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Abstract. Understanding essential metalloelement metabolism and its role in tissue
maintenance and function, as well as the roles of essential metalloelement-dependent
enzymes in responding to injury, offer a new approach to decreasing and/or treating
radiation injury. This review presents the roles of some essential metalioelement-
dependent enzymes in tissue maintenance and function, and their responses to radi-
ation injury in accounting for radiation protection and recovery effects observed for
nontoxic doses of essential metalloelement compounds. Effects of biochemicals in-
cluding water undergoing bond radiolysis and the effects of free radicals derived from
diatomic oxygen account for the acute and chronic aspects of radiation injury. Rec-
ognized biochemical roles of essential metalloelement-dependent enzymes and the
observed pharmacological effects of small-molecular mass chelates predict the ther-
apeutic usefuiness of essential metalloelement complexes in decreasing and/or treat-
ment of radiation injury. Copper chelates have radiation protection and radiation re-
covery activities and cause rapid recovery of immunocompetency and recovery from
radiation-induced histopathology. Mice treated with Cu(ll),(3,5-diisopropyisalicy-
late), [Cu (I1),(3,5-DIPS),] had increased survival and corresponding increases in num-
bers of myeloid and multipotential progenitor cells early after irradiation and earlier
recovery of immune reactivity. Examination of radiation-induced histopathology in
spleen, bone marrow, thymus, and small intestine also revealed Cu(ll),(3,5-DIPS),-me-
diated rapid recovery of radiation-induced histopathology. Most recently, Fe, Mn, and
Zn complexes have also been found to prevent death in lethally irradiated mice. These
pharmacological effects of essential metalloelement chelates can be understood as
due to facilitation of de novo synthesis of essential metalloelement-dependent en-
zymes which have roles in preventing the accumulation of pathological concentra-
tions of oxygen radicals or repairing biochemical damage caused by radiation-
induced bond homolysis. Essential metalloelement chelates offer a physiological ap-
proach to prevention and/or treatment of radiation injury. [P.S.E.B.M. 1995, Vol 210]

Essentiality of Cu, Fe, Mn, and Zn, and Their
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are required to obtain them. Amounts of Cu, Fe, Mn,
and Zn found in adult body tissues and fluids (1, 2)
correlate with the number and kind of metabolic pro-
cesses requiring them. However, there may be an ag-
ing-related decrease in tissues due to inadequate di-
etary intake and absorption.

Ionic forms of these metalloelements have partic-
ularly high affinities for organic ligands found in bio-
logical systems and rapidly undergo bonding interac-
tions to form complexes or chelates in biological sys-
tems. Calculated amounts of ionic Cu (107 '® M), Fe
(10™2 M), Mn (10~ '?> M), and Zn (10~° M) in plasma
(3) are extremely small and not measurable with any
existing equipment and they are likely to be still
smaller in solid tissues which contain many more
bonding sites. Consequently, measured tissue Cu, Fe,
Mn, and Zn contents reflect tissue contents of che-
lates, which are primarily metalloelement-dependent
enzymes (Table I); proteins such as hemoglobin, fer-
ritin, metallothioneines, B,-macroglobulins, transfer-
rin, transmanganin, and transcuprein; RNA and DNA
chelates; small molecular mass amino acid, carboxylic
acid, phosphate amine, diamine, and thiol chelates;
and various small molecular mass peptide chelates
(4). To study effects of essential metalloelements in a
biological system, it is most inappropriate to use ionic
forms and most appropriate to use relevant chelates,
which have particularly important roles in mediating
biochemical repair of radiation damage.

Essential Metalloelement Metabolism

Ingested foods and beverages contain these essen-
tial metalloelements in chelated forms that may vield
other chelates as a result of ligand exchange in the
digest or following absorption (4). However, some of
the absorbed chelates may exist in the digest and in
blood as the original chelate or a more stable ternary
chelate. Absorbed metalloelement chelates undergo
systemic circulation to all tissues and utilization by all
cells following ligand exchange with small molecular
mass ligands, apoproteins, and apoenzymes to form
metalloproteins and metalloenzymes in de novo syn-
theses. These metalloelements are stored in the appro-
priate tissues as metallothioneins (MTs) or Fe-ferritin,
or they are excreted in the event tissue needs have
been met and stores replenished (4). There are no in-
ducible excessive storage diseases known in normal
individuals. However, there must be upper limits dic-
tated by physiological requirements.

Stored essential metalloelements are released as
chelates via ligand exchange to meet normal metabolic
needs. This homeostatic release of relatively small
amounts of essential metalloclement chelates meets
normal physiologic requirements. Release of larger
quantities in a pronounced mobilization of these met-
alloelements is a feature of interleukin-1 (IL-1)-
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mediated acute and chronic responses to many disease
states (4 and cited references).

It is likely that the magnitude of these responses is
adequate in normal, well-nourished individuals and al-
low them to overcome their disease. However, it is
now generally recognized that dietary intakes of Cu,
Fe, Zn (23, 24), and most likely Mn are less than the
recommended daily intakes for the U.S. population
and may be no better for individuals living in other
developed countries. Individuals who have depleted
stores of these essential metalloelements, such as can-
cer patients, may overcome radiation-induced pathol-
ogy more slowly or not at all. The degree of radiation
injury and the nutritional state of health of an individ-
ual may determine whether or not an individual will be
able to overcome metalloelement-dependent repair-
able radiation damage. Treatment with essential met-
alloelement chelates either before and/or after radia-
tion injury may support these essential metalloele-
ment-dependent responses and facilitate recovery
regardless of the state of nutriture.

