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Humans and other mammals are remarkably sensitive to acute doses of
ionizing radiation (IR) (eg, x and v rays, neutrons, and o and 8 particles)
[1], in that a whole-body exposure of just 5 Gy is lethal; the gray (Gy) is
the amount of energy absorbed by a tissue or substance and applies to all
types of radiation. Low-dose chronic IR is a well-established human carcin-
ogen and is omnipresent on Earth. Background sources of terrestrial IR in-
clude radioisotopes present in essentially all materials in the environment
and cosmic sources, including the sun and extremely distant galactic events,
such as supernovae. Collectively, these natural sources of IR deliver only
about 0.0024 Gy/y [2]. In this context, the evolution of bacteria that are
able to grow under high-dose chronic IR (60 Gy/h) [3] or survive acute irra-
diation exposures [4] of 15,000 Gy is truly extraordinary given the apparent
absence of highly radioactive habitats on Earth over geologic times. Hu-
man-made sources of IR, developed over the last 60 years, have contributed
significantly to low-dose radiation, including occupational exposures associ-
ated with developing and maintaining nuclear weaponry and power sources;
environmental release of radionuclides, such as occurred during atomic
bomb tests during the Cold War (1945-1986); and nuclear power plant ac-
cidents, such as in Chernobyl, Ukraine (1986) [5]. A recent National
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Research Council report [6] concluded that whereas risks of low-dose IR are
small, there is no safe level. This finding has grown stronger over the last
15 years, dismissing the notion that there is a threshold of exposure to IR
below which there is no health threat. Currently, the most significant, wide-
spread human-made sources of IR are medical devices and procedures, in-
cluding diagnostic radiographs and therapeutic radiation. Natural
background IR remains the most significant source of exposure for humans,
however, representing more than 80% of the total dose of a typical resident
of the United States [6]. Although the biological hazards of IR have been
evident for a century [1], a clear understanding of the molecular mechanisms
underlying IR toxicity and resistance remains controversial despite decades
of molecular research dedicated to this field. Perhaps paramount, the cata-
strophic terrorist events of September 11, 2001 underscore the possibility of
radiological terrorism and the pressing need to understand further how to
prevent radiation injury. This article presents a new view of IR-resistance
mechanisms in extremely radiation-resistant bacteria and questions some
longstanding assumptions regarding the causes of IR toxicity. The extrapo-
lation of recent experimental findings [7] to the potential development of ap-
proaches to modulate radiation resistance is intentionally speculative, aimed
at contributing to the groundwork of new ideas needed to address the
emerging threat of nuclear terrorism.

The classical dogma

The classical dogma of radiation biology [8] asserts that the cytotoxic and
mutagenic effects of IR are principally the result of genetic damage caused
during or immediately after transfer of radiation energy to genomic DNA
[1] with the following characteristics: (1) the damage is mediated indirectly
by short-lived reactive oxygen species (ROS), predominantly hydroxyl rad-
icals (HO®) generated by the radiolysis of water; (2) to a lesser extent, the
damage is the result of direct interaction of DNA with radiation; and (3)
mutations and other genetic alterations are set on genome replication.
Much evidence has accumulated that cannot be explained by this classical
dogma. Among these heretical results are (1) extreme radiation sensitivities
observed in bacteria that encode a full compliment of DNA repair and pro-
tection systems [7,9—11]; (2) evidence that proteins likely are the first major
class of molecules attacked during irradiation [12,13]; and (3) IR-induced
bystander effects (BSEs), defined as effects elicited in cells that are not di-
rectly traversed by radiation [14]. The pathway connecting the formation
of ROS with endpoint biologic damage is far from clear, largely because
the identity of the first critical molecular targets of ROS still is not estab-
lished [13]. In the hierarchy of cellular targets for reproductive cell death
following irradiation, DNA almost always is placed at the top [1]. This
DNA-centric view of radiation toxicity is pervasive, a consequence of
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DNA being the least complex biologically active material that can be tested
with respect to its radiation response [1].

