT3 alone, the effects of combination treatment on the bone marrow niche appear to be
regulated by factors different from G-CSF. On the other hand, since the experiments in the
present study were performed at a sublethal radiation dose to permit serial measurements in
control mice, it is also possible that the level of injury in GT3-treated animals was not
sufficient to give rise to an increase in G-CSF levels.

Combined treatment with GT3 and PTX caused an increase in bone marrow plasma IL-1α,
IL-6 and IL-9. All three interleukins are known to stimulate hematopoiesis (28–32).
Administration of IL-6 has been shown to accelerate recovery from radiation-induced
hematopoietic depression (29). Even though IL-6 is generally considered to be a
multilineage stimulant, it may have a more pronounced effect on platelet recovery. For
example, when administered after 5-fluorouracil treatment, IL-6 improves the recovery of
circulating platelets, whereas no effect on circulating neutrophils is observed (30). IL-9 has
been shown to enhance in vitro growth of both early erythroid and megakaryocytic
progenitor cell colonies (31,32). Considering the cytokine profile induced by GT3 with PTX
and the observation that GT3 with PTX only improves postirradiation platelet recovery in
the current experiment, it might be possible that the hematopoietic stimuli induced by GT3
with PTX are especially efficient in promoting megakaryocytic proliferation and platelet
formation. While our data suggest that treatment with GT3 in combination with PTX affects
hematopoietic recovery by the induction of hematopoietic stimuli like IL-1α, IL-6 and IL-9,
further research is needed to study the effect of combined treatment on hematopoietic
inhibitors. Lysofylline, a phosphodiesterase inhibitor like PTX, has been shown to suppress
the release of hematopoietic inhibitors after treatment with cancer chemotherapeutic agents
(33).

In the present study, bone marrow plasma studies were performed only until day 14 after
TBI. Therefore, it is not possible to predict how long the observed increase in cytokines
would persist or to what extent similar changes would be present systemically and influence
the development of chronic changes in bone marrow or other organs.
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It was somewhat surprising that the protection against lethality from these drugs did not
require the presence of eNOS. Many, if not all, pleiotropic effects of HMG-CoA reductase
inhibitors are mediated through the eNOS pathway (10), and eNOS, through cAMP, also
seems to play a prominent role in the mechanism of action of PTX. For example, both
HMG-CoA (34) and PTX (35,36) strongly upregulate thrombomodulin (TM), a potent
natural anticoagulant on the endothelial cell surface, which appears to be involved in the
regulation of normal tissue radiation responses (37). The finding that eNOS is not required
for protection against lethality with either GT3 or PTX may suggest that the protection by
these drugs is largely due to their properties as antioxidants and/or cytokine stimulators. On
the other hand, it is also conceivable that HMG-CoA reductase is involved in the protection
against lethality by non-eNOS-dependent mechanisms. Yet another possibility is that the
role of eNOS after TBI is altered because of radiation-induced uncoupling, a process during
which eNOS produces superoxide, rather than nitric oxide (38,39). Further research is
clearly needed to investigate the role of eNOS and microvascular oxidative/nitrosative stress
in response to exposure to different radiation doses where radiation protectors such as GT3
do not confer complete protection. Such studies will allow for demonstration of partial
eNOS dependence rather than an absolute requirement for this enzyme.