Chemical Consequences of Ionizing Radiation

Since water represents 70% of the chemical com-
position of the adult body (90% of the infant body), its
chemical transformation by ionizing radiation merits
serious consideration. Ionizing radiolysis of water is
well understood as producing very reactive aquated
electrons, hydrogen atoms, hydroxyl radicals, hydro-
gen peroxide, and protonated water, as well as super-
oxide (O, 7) and hydroperoxyl radical in the presence
of oxygen. Hydroperoxyl radicals, hydroxyl radicals,
hydrogen atoms, and aquated electrons have very short
half-lives of the order of milliseconds and conse-
quently react rapidly with cellular components in re-
duction, oxidation, initiation, insertion, propagation,
and addition reactions causing loss of function and the
need for biochemical replacement and/or repair. Ion-
izing radiation can also impart sufficient energy to all
biochemicals to cause homolytic bond breaking and
produce all conceivable organic radicals in considering
C-C, C-N, C-0, C-H, P-0, S-0O, etc. bond homolysis.
These radicals will undergo the above listed radical
reactions to cause further destruction and the need for
replacement and/or repair. A third consequence of ion-
izing radiation is homolytic or heterolytic bond break-
ing of coordinate-covalent bonded metalloelements.
These are the weakest bonds in biochemical molecules
and potential sites of greatest damage which may be
most in need of replacement and/or repair since many
repair enzymes are metalloelement-dependent, as are
the copper-dependent cytosolic and extracellular su-
peroxide dismutases (CuSODs).

Recognizing that loss of essential metalloelement-
dependent enzyme activity may at least partially ac-
count for lethality of ionizing radiation and that Cu-,



Table I. Copper-, iron-, Manganese-, and Zinc-Dependent mammalian Enzymes

Function

Copper-dependent enzymes (4-9)
Cytochrome ¢ oxidase
Extracellular and cytosolic Cu-dependent and
Zn-modulated Superoxide Dismutases (Cu,Zn,SOD)
Tyrosinase
Dopamine-B-mono-oxygenase
Neurocuprein
Amine oxidases
Factor V
Ceruloplasmin
a-Amidating mono-oxygenases

Procollagen and proelastin peptidyllysyl oxidases
Other possible copper-dependent enzymes (10-14)

Adenylate cyclase

Guanylate cyclase

Lipolytic protein

ACE1 and CUP2
Iron-dependent enzymes (5)

Electron Transport cytochromes, including cytochrome ¢

oxidase

Catalase

P-450s

Lipoxygenase

Cyclo-oxygenase

Xanthine oxidase

Peptidylprolyl and peptidyllysyl oxidases
Manganese-dependent enzymes (5, 15-20)

Mn-dependent superoxide dismutase

Arginase

Pyruvate carboxylase

Pseudocatalase

Calmodulin-dependent protein phosphatase

a-lsopropylmalate synthetase

A brain adenylate cyclase

Catechol-O-methyltransferase

Farnesyl pyrophosphate synthetase

Glycosyl synthetase

Extradioi-cleaving dioxygenase

A ganglioside galactosyl-transferase

Saccharide polymerases

Glycosyltransferases

A galactosylhydroxylysyl connective glucosyltransferase

Zinc-dependent enzymes (5, 21, 22)
Cu,Zn,SOD
Aminopeptidase
Aldehyde hydrase
Esterase
Methylmalonyl-oxaloacetate transcarboxylase
Carboxypeptidases A and B
NAD-dependent dehydrogenases
Carbonic anhydrase
a-Hydroxyacid dehydrogenase
Alkaline phosphatase
Purine and pyrimidine nucleoside kinases
DNA polymerase and gyrase
“Zinc-finger” proteins

Reduction of oxygen
Superoxide disproportionation

Synthesis of dihydroxyphenylalanine

Synthesis of norepinephrine and epinephrine

Synthesis of norepinephrine and epinephrine

Metabolism of primary amines

Blood clotting

Cu transport, mobilization of stored Fe, and angiogenesis

Synthesis of neuroendocrine hormones including: gastrin,
choleocystokinin, melanocyte stimulating hormone,
calcitonin, vasopressin, secretin, and some enkephalins

Collagen and elastin cross-linking

Synthesis of c-AMP

Synthesis of c-GMP

Lipolysis

Metallothioneine gene transcription regulatory proteins

Oxidation-Reduction

Disproportionation of hydrogen peroxide

Activation of oxygen

Conversion of arachidonic acid to 5-HPETE and 5-HETE
Conversion of arachidonic acid to PGG,

Purine metabolism

Hydroxylation of procollagen and proelastin

Disproportionation of superoxide

Syntheses of urea and ornithine

Synthesis of oxaloacetate

Disproportionation of H,0,

Phosphate ester hydrolysis

Synthesis of a-isopropylmalate

Synthesis of c-AMP

Synthesis of catechol methyl ether

Synthesis of farnesyl pyrophosphate

Synthesis of glycosyl-phosphonucleotides

Insertion of dioxygen

Galactose transfer

Synthesis of polymeric carbohydrates

Synthesis of glycosides

Glycosaminoglycan and glycoprotein tissue component
syntheses

Disproportionation of superoxide
Protein hydrolysis

Aldehyde hydration

Ester hydrolysis
Transcarboxylation

Protein hydrolysis

Oxidations

Dehydration of carbonic acid
Oxidation of a-hydroxy acids
Phosphorylation
Phosphorylation of nucleosides
DNA synthesis