Ionizing radiation resistance in bacteria

Until recently, there have been no clear physiologic predictors of a cell’s
ability to recover from IR. In general, most of the resistant bacteria reported
have been Gram-positive and the most sensitive have been Gram-negative
[9,10,15]. There are several reported exceptions to this paradigm, however;
the Gram-negative cyanobacterium Chroococcidiopsis is extremely resistant
to IR [16], whereas the Gram-positive Micrococcus luteus (Sarcinia lutea) is
sensitive [17,18]. Recently, a relationship between intracellular Mn/Fe con-
centration ratios and bacterial IR resistance was reported, in which very
high and very low Mn/Fe ratios correlated with very high and very low re-
sistances, respectively, and restricting Mn(II) in the famously IR-resistant
Deinococcus radiodurans sensitized this eubacterium to IR [7]. For example,
D radiodurans (Mn/Fe ratio: 0.24) accumulates greater than 300 times more
Mn than the extremely IR-sensitive Pseudomonas putida (Mn/Fe ratio:
<0.0001), and P putida accumulates 4.6 times more Fe than D radiodurans
[7,9]. Fig. 1 presents the relationship between IR resistance and intracellular
Mn/Fe concentration ratios for eight bacterial species [7,19]. These bacteria
were selected for investigation because they have been subjected to whole ge-
nome sequencing and annotation, revealing that they all appear to encode
a similarly complex set of DNA repair and protection functions [7,19].
Most recently it was shown that Shewanella oneidensis (Fig. 1), which has
a low intracellular Mn/Fe ratio and is extremely sensitive to IR [7], strongly
induced gene systems controlling the expression of prophages on exposure
to 40 Gy. Induction by IR of the lytic cycle of prophages in bacteria might
also contribute to cell killing [11].

Studies have shown that for a given dose of IR, delivered aerobically or
anaerobically, the number of DNA double strand breaks (DSB) in D radio-
durans compared with sensitive bacteria is about the same and that genomic
DNA of D radiodurans is not endowed with unusual protection from in vivo
irradiation [7,20]. The possibility that extreme IR resistance in D radiodur-
ans is determined by novel genes also has been explored. At least 20 pre-
dicted genes of D radiodurans, which were identified by transcriptional
profiling following IR as the most highly induced, have been disrupted
and the corresponding mutants have been characterized for IR resistance
[21-24]. Remarkably, the resistances of these novel mutants remained
high, indicating that survival of irradiated D radiodurans might depend on
a conventional set of repair functions. This conclusion is supported partially
by earlier research that showed that several Escherichia coli DNA repair
genes, which do not differ greatly from their D radiodurans counterparts,
fully restored corresponding D radiodurans mutants to wild-type levels of
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Fig. 1. Relationship between intracellular Mn and Fe contents of various bacteria and their
survival following exposure to IR [7,19]. D, IR dose that reduces the number of colony-form-
ing units by 90%. Standard growth, irradiation (*°Co, 0°C), and recovery conditions were as
described previously [7].

D radiodurans DNA damage resistance [25]. Also significant, when the E coli
genome was subjected to extensive DSB fragmentation without IR (ie, by
endogenous expression of a restriction enzyme in vivo) survival remained
high [26].

D radiodurans contains 4 to 10 identical copies of its genome per cell, and
when irradiated to a dose of 10 kGy generates 400 to 1000 genomic DSB
fragments per cell [4,7]. This amount of DNA damage in D radiodurans
typically does not lead to cell death, induced levels of mutation, or genomic
rearrangements. Previous reports on homologous recombination in D radio-
durans following IR are consistent with the canonical version of the DSB
repair model [27], which additionally supported the existence of single-
stranded annealing in D radiodurans [28], but nonhomologous end-joining
was not observed [28]. It was also shown that chromosomal fragments
released by IR-induced DSB in D radiodurans appear to be diffusible within
condensed nucleoids, whereby DSB fragments in stationary-phase cells
recombined with high efficiency at homologous DSB sites whether the
sites were located adjacently on the same chromosome [28], separated on
different chromosomes [27], or present on a chromosome and a plasmid
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[29]. Recent use of cryoelectron microscopy of vitreous sections of D radio-
durans supports the conclusion that DNA fragments in D radiodurans are
mobile and that the arrangement of its nucleoids does not play a key role
in radioresistance [30]. Collectively, these broad-based studies have con-
verged on the conclusion that D radiodurans uses a conventional set of
DNA repair and protection functions but with far greater efficiency than
in IR-sensitive bacteria [7,9].