In conclusion, we have demonstrated that radio-prophylaxis with GT3 in combination with
PTX is significantly more effective in improving survival after TBI than prophylaxis with
GT3 alone. Our data suggest that administration of GT3 together with PTX may modulate
the hematopoietic radiation response by the induction of hematopoietic stimuli. Combination
therapy did not reduce postirradiation intestinal injury or vascular peroxynitrite production
compared to treatment with GT3, and the protective effect does not appear to depend on
eNOS.
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FIG. 1.
Kaplan-Meier survival curves for male CD2F1 mice after total-body irradiation. Mice were
treated with 10.5 (panel A), 11.5 (panel B) or 12 Gy (panel C). PTX improved survival only
in mice treated with 10.5 Gy. GT3 reduced lethality after both 10.5 and 11.5 Gy TBI.
Combination treatment prevented TBI-induced mortality up to 12.5 Gy. At 12.5 Gy, the
combination therapy was significantly more effective than treatment with PTX or GT3 only.
Eight animals per group from a single experiment.
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FIG. 2.
Kaplan-Meier survival curves for C57BL/6 mice (left panel) and B6.129P2-NosTm1Unc mice
(right panel) after 8.5 Gy total-body irradiation. Multivariate analysis revealed a significant
effect of treatment with GT3 (P = 0.0001) and PTX (P = 0.002) but not an absolute
requirement for eNOS after this dose of radiation. Eight animals per group from a single
experiment.
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FIG. 3.
Panel A: TBI (8.5 Gy) induced a reduction in mucosal surface areas. Administration of a
single dose of GT3 24 h before irradiation significantly improved recovery. Combination
treatment with GT3 and PTX did not significantly improve postirradiation mucosal surface
area compared to treatment with GT3 only (P = 0.08). Treatment with PTX only did not
affect mucosal surface area. Four animals per group from a single experiment (means ±
SEM). Panel B: Treatment with GT3 and GT3 combined with PTX improved intestinal
crypt colony survival (P = 0.0002 and P < 0.0001, respectively). No significant difference
was observed between GT3 and GT3 together with PTX. Treatment with PTX only did not
improve crypt colony survival. Six animals per group from a single experiment (means ±
SEM).
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FIG. 4.
Panel A: Treatment with PTX, GT3 and GT3 in combination with PTX improved colony-
forming units from bone marrow harvested 24 h after 8.5 Gy TBI. Combination therapy was
significantly more effective than PTX or GT3 only (P = 0.005 and P = 0.005, respectively).
Six mice per group from a single experiment (means ± SEM). Panel B: Treatment with PTX,
GT3 and GT3 in combination with PTX improved spleen colony counts 10 days after TBI
(8.5 Gy). Combination therapy was significantly more effective than PTX or GT3 only (P =
0.005 and P= 0.005, respectively). Six mice per group from a single experiment (means ±
SEM). Panel C: Compared to treatment with GT3 only, combination therapy significantly
improved platelet recovery at day 14 postirradiation (8.5 Gy) (P = 0.05). Six mice per group
from a single experiment (means ± SEM).
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FIG. 5.
Panel A: Bone marrow plasma G-CSF levels after 8.5 Gy TBI. GT3, with or without PTX,
induced an increase in bone marrow plasma G-CSF at day 0 and day 1 postirradiation. Panel
B: Bone marrow plasma IL-1α levels after 8.5 Gy TBI. Treatment with GT3 in combination
with PTX induced bone marrow plasma IL-1α levels at day 1 and day 10. Treatment with
only GT3 did not increase IL-1α levels at day 1; however, it had an effect on day 10. Panel
C: Bone marrow plasma IL-6 levels after 8.5 Gy TBI. IL-6 levels decreased after radiation
exposure. GT3+PTX increased the availability of IL-6 at day 1 after TBI. GT3 did not affect
IL-6. Panel D: Bone marrow plasma IL-9 levels after 8.5 Gy TBI. GT3+PTX increased the
availability of IL-9 at day 1 after TBI. GT3 did not affect IL-9. Panel E: Bone marrow
plasma GM-CSF levels after 8.5 Gy TBI. GM-CSF levels were decreased at day 1, 10 and
14 after radiation exposure. None of the treatments affected the postirradiation GM-CSF
levels. Six mice per group from a single experiment (means ± SEM). *P < 0.05 compared to
vehicle.
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FIG. 6.
Treatment with GT3 and GT3 combined with PTX reduced postirradiation vascular
peroxynitrite production (P = 0.02 and P = 0.02, respectively). No significant difference was
observed between GT3 and GT3 together with PTX. Treatment with PTX only did not show
an effect. Six mice per group from a single experiment (means ± SEM).
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TABLE 1

Median Survival Times ± Interquartile Range of Mice (N = 8 per group) after Total-Body Irradiation

10.5 Gy 11.5 Gy 12.5 Gy

Vehicle 9 (7–11) 10 (7.5–11.5) 10 (9.5–11)

Pentoxifylline 14 (12–15) 11.5 (1–14) 9.5 (8–11)

GT3 30 (30–30) 30 (11.5–30) 11 (8.5–30)

GT3+PTX 30 (30–30) 30 (30–30) 30 (30–30)
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