Transcription regulating proteins

Fe-, Mn-, and Zn-dependent enzymes have roles in
protecting against accumulation of O, as well as fa-
cilitating repair (25) may explain the radiation protec-
tion and radiation recovery activities of Cu, Fe, Mn,
and Zn compounds. It is suggested that the IL-1-
mediated redistributions of essential metalloelements

have a general role in responding to radiation injury.
These redistributions may also account for subsequent
de novo synthesis of metalloelement-dependent en-
zymes required for biochemical repair and replace-
ment of cellular and extracellular components needed
for recovery from radiolytic damage.
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De novo syntheses of metalloelement-dependent
enzymes required for utilization of oxygen and preven-
tion of O, accumulation as well as tissue repair pro-
cesses including metalloelement-dependent DNA and
RNA repair are key to the hypothesis that essential
metalloelement chelates decrease and/or facilitate re-
covery from radiation-induced pathology. A widely
held understanding is that O,~ accumulation due to
the lack of normal concentrations of CuSODs, reduc-
tion of O, leading to relatively large steady-state con-
centrations of O, , or inappropriate release of O,~
from oxygen-activating centers lead to the formation
of much more reactive oxygen radicals. These more
reactive oxygen radicals include: singlet oxygen and
hydrogen peroxide produced as a result of acid-
dependent self disproportionation or water-catalized
disproportionation of O, ", hydroxyl radical, and hy-
droperoxyl radical (26, 27). Facilitated syntheses of
CuSODs and catalase, and prevention of the formation
of these oxygen radicals may account for some of the
recovery from pathological changes associated with
irradiation.

Radiation Protection and Recovery with Essential
Metalloelement Chelates

There is a rich history of the limited use of essen-
tial metalloelements as radioprotective agents for
which we are indebted to those who persisted in pur-
suing this area of research (28-29). Unfortunately, re-
sults of earlier studies could not be explained in terms
of what was then known about essential metalloele-
ment metabolism. Now, these results can be explained
on the basis of roles of essential metalloelement-
dependent enzymes in preventing the accumulation of
toxic metabolic products, facilitating biochemical, cel-
lular, and tissue repair in facilitating recovery from
radiation injury.

Radiation Protection and Recovery with
Copper Compounds

The SOD-mimetic and lipophilic complex,
Cu(II),(3,5-diisopropylsalicylate), [Cu(1I),(3,5-
DIPS),], was originally found to produce 58% survival
in LD, y-irradiated (10 Gy, 0.4 Gy/min) mice (30),
when Cu(II),(3,5-DIPS), was given subcutaneously
(sc) at a dose of 80 wmol/kg of body mass 24 hr before
irradiation (31). These results have been extended by
Steel et al. (32) with the report that 25 or 50 wmol/kg
Cu(II),(3,5-DIPS), given sc are effective in increasing
survival of LD,g,,-irradiated mice.

It was subsequently determined that a 20 p.mol/kg
dose of Cu(Il),(3,5-DIPS), was as effective as 80 wmol/
kg when it was given sc 3 hr before an LDs,;y irradi-
ation (8 Gy, 1.55 Gy/min) producing 92% or 80% sur-
vival in male or female mice, respectively (33). Sub-
cutaneous treatment with much smaller doses of 2.5 or
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5.0 pmol/kg 3 hr after irradiation increased survival
from 48% for vehicle-treated mice to 88% or 92%, re-
spectively. These results have been confirmed and ex-
tended by Suriyachan et al. (34) with the report that
Cu(l1l),(3,5-DIPS), given intraperitoneally (ip) at a
dose of 10 wmol/kg either before or after irradiation (8
Gy, 0.51 Gy/min) produced 60% or 75% survival, re-
spectively, in male rats versus 40% for vehicle-treated
rats. Male mice treated orally with 25 or 50 pwmol/kg
either 24 or 4 hr before irradiation had increased sur-
vivals of 75% or 95%, respectively, compared with
50% survival for the vehicle-treated group (33, 35). All
doses of Cu(11),(3,5-DIPS), used in these studies were
nontoxic and ranged from ¥s to Vioo of acutely toxic
dose for male or female mice (33).

It is of special interest to note that the LD, for
Cu(1I),(3,5-DIPS), in female mice and rats, 261 + 36
pmol/kg, is much higher than male mice and rats, 91 =
13 pmol/kg (32-34). It is now known that acutely lethal
doses of Cu(Il),(3,5-DIPS), produce marked central
nervous system (CNS) depression resulting in loss of
parasympathetic regulation of cardiac and pulmonary
function (35). Smailer doses produce short duration
hypnotic or sedative effects (35). Limited available
data for Cu(ll),(3,5-DIPS), suggest that it may pro-
duce a sedative-hypnotic effect at about 30 pmol/kg
(33, 35). Since hypnotics have some radioprotectant
activity (28, 36) the hypoxia associated with hypnotic
activity of Cu chelates may have some mechanistic
implications concerning their radioprotectant applica-
tion. A report that both Cu(ll),(3,5-DIPS), and Cu(l-
I)Cl , produced kidney damage, ‘‘Cu-toxicosis’’, fol-
lowing a single sc injection of large lethal doses (32)
was not substantiated with data for Cu(11),(3,5-DIPS),
treatment, nor was it supported by the published lit-
erature for Cu(IICl, treatment (37, 38), and this tox-
icity was not observed when 25 pmol Cu(Il),(3,5-
DIPS),/kg was given sc twice daily for up to 2.5
months (39).