The role of Mn in ionizing radiation resistance

It has been shown recently that intracellular accumulation of Mn(I1) in D
radiodurans facilitates IR resistance; D radiodurans accumulates >2 mmol/L
Mn(II) [7]. How Mn contributes to IR resistance is the subject of ongoing
experimentation, which currently is examining the intracellular distribution
of Mn relative to Fe and other elements. One possible Mn-dependent mech-
anism for scavenging ROS was reported by Archibald and Fridovich [31] in
1982, who showed that at high concentrations in nonradiolytic systems,
Mn(II) acts as a potent scavenger of superoxide (O,°7) ions, with Mn cy-
cling between the divalent and trivalent states [31]. They investigated
Mn(ILIII) redox cycling in light of the bacterium Lactobaccillus plantarum,
which accumulates high intracellular concentrations of Mn(II) and is radia-
tion resistant [7] but does not encode any superoxide dusmutases (SODs) [7].
Although SODs are estimated to be approximately 65 times more efficient
than the most efficient nonenzymic Mn redox-cycling complexes, Mn typi-
cally is present in millimolar concentrations in lactobacilli compared with
micromolar levels of SODs in those organisms possessing the enzymes [31].

A conceptual problem in attempting to link Mn-based O,° -scavenging
to extreme IR resistance is that O,°~ generally is not implicated as a signif-
icant ROS during irradiation when atmospheric O, is limited [1]. The solu-
bility of O, in water is low, reaching only 5 to 6 ppm at 30° to 40°C under
normal atmospheric conditions, and O,*~ does not cross membranes easily
because it is charged [32,33]. Under IR, therefore, exogenously generated
0, likely does not pose a great threat to cells. O,° generated inside cells
during irradiation is dangerous, however, because it can become trapped,
leading to intracellular accumulation of O,*”. Regarding the high Mn and
low Fe contents of several phylogenetically distinct IR-resistant bacteria
[7,16,17] (Fig. 1), reactions implicated in ROS production and removal
are presented here.

Reaction 1: Water radiolysis: H,O — HO® + H™ [1,34]

Reaction 2: A primary radiolytic reaction: 2 HO®* — H,O, [1,34]

Reaction 3: Fenton reaction: H,O, + Fe(Il) — HO® + OH™ + Fe(IlI)
[1,32]

Reaction 4: IR-induced superoxide: O, + ¢~ ,q (IR-induced solvated elec-
tron) — O, [1,34]
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Reaction 5: Mn oxidation: Mn(I1) + O,*~ + 2 H" — H,0, + Mn(I1I) [31]

Reaction 6: Mn reduction: Mn(I1I) + H,O, — O, + 2H" + Mn(II) [31]

Reaction 7: Fe-cycling: H,O, + Fe(Ill) — O, + Fe(Il) + 2H * [1], then
reaction 3

Ferrous iron [Fe(IT)] catalyses the rapid reduction of radiolysis-induced
hydrogen peroxide (H,O,) (reactions 1 and 2) [34] to hydroxide ions
(OH™) and HO"® (reaction 3); HO® are extremely damaging to all biomole-
cules [1,32]. Superoxide, formed during irradiation from dissolved O, (reac-
tion 4) [34], does not damage DNA but can oxidize and deactivate specific
Fe-containing proteins [32]. In contrast to Fe(IT), Mn(II) does not react with
H,0,. Instead, Mn(II) selectively reacts with O,*~ and hydrogen ions (H")
to form H,O, and Mn(III) (reaction 5) [31]; Mn(III) is known to react with
H,0,; to form O, (reaction 6) [31], which would rapidly reform O,*~ under
IR (reaction 4). One predicted consequence of Mn redox-cycling reactions is
the conversion of O,*~ to H,O,, which could diffuse out of cells, thereby
limiting the number of intracellular reactions involving ROS during irradi-
ation. In contrast, the Fenton reaction yields Fe(I1T) which reacts with H,O,
to form O, (reaction 7), and generates O,°~ under IR (reaction 4). Under
IR, Fe(ILIII) redox cycling thus is predicted to give rise to HO® and
0,*", whereas Mn(I1,I1T) redox cycling is predicted to favor O,*~ scaveng-
ing with intermediate release of H,O,, without HO® formation. If proteins
are major initial targets of IR, as proposed by Du and Gebicki [12], then
cells lacking adequate O,° defenses might be particularly prone to protein
damage before DNA is significantly affected; in contrast, lethality in Mn-ac-
cumulating, O, -resistant cells might be determined by HO®-mediated
DNA damage at higher doses.