Cu(11),(3,5-DIPS), did not prevent hematopoietic
and immunologic damage to irradiated mice, since
98%-99% of myeloid progenitor cells were destroyed
and immune reactivity was ablated (40—42). However,
Cu(11),(3,5-DIPS), did accelerate the repopulating of
bone marrow and spleen following irradiation. This
was demonstrated as increased cellularity and the ear-
lier recovery of myeloid progenitor cells responding to
interleukin-3 or granulocyte-macrophage colony-
stimulating factor (41, 42). The recovery of hemato-
poietic activity was accelerated whether mice were
treated with the copper compound 3 hr before or 3 hr
after irradiation. Mice treated with Cu(1l),(3,5-DIPS),
had increased levels of the multipotential progenitor
cells, endogenous CFU-S. Multipotential progenitor
cells can generate both myeloid and lymphoid progen-
itor cells. Consistent with this, mice treated with this



compound recovered responses to T- and B-cell mito-
gens earlier than control irradiated mice and generated
uniformly better antibody responses to a T-dependent
antigen (40). Cu(ll),(3,5-DIPS), may act by inducing
the generation of hematopietic cells, since it increases
the number of myeloid progenitor cells in the spleen of
nonirradiated mice (43).

The question still remained as to whether or not
there was any correlation between these observations
and recovery of radiation-induced tissue damage. His-
topathological studies of spleen, bone marrow, thy-
mus, and small intestine were conducted in parallel
with immunological studies of animals exposed to
LDsy,, irradiation (8.0 Gy, 1.55 Gy/min) alone, 40
pmol/kg Cu(Il),(3,5-DIPS), alone, irradiation and a
single dose of vehicle or Cu(Il),(3,5-DIPS), treatment.
The protective effects of Cu(ll),(3,5-DIPS), treatment
against irradiation-induced histopathology were appar-
ent in these tissues. These effects can be best exem-
plified by changes that occurred in the spleen. Twenty-
four hr after irradiation, total disintegration of splenic
follicles (white pulp) and total depletion of lympho-
cytes were observed in animals unprotected by
Cu(ID),(3,5-DIPS), (Fig. 1, A and B). Severe atrophy
and fibrosis of this organ was observed on the 7th (Fig.
2) and 14th (Fig. 3) day, respectively, after irradiation.
Both reduction of tissue damage and enhancement of
tissue recovery were evident in animals treated with
Cu(ID),(3,5-DIPS),. While there were still signs of
splenic follicle disintegration 24 hr after irradiation,
many lymphocytes in these follicles were preserved
(Fig. 4). Signs of recovery were also demonstratable
by the 7th day after irradiation in Cu(Il),(3,5-DIPS),-
treated mice. A definitive recovery in splenic size and
a gradual increase in splenic cellularity was evident by
the 14th day after irradiation (Fig. 5).

Similar reductions in tissue damage and enhance-
ment of tissue repair were observed in bone marrow,
thymus, and intestine from animals treated with
Cu(II),(3,5-DIPS),. These observations lead to the
general conclusion that although Cu(Il),(3,5-DIPS),
does not prevent tissue injury when it is given before
irradiation, it facilitates rapid recovery from radiation-
induced injuries. These recoveries from radiation-
induced histopathology offer a biological marker for
the re-establishment of the integrity of those tissues
that are known to be most vulnerable to irradiation.
It also serves as a basis for the increase in survival
and recovery of immunological function following
Cu(ID),(3,5-DIPS), treatment.

Cu(I),(3,5-DIPS), has also been observed to in-
hibit radiation-induced carcinogenesis as a result of its
anticlastogenic effect in C3H 10 T 1/2 cells (44). This
anticlastogenic effect may, in part, be attributed to
suppression of DNA replication as a result of blockade
of cell growth in the S phase as observed in CHO cells

cellalrity forming lymphocytic aggregates (follicles) in the
spleen. x400. (B) Spleen from vehicle-treated mouse 24 h after
irradiation. Note total depletion of lymphocyte in the follicle (F)
x400.

Figure 2. Spleen, from vehicle-treated mouse 7 days after irra-
diation. Note persistent severe atrophy of the organ. x400.

treated with Cu(II)SO, (45). An earlier suggestion that
Cu(II)SO, was clastogenic in mouse bone marrow cell
experiments was refuted by Tinwell and Ashby (46),
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Figure 3. Spleen, from vehicle-treated mouse, 14 days after ir-
radiation. The atrophied spleen also appeared to be fibrotic.
X 400.

Figure 4. Spleen from Cu(ll)»(3,5-DIPS),-treated mouse 24 h af-
ter irradiation. While dispersion of the follicle (F) and reduction
of cellularity were seen, many lymphocytes were still preserved.
x400.

who demonstrated that Cu(II)SO,, which yields Cu
chelates in in vitro and in vivo, was not clastogenic in
two mouse bone marrow assays. These effects are
consistent with the report that mice treated with 3
mmol Cu(Il)(glycinate),/kg 15 min before irradiation
with a clastogenic dose of irradiation (4.5 Gy, 0.88
Gy/min) rapidly recovered from bone marrow cell
damage and recovery was associated with repair of
DNA damage (47). Prevention or repair of DNA strand
breaks by Cu(ll),(indomethacinate), in phorbol
treated human leukocytes represents additional evi-
dence supporting a Cu-dependent mechanism for pre-
vention or repair of DNA damage (48).

Steel et al. (32) found that 24 to 48 wmol/kg doses
of Cu(1l),(3,5-DIPS), and 49 to 96 pmol/kg doses of
Cu(I)Cl, given sc 24 hr prior to irradiation were ra-
dioprotective in mice irradiated with 10 Gy (0.4 Gy/
min), however, doses of 133 to 901 pmol/kg 3,5-DIPS
acid produced no radiation protection, which has since
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Figure 5. Spleen from Cu(ll), (3,5-DIPS),-treated mouse 14 days
after irradiation. The spleen returned to full size and many fol-
licles (F) were reforming. x<400.

been confirmed (35). In contrast, treatment with 10 or
20 pmol Cu(1I),(3,5-DIPS), after LDsy,, irradiation re-
vealed that Cu(Il),(3,5-DIPS), was more effective that
Cu(I)Cl,. These two doses of Cu(II)Cl, only increased
survival 20% or 29% above vehicle-treated control fe-
male mice (56% survival), while the two copper equiv-
alent doses of Cu(lI),(3,5-DIPS), increased survival
75% or 88% above vehicle-treated control mice (32%
survival) (unpublished). It is most likely that Cu che-
lates formed in vivo following the administration of
Cu(II)Cl, ultimately account for its radioprotectant ef-
fects. However, use of chelates avoids the irritation
caused by the injection of Cu(I)Cl, or Cu(II)SO,,
which are strong Lewis acids. Copper chelates are less
acutely toxic than these inorganic forms of Cu and the
use of chelates also enables tissue targeting with re-
gard to essential metalloelement distribution.

Immunological properties of the 3-morpholine-2-
hydroxypropyl ether of dextran (49) led to the discov-
ery of superior immunostimulant properties of the Cu
chelate of the 3-mercapto-2-hydroxypropyl ether of
dextran (50), which afforded nearly 100% survival of
mice infected with Shegella sonnei dysentery bacilli
(51), attenuated tumor growth and increased survival
of sarcoma 180 implanted mice, suppressed spontane-
ous leukemia and prolonged survival of AKR-mice
(52), and had some radioprotectant activity in 6 Gy—
irradiated 129 Ao/Boy female mice (53).

It is of special interest that the report by Matsub-
ara et al. (54) contains two footnotes, one reporting
results of a preliminary radioprotection study using
Cu(I)SO, and one reporting Cu(I)SO, induction of
metallothioneine (MT). An 8 pmol/kg dose of Cu(l-
1)SO, given sc to male mice irradiated with 5.5 Gy
produced 50% survival versus 37% survival for control
mice, which was correlated with an increase in liver
MT synthesis. Induction of MT synthesis may provide



a reservoir of Cu for systemic responses enabling in-
creased survival. Its presence in cells may also offer
local protection of cytosolic enzymes by removing
aquated electrons and oxygen radicals. The presence
of Cu also offers an accounting for the observation that
enzymatic activity, penicillinase, persisted in irradiated
solutions (55).

A dose of 3992 pmol/kg WR-2721 [S-2-(3-
aminopropylamino)ethylphosphorothioic acid] given
ip to male mice produced 97% mortality, while this
same dose of WR-2721 plus a 5 wmol/kg dose of
Cu(II)SO, given ip 3 hr before the injection of WR-
2721 decreased lethality to 10% (56). However, the
same dose of Cu(II)SO, given 24 hr before treatment
only decreased lethality to 30%. When this 3922 mol/
kg dose of WR-2721 was mixed with the 5 wmol/kg
dose of Cu(I})SO,, mortality was again 90%. This ob-
servation is consistent with the possibility that all
of the Cu was lost as a result of the formation of
Cu(IDsulfide or Cu(Il);(PO,),, which formed in our
experience when Cu(Il) salts and WR-2721 are mixed.

The 5 pmol/kg dose of Cu(II)SO, given ip 2 hr before
- a 2713 pmol/kg dose of WR-2721 given orally 1 hr
before irradiation (14 Gy, 1 Gy/min) increased survival
from 15% with WR-2721 treatment alone, to 34%.
When this dose of Cu(II)SO, was given 3 hr before
irradiation and a 775 wmol/kg dose of WR-2721 given
0.5 hr before irradiation, survival was increased from
38% to 85%. These results support the combination
treatment approach to radiation protection designed to
overcome toxicities of existing radioprotectants and
improve their radioprotective efficacy, as had been
originally suggested by Doherty (57), and reduce tu-
mor protection of existing radioprotectants (56). Treat-
ment ip with a physical mixture of 775 wmol/kg WR-
2721/kg and 5 pmol/kg Cu(ISO, produced marked
increases in survival of 14 or 15 Gy-irradiated mice.
While formation of Cu(Il) sulfide or Cu(Il);(PO,), in
this mixture may have resulted in loss of protection
with regard to lethality of WR-2721, Cu(II)sulfide or
Cu(II);(PO,), may still have had a beneficial effect
with regard to radiation protection by facilitating de
novo syntheses of Cu-dependent enzymes.