Proteins are initial targets of ionizing radiation

Although the primary radiolytic reaction products H>,O, and O,°" are
relatively stable, HO® are extremely toxic to cells because of their high reac-
tivity [1]. HyO, and O, also are generated during cellular metabolism
when electrons leak from the substrate side of the respiratory chain [9,32]
and HO® consequently are generated by Fe(II)-dependent reduction of
H,0, (reaction 3). The production of O,* in cells exposed to IR is ex-
tremely rapid [34]; the theoretical rate constant for reaction 4 is 2 x 10"
m~'s™!, whereas metabolism-induced O,*~ take a comparatively long time
before they become manifest [32]. Metabolism-induced ROS (oxidative
stress) can have profoundly sensitizing effects on bacterial IR resistance,
even for extremely IR-resistant bacteria. For example, exposure of metabol-
ically active D radiodurans at 30°C on minimal medium to 3 kGy (60 Gy/h)
is 100% lethal, whereas at 0°C, in the absence of metabolism, >12 kGy is
needed to sterilize an equivalent number of D radiodurans cells exposed in
the same medium [35].
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There is general agreement that lipids, DNA, and proteins are major tar-
gets of ROS. There is disagreement, however, on which group of molecules
is the most vulnerable [12,13]. Regarding the first group, there is strong ev-
idence that lipid peroxidation can be dissociated from lethal damage [36]. In
the case of chromosomal DNA, it is clear that it is an indispensable mole-
cule whose integrity must be conserved. DNA is likely a secondary rather
than a primary target of ROS, however [12,13]. Irrespective of source, puri-
fied DNA is approximately 40 times more sensitive to IR than DNA pack-
aged in cells [4,7] where it is complexed with proteins and shielded from
HO?®. Instead, the first major class of molecules damaged by ROS during
irradiation seems to be proteins [12,13]. The following assumption thus is
tenuous: if a dose of IR is sufficient to cause only minor DNA damage it
should damage a similarly small fraction of proteins present in the same cell.

There is a growing body of evidence from different laboratories that pro-
teins are significant targets for ROS in vivo. For example, Dr. James Imlay’s
group [32] (University of Illinois, Urbana, IL, USA) has reported studies on
how O,°" ions damage Fe-containing proteins, resulting in the intracellular
release of Fe and oxidative stress [32]; and Dr. Janusz Gebicki’s group
[12,13] (Macquarie University, Sydney, Australia) has been investigating
the early formation of protein radicals generated by HO®. Although their re-
sults provide strong evidence of damage to proteins, for many years proteins
were not considered to be significant targets of IR- or metabolism-induced
ROS because there was little evidence that proteins could pass the damage
to other molecules, either indirectly or directly. In the case of O,* -depen-
dent transmissible protein damage, O, ions are known to damage some
[4Fe-4S] cluster-containing proteins in vivo. In bacteria containing high con-
centrations of such proteins [9,11,32], O,°~ would be expected to result in
a significant release of intracellular bound ferrous ions [Fe(II)], followed
by intracellular oxidation of unbound Fe(II) by H,O, (Fenton reaction),
generating HO®, OH™, and Fe(III). For HO®-dependent transmissible pro-
tein damage, HO® can give rise to protein peroxyl radicals, which are precur-
sors of protein hydroperoxides [13]. Protein hydroperoxides decompose in
the presence of Fe to give new radicals, including oxidizing alkoxyl radicals,
which are even more reactive than peroxyl radicals [13]. Although the focus
of such ROS research has not been in vivo IR damage, the findings generally
appear relevant to developing a comprehensive view of the chain of molec-
ular events in cells during irradiation.

The theoretical IR-induced reaction scheme presented above (reactions
1-6) might ultimately determine if protein-mediated damage is transmitted,
because the ratio of Mn to Fe in a cell would be expected to affect signifi-
cantly the stoichiometry of intermediates and end-products of radiolysis.
For example, (1) although O,*” ions do not produce protein radicals [13],
scavenging of O,° by Mn redox cycling might help prevent release of
Fe(II) from the subset of Fe-S proteins vulnerable to O,°", thereby reducing
the number of intracellular Fenton-type reactions; and (2) although Mn(II)
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does not scavenge HO®, Mn redox cycling might facilitate removal of H,O,
from the cell before it is subjected to intracellular Fenton-type chemistry. Ir-
radiated Fe-rich cells not able to cycle Mn(IL,IIT) thus might be prone to
extensive intracellular decomposition of radiogenic H>O,, and protein hy-
droperoxides could yield other more toxic radicals. Unfortunately, there
are no techniques currently capable of measuring directly the myriad of ra-
diolytic reactions in cells because of their multitude of targets, and the exis-
tence of IR-driven Mn(ILIII) cycling remains unexplored.