Cu(II),(3,5-DIPS), was originally examined for ra-
dioprotectant activity based upon reports that
Cu,Zn,SOD had radioprotectant activity (58). How-
ever, two recent reports suggest that superoxide dis-
proportionation by Cu,Zn,SOD does not account for
its radioprotectant activity. Inactivated polyethylene-
glycol derivatized Cu,Zn,SOD was as effective as the
enzymatically active derivative (59). This result and
the possibility that these proteins are in fact antigenic
(60), although reduced antigenicity is always claimed,
may lead to phagocyte elaborated IL-1 and/or some
other cytokine that initiates immune and repair re-
sponses that account for increased survival. Another

report by Scott et al. (61) demonstrated that increased
radiation sensitivity of three Escherichia coli clones
was related to increased FeSOD activity. However,
radiation sensitivity in these clones may actually be
due to O,  produced and allowed to accumulate in
these clones following radiation-induced loss of Fe
from this Fe-dependent enzyme and production of in-
active apoenzyme. If differing concentrations of Fe-
SOD in these clones is due to relative need to remove
0O, produced under normal metabolic conditions,
then more O, is produced by the clone having the
highest concentration of FeSOD and this clone is most
labile to radiation-induced death with radiolysis of the
coordinate-covalent bonded Fe in this enzyme.

The hypothesis that there is radiolytic loss of an
essential metalloelement cofactor has merit and ac-
counts for the 20% loss of both Cu-dependent and Mn-
dependent SODs in intestinal smooth muscle of rats
immediately (1 hr) following irradiation (15 Gy) (62).
Activities of both enzymes increased over a 20-hr pe-
riod to a level 45% higher than normal with a further
increase in Mn SOD by 72 hr accounting for the further
increase in total SOD activity, a likely result of de
novo synthesis in response to injury.

Another possible mechanistic accounting for the
radioprotectant/radiorecovery activity of Cu chelates
involves Cu-dependent nuclear metabolism (63). It is
known that 20% of cellular Cu is found in the nucleus.
Copper has the highest bonding affinity for nucleic ac-
ids of all of the essential metalloelements. Nucleic acid
phosphate and base donor sites yield Cu chelates that
are much more stable than Cu chelates of most amino
acids and near the stability of protein chelates. This
stability has been used to support suggestions of in-
trastrand and interstrand DNA bridging, which was
recognized early as having a role in stabilization of the
Watson-Crick double helix. Higher physiologic con-
centrations account for inhibition of ribonuclease syn-
theses: initiation, nucleotide condensations, and re-

“lease of newly formed mRNA. However, the original

observation that injection of Cu(II)Cl, into rats in-
duced the synthesis of mRNA coding for the synthesis
of MT has been explained as due to the formation of a
Cu-dependent DNA binding protein ACE1 or CUP2,
the protein products of S. cerevisiae (ACEI) and E.
coli (CUP2) genes, which recognize upstream activa-
tion sequences required for active transcription of
CUPI, a yeast MT gene (64-67). Since radiation injury
and injection of Cu chelates induce MT synthesis and
increased MT synthesis correlates with increased sur-
vival, Cu-dependent transcription and translation are
important nuclear responses in overcoming radiation
injury.

Spassky and Sigman (68) recognized nuclease-
mimetic activity for the Cu(I)(o-phenanthroline), che-
late as a valuable footprinting reagent useful in reveal-
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ing details of RNA polymerase bonding to the lac pro-
moter. Predictable chromatin DNA cleavage by this
chelate due to preferential bonding of the chelate to
DNA spacer segments was also suggested to be a use-
ful characterizing feature (69). Interpretations that
these and other DNA strand scissions resulting from
Cu(I) chelates are damaging (70, 71) without recogniz-
ing that these scissions may be due to expected Cu
chelate (72) or other essential metalloelement chelate
(73) catalyzed diphosphate ester hydrolyses, which
may be viewed as endonuclease- (or exonuclease-) mi-
metic activity merit reconsideration.

Two genes, SoxR and SoxS, are involved in acti-
vating thesoxR regulon gene (74-77). The predicted
SoxR and SoxS proteins may constitute a novel two-
compartment regulatory system in which these two
proteins act sequentially to activate transcription of
various regulon genes including soxR in response to
O, stress. Two soxR regulon proteins, endonuclease
IV (E. coli) and Apnl (S. cerevisiae), have recently
been suggested to be metalloelement-dependent endo-
nucleases (78). Both proteins were found to contain
various essential metalloelements including: Cu, Fe,
Mn, and Zn. The order of abundance in endonuclease
IVis: Zn > Mn > Cu > Fe and in Apnl it is: Zn > Fe
> Mn > Cu. Both proteins are active in removal of
base or sugar damaged nucleotides, the penultimate
steps in repair of damaged DNA.

Radiation Protection with Iron Compounds

Since radiolytic loss of Fe from Fe-dependent en-
zymes is also a possible consequence of ionizing radi-
ation, the 3,5-diisopropylsalicylate chelate of Fe,
Fe(11I)-(3,5-DIPS);, was examined for radioprotectant
activity (33, 35). Doses ranging from 0 to 280 umol/kg
produced 50% to 84% survival in LDy -irradiated (8
Gy, 1.55 Gy/min) male mice. Treatment with 35, 70, or
140 pmol Fe(I1I)-(3,5-DIPS); before a LDy, irradi-
ation revealed that only the 35 pmol/kg dose increased
survival, 300% above vehicle-treated control mice (8%
survival). Treatment with doses of 17.5, 35, or 70 pnmol
Fe(I11)-(3,5-DIPS), after an LD, irradiation failed
to increase survival above vehicle-treated control mice
(unpublished). Effective doses of Fe(11I)-(3,5-DIPS),
were less than 1/4 of the acutely toxic dose for male
mice, 1173 + 213 pmol/kg (33). Acute toxicity of this
complex was also due to CNS depression with a sed-
ative-hypnotic dose of 407 wmol/kg (35). The ICs, for
Fe(111)-(3,5-DIPS), as an SOD-mimetic was found to
be >650 wM at pH 7.8 in 50 mM phosphate buffer
using the xanthine/xanthine oxidase cytochrome C
system (unpublished observation). It is known that
Fe(Ill) chelates have very weak SOD-mimetic activity
with rates four orders of magnitude slower than the
corresponding Cu chelate as in the case of Cu(Il) and
Fe(III)-picolinates (79). Since it is unlikely that dispro-
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portionation of O, accounts for the radioprotectant
activity of this chelate, catalase-mimetic activity and
facilitated syntheses of Fe-dependent enzymes re-
quired for tissue or cellular repair processes, including
DNA repair, (74), and perhaps gene-regulating pro-
teins may ultimately account for its mechanism of ac-
tion as a radioprotectant or radiorecovery agent.

Radiation Protection with
Manganese Compounds

Subcutaneous injection of 182 wmol Mn(1I)Cl,/kg
in saline 24 hr prior to 6.3 Gy (0.7 Gy/min) irradiation
produced 94% survival (54). These mice gained body
mass throughout the 30-day period of these experi-
ments, while the saline-treated control mice lost con-
siderable body mass during the first 21 days of the
postirradiation period. This dose of Mn(II)Cl, pro-
duced 87%, 72%, 75%, or 0% survivals as the total
dose of irradiation was increased from 6.7 to 7.2, 7.6,
or 8.1 Gy. This dose also increased liver MT synthesis
6-fold above nontreated and nonirradiated control val-
ues, demonstrating radiation-induced MT synthesis in
association with host radioresistance, consistent with
an earlier report by Shiraishi et al. (80) of radiation-
induced MT synthesis in rat liver. Manganese(II)Cl,
treatment was also reported to prevent the 90% de-
crease in leukocytes observed for control mice with
6.3 Gy irradiation, however, the decrease in leukocyte
count following 8 Gy was not prevented. Mn(I)Cl,-
treated 8 Gy-irradiated mice had leukocyte counts that
were 19% of those found for Mn-treated nonirradiated
mice whereas nontreated irradiated controls had leu-
kocyte counts of only 10% of normal. Leukocyte
counts also recovered more rapidly in Mn-treated mice
than in nontreated irradiated controls.

Administration of 182 wmol Mn(I)Cl, 24 hr before
a 7-Gy irradiation and either 130 to 1000 pmol/kg
2-aminoethylisothiouronium dihydrobromide (AET)
or 200 to 3000 wmol/kg mercaptoethylamine (MEA) 5
min prior to irradiation was approximately twice as
effective as treatment with AET or MEA alone (81).

A dose of 55 pmol Mn(I1I),(I1}(O)(3,5-DIPS)¢/kg
given sc to female or male mice 3 hr before the LDs3,
irradiation (8 Gy, 1.55 Gy/min) produced 100% or 96%
survival, respectively (33, 35).

Treatment with doses of 10, 20, or 40 pmol
Mn(I1D),(I1)(0)(3,5-DIPS)¢/kg 3 hr after a LDs, irra-
diation revealed that the 40 pmol/kg dose increased
survival 130% above vehicle-treated control mice sur-
vival (40% survival) (82). Repeating this experiment
using doses of 30, 40, and 50 wmol Mn(I1I),(II)(O)(3,5-
DIPS)q again demonstrated that the 40 wmol/kg dose
was most effective producing a 229% increase in sur-
vival above vehicle-treated control mice (28% sur-
vival) while the 30 and 50 pmol/kg doses produced



200% or 214% increases in survival respectively
(unpublished).

Treatment with 50 pwmol Mn(III),(II)(O)(3,5-
DIPS)¢ before an LD, g3 irradiation and then 10, 20,
or 40 pmol/kg on three successive days after irradia-
tion produced survivals of 28%, 12%, or 16%, respec-
tively (unpublished). These are infinite increases in
survival compared to the vehicle-treated control group
which had no survivors. Treatment with 40, 80, or 160
pmol Mn(IIT),(IN(O)(3,5-DIPS)¢ before a LD,5, ir-
radiation revealed that only the 80 and 160 pmol/kg
doses were effective, producing survivals of 16% or
27%, respectively, with no surviving vehicle-treated
and irradiated control mice (unpublished). Treatment
with doses of 20, 40, or 80 wmol Mn(III),(II)(O)(3,5-
DIPS), after a LDq3 irradiation revealed that only
the 40 pmol/kg dose was effective, increasing survival
333% above the vehicle-treated control mice (12% sur-
vival) (unpublished).

These doses of Mn(111),(II)(O)(3,5-DIPS) are 1/10
to 1/9 the acutely toxic dose of this chelate in male or
female mice respectively (33). Acutely lethal doses of
Mn(I1I),(I1)(O)(3,5-DIPS),, 353 =+ 32 or 421 = 46
pmol/kg for male or female mice, respectively, cause
CNS depression and its sedative-hypnotic dose was
found to be 130 wmol/kg (35).