Possible role of mitochondria in ionizing radiation toxicity

Mitochondria are likely the descendants of endosymbiotic eubacteria, an
idea strengthened recently by whole genome sequence comparisons. For ex-
ample, phylogenetic tree analyses have shown that the accessory subunit an-
imal mitochondrial DNA polymerase emerges as a result of horizontal
transfer of the gene encoding glycyl-tRNA synthetase from a bacterium of
the Thermus-Deinococcus group into the animal nuclear genome [37]. This
acquisition by a distinct eukaryotic lineage of a gene encoding a mitochon-
drial protein from a Thermus-Deinococcus bacterial source underscores the
relevance of exploring possible links between bacterial IR responses and
the behavior of irradiated mitochondria. Until about a decade ago, it was
assumed widely that nuclear DNA is the main target for IR-induced geno-
toxicity and carcinogenesis in mammalian cells. The recent use of micro-
beam technology has challenged this paradigm, however, showing that IR
traversal through the nucleus of a cell is not a prerequisite for genetic dam-
age. This biological phenomenon has been termed the radiation-induced BSE
[14]. BSEs have been observed in various mammalian cell types exposed to
either low linear energy transfer (LET) x or y rays or high-LET a particles.
BSEs have been reported following doses as low as 5 mGy of IR [14].

Remarkably, BSEs can be induced in nonirradiated cells as far as 1 mm
away from irradiated cells [38]. There are two major types of bystander ef-
fects: the first depends on cell-cell communication and contact and the sec-
ond results from substances released from the exposed cells [14]. Studies on
the mechanisms underlying radiation-induced BSEs are beginning to eluci-
date the nature of the mediating factors. Among those factors, a role of
ROS has been inferred from the finding that various BSEs can be inhibited
by the addition of catalase or SOD [39]. It is not clear, however, how extra-
cellular ROS-scavenging enzymes could significantly affect intracellular
ROS, unless ROS were released from cells traversed by IR. Actual measure-
ments postirradiation indicate that much higher ROS amounts are produced
than predicted and suggest possible amplification mechanisms [40].

A number of studies also have provided indirect evidence for a role of re-
spiratory control in radiation resistance, including mitochondria [41] and
bacteria [9,11,22,42], whereby the mechanism may be part of general cellular
response pathways to oxidative stress; less respiratory control is correlated
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with lower resistance to IR. Definitive evidence is lacking, however. Regard-
ing target size, the mitochondrial volume of a typical mammalian cell is 4%
to 30% of total cellular volume [14]. In light of the hypothetical mechanism
of Mn-facilitated bacterial IR resistance proposed above, mitochondria
might be expected to increase IR toxicity in mammalian hosts. Mitochon-
dria [43] accumulate 10 to 20 mmol/L Mn(II), which is 5 to 10 times
more Mn(Il) than accumulated by D radiodurans [7], and might be potential
sites for Mn(ILIII) cycling in eukaryotes [43,44]. Mn redox cycling in mito-
chondria may conserve IR-induced H>O, (see previous discussion), but un-
like free-living bacteria might release H,O, into a host cell. Fig. 2 shows that
rat brain tissue sections (0.5 g) exposed anaerobically to 10 kGy in deionized
H,0 (6 mL) at 0°C released H,O, (~4 x 107> M) (see Fig. 2). If H,O, that
diffused out of the nonmetabolizing (0°C) irradiated brain samples origi-
nated in mitochondria, then these organelles and their hosts would be par-
ticularly prone to oxidative stress, which could trigger mitochondrial
apoptosis (programmed cell death) [14,45]. This assay (see Fig. 2) supports
estimates that rat brain (9.2 x 107 neurons/g and 1.85 x 10° glia cells/g) gen-
erated at least 14,000 O,* /cell/Gy as precursors of H>O,; the amount of
H,0, released by the irradiated brain sections, not including H,O, decom-
posed by radiolysis [34] and Fenton-type chemistry [32] is (6/1000) x (4 x
107> M) x (6.02 x 10* molecules/mole)/9.7 x 10® cells/10* Gy. The appar-
ent production of H,O, by irradiated brain tissue (see Fig. 2) thus implicates
mitochondrial IR-driven Mn redox cycling [31,43,44] as a possible protago-
nist in mammalian IR injury, including IR-induced bystander responses
[14]. Although high concentrations of Mn(II) accumulated by mitochondria
[43] normally might be engaged in scavenging O,*~ produced by respiration,

Il 1] v vV Vi

¥ dH,0
Rat brain | i +
! | 10 kGy

Fig. 2. IR-driven H,O, generation in irradiated rat brain. (/) No IR, aerobic. (II) No IR, an-
aerobic; preconditioned by purging with argon (Ar, ultra-high purity). (7]) 10 kGy, anaerobic.
(IV') As for panel 111, but re-purged with Ar after irradiation to remove O,. (V) As for panel 111,
but treated with catalase (15,000 units) after irradiation and then re-purged with Ar. (V1) 10
kGy, anaerobic, deionized water (dH,O), no brain. (/-V') Freshly harvested rat brain segments
were rinsed (0°C) twice in 0.9% NaCl followed by dH,O to remove blood, transferred to dH,O
(0°C) (0.5 g brain/6 mL dH,0), and sealed in tubes after purging (11 min) with 99.999% pure
Ar. Irradiations (*°Co) were at 0°C, and all tubes were centrifuged before testing by the Rho-
dazine D assay (RDA) (CHEMetrics, Calverton, VA). Color development in a sample that was
re-purged with Ar after IR (panel 7V), but not following catalase/purging treatment (panel V),
indicates H,O, accumulation. H,O, concentrations were determined by comparison to RDA
standards. Dissolved O, and H,O, react with the pale yellow—colored leuco form of Rhodazine
D to produce a deep rose color, with the color proportional to the dissolved O, or H,O, con-
centration. The RDA is suitable for measuring 0.05-1 mg L' 0, and 1-10 x 107> M H,0,.
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low doses of IR in metabolically active cells might increase the flux of O,*~
sufficiently to accelerate mitochondrial Mn redox cycling, precipitating the
release of H,O, into host cells containing hundreds to thousands of mito-
chondria per cell before their enzymatic ROS defenses are induced. A cas-
cade of H,O, or related membrane-permeable ROS might diffuse out of
irradiated cells into neighboring cells. Under normal physiologic conditions,
H,0, would certainly be reduced to O, by endogenous catalase or glutathi-
one peroxidase, perhaps yielding O,*~ during chronic IR exposures (reac-
tion 4), which in turn could generate peroxynitrite in the presence of
nitric oxide [33]. Peroxynitrite, like O,°~, can damage some Fe-S-containing
proteins but unlike O,°™ is not scavenged by SOD and can easily cross mem-
branes [33]. In summary, these preliminary data provide an intriguing, but
speculative, insight into how mitochondrial Mn(II), O,*~, and H,O, might
exacerbate mammalian IR toxicity.

Radiation resistance modulators based on superoxide scavengers

Superoxide generally is not implicated as a significant ROS during anaero-
bicirradiations [1]. For O,-free deionized water exposed to IR this assertion is
correct, but not for cells. Preconditioning cells to be anaerobic does not pre-
clude the intracellular formation of significant levels of O,° during
irradiation because the presence of intracellular Fe or H,O,-reducing enzymes
favors O, formation, which even under low-dose y radiation rapidly yields
0,°" and related ROS [34]. Although O,°™ does not damage DNA [32], the
fact that O,°~ can oxidize at least some [4Fe-4S] proteins [32] suggests that
0, -scavenging agents might be effective radioprotectors. The accumulation
of high intracellular levels of Mn in extremely radiation-resistant bacteria but
not sensitive bacteria generally supports this view [9]. Two groups of stable
SOD-mimetic compounds that have been shown to protect against the toxicity
of ROS in vitro and in vivo are nitroxides [46] and manganese porphyrin com-
plexes [47]. Tempol (4-hydroxy-2,2,6,6,-tetramethylpiperidine- N-oxyl) [46]
and manganese (I1I) tetrakis(N-methyl-2-pyridyl)porphyrin (MnTMPyP)
[47] are prototypes of these antioxidant groups, respectively, and both com-
pounds are promising radioprotectors in animals. The identity of molecular
targets first protected by these compounds has not been established, however,
although proteins would appear to rank high on a list of possible candidates.

Radiotherapy is used commonly to treat humans with head and neck can-
cers. For such patients, the scalp and salivary glands in the radiation field
are affected dramatically by this procedure [46,48]. Tempol recently has
been shown to confer protection against radiation. In humans, for example,
dramatic protection against IR-induced alopecia occurs when patients apply
topical Tempol to the scalp during and after whole brain radiation therapies
[48]. A phase II study that uses a gel formulation to increase the exposure of
scalp to Tempol has begun [48]. In mice, oral treatments of the mouth or
intravenous delivery of Tempol during irradiation also provided significant
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radioprotection, preventing salivary hypofunction and other side effects of
the oral cavities. Both studies strongly suggest that Tempol is a promising
candidate for clinical applications in patients undergoing radiotherapies. Be-
cause ROS also appear to be mediators of apoptosis in mammalian cells
[14], compounds that modulate the fate of ROS may serve as radioprotec-
tors. For example, Mn-Sod exists exclusively in the mitochondria, which
are the dominant sites of ROS generation in normal cells. In this context,
a recent study concluded that MnTMPyP might be useful in regulating ap-
optosis induced by IR, presumably through scavenging ROS [47]. Unfortu-
nately, these studies have not yet addressed comprehensively the underlying
mechanisms of protection, and an important concern regarding such poten-
tial treatments remains; a radioprotective agent administered during therapy
could result in tumor radioprotection.

Summary

There is an enormous divide separating the IR resistances of bacteria
such as D radiodurans and the IR sensitivities of mammalian cells. Bringing
together radiation biologists from both sides, including representatives of
their respective funding agencies, could help bridge a chasm between these
groups and benefit development of novel strategies for the prevention and
treatment of radiation injury. This article presents a new view of IR resis-
tance emerging for bacteria that have high Mn and low Fe contents
(Fig. 1), and considers how bacterial intracellular Mn redox cycling [31]
might be induced by IR, thereby limiting the number of intracellular reac-
tions involving ROS during irradiation. This could occur first by scavenging
0,°", which likely is generated rapidly at high levels in cells exposed to IR
even in the absence of atmospheric O,, and second by preserving H,O,,
which could diffuse out of cells and limit intracellular Fenton-type chemis-
try. Proteins appear to be the first major targets of IR [12] and might be pro-
tected by Mn redox cycling. If O,®*~ is a major protagonist in mammalian
IR-induced toxicity also, this could explain why the O, scavengers Tem-
pol [46,48] and MnTMPyP [47] are effective radioprotectors. In this context,
the high levels of Mn(II) accumulated in mitochondria [43] might exacerbate
IR sensitivities of mammalian cells. Unlike free-living Mn-accumulating
bacteria, mitochondria engaged in IR-induced Mn redox cycling might re-
lease H,O, or related membrane-permeable ROS into their hosts (Fig. 2).
Collectively, the views expressed here might justify further research, includ-
ing: (1) identifying approaches that inhibit IR-induced Mn redox cycling
and their potentially sensitizing effects on bacterial IR resistance. Such
knowledge might be applied to IR-based sterilization of highly IR-resistant
Mn-dependent bacteria, such as Baccilus anthracis [49], or future potential
threats, such as genetically engineered pathogens based on D radiodurans
[50]. The possibility also exists of modulating Mn and Fe homeostasis as
a mechanism to increase the resistance of potentially useful bacteria for
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bioremediation of extremely toxic radioactive waste sites, of which there are
many thousands left over from the Cold War [3,50]; and (2) developing pro-
tocols to modulate mitochondrial respiration and Mn redox cycling as a
possible treatment to control the IR resistance of mammalian cells. In sum-
mary, the possibility that DNA is not the first major class of molecules dam-
aged by IR warrants careful investigation, especially because it may come to
affect estimates of risk, models of IR-induced toxicity, approaches to mod-
ulating IR resistance, and the identification of new targets to control recov-
ery from IR injury [9,14]. Such research is critical to mounting an effective
response to radiological nuclear terrorism.
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