The ICsy for Mn(I1I),(I1I)(O)(3,5-DIPS), as an
SOD-mimetic is 1.5 pM at pH 7.8 in 50 mM phosphate
buffer using the xanthine/xanthine oxidase nitroblue
tetrazolium system (unpublished observation). Either
SOD-mimetic activity, facilitation of de novo synthesis
of MnSOD, or synthesis of other Mn-dependent en-
zymes would seem to be plausible modes of action for
Mn(I1II),(I1)(O)(3,5-DIPS), in accounting for its radio-
protectant or radiorecovery activity. In this regard, it
is of special interest that Deinococcus radiodurans IR,
a bacterial strain known for its extremely high radia-
tion resistance due to very efficient DNA repair, ac-
cumulates large amounts of Mn, which is required for
the DNA repair enzyme, UV endonuclease B. Addi-
tion of Mn(II)SO, to medium of stationary phase dei-
nococcal cultures unexpectedly caused a reduction in
resistance to UV-and x-irradiation (83). Addition of
2.5 uM of Mn(II)SO, or Mn(II)Cl, resulted in a 9-fold
increase in cell number due to a triggering of at least
three rounds of cell division in cells about to enter the
stationary phase. This increase in cell division did not
occur when these cells were in exponential growth or
death phases. The Mn(II)-induced cell division pro-
duced daughter cells of reduced size, pigmentation,
and radioresistance, however, they had increased ac-
tivity and increased oxygen toxicity defense enzymes,
SOD and catalase. This suggests that these cells are
actively respiring and making more O, as a conse-
quence. Irradiation-induced loss of these protective
enzymes as well as Mn-dependent endonuclease activ-

ity (74) and other as yet unknown Mn-dependent tran-
scription- and translation-regulating proteins could ac-
count for an increase in cell death with concomitant
induced cell division and irradiation.

Radiation Protection with Zinc Compounds

Anticipated mortality was not found for mice
given drinking water containing 1000 pg (15.3 pmol)/
mL Zn as Zn(Il),(acetate),, and irradiated with an
LDsg50 dose of y-radiation (6.53 Gy, 0.92 Gy/min)
(84). %Zn turnover increased in these mice demon-
strating a marked increase in metabolic redistribution.
It was also found that sc injection of 39 or 153 pwmol
Zn(Il),(acetate),/kg given in saline 24 hr before an
LDsg 50 dose of radiation (6.3 Gy, 0.7 Gy/min) pro-
duced 62% or 81% survival, respectively, versus 25%
for control mice given a sc saline injection (54). While
the 39 wmol/kg dose of Zn(Il),(acetate), did not mea-
surably increase liver MT synthesis the 153 pmol/kg
dose increased synthesis 5-fold by 24 hr after injection.
Both doses followed by 6.3 Gy irradiations increased
MT synthesis 4 and 8-fold respectively by 24 hr after
irradiation, consistent with an earlier report of irradi-
ation-induced MT synthesis in rat liver (80).

Subcutaneous injection of 37 wmol of ®Zn(I1)Cl,/
kg 1 and 3 days before irradiation with an LD;q;, dose
of radiation (6.5 Gy) produced 100% survival and in-
jection 1 and 3 hr before 7.7 or 5.5 Gy produced 60%
survival versus 40% survival for noninjected control
mice (85). Treatment with a 5.9 wmol/kg dose of Zn(I-
DCL, given ip 2 hr prior to a 2713 wmol/kg oral dose of
WR-2721, given 1 hr before irradiation (14 Gy, 1 Gy/
min), increased survival from 15% to 56% (56). This
5.9 wmol/kg dose of Zn(II)Cl, given ip 2.5 hr prior to
the 775 pmol/kg dose of WR-2721 given ip 0.5 hr be-
fore irradiation increased survival from 38% to 68%.
Mixtures of WR-2721 and Zn(II)Cl, were also effective
in increasing radioprotectant activity of WR-2721 (56).
Mice irradiated with 14 or 15 Gy (1 Gy/min) and
treated with 775 wmol WR-2721/kg ip had survivals of
50% or 6% respectively. Treatment ip with a physical
mixture of this dose of WR-2721 and 5.9 pmol/kg dose
of Zn(II)Cl, gave survivals of 81% and 31%, respec-
tively, following 14 or 15 Gy irradiations. However, 37
pmol Zn(IN)Cl, injected sc at some unstated time after
a 7.7-Gy iradiation produced only 5% survival. Postir-
radiation treatment with this dose of Zn(II)Cl, was
more toxic than irradiation alone.

Since addition of Zn to culture medium (0.15
wmol/ml) did not protect human melanoma cells
through a radiation dose range of 1.5 to 8.0 Gy (0.85
Gy/min), it was concluded that the protective effect of
Zn was due to the facilitation of some homeostatic
mechanism which was suggested to be induction of
MT synthesis and some undefined cooperative bio-
chemical role in facilitating the glutathione-dependent
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reduction in radiosensitivity of normal cells (86). In
support of this suggestion, it was pointed out that
mouse fibroblasts having high levels of MT were more
radioresistant. It was speculated that MT was either
capable of scavenging O,  or hydroxyl radicals or
it had a role in a glutathione (GSH) sparing mecha-
nism. It was also pointed out that studies of MT gene
regulation identified the involvement of bacterial lipo-
polysaccharide, IL-1, interferon, and other immunos-
timulants with control of MT synthesis in the liver
(54). These observations coupled with the observation
that IL-1 has radioprotectant activity (87) support
the hypothesis that MT synthesis has a role in reduc-
ing radiosensitivity and that induction of MT synthesis
is a physiological response to stress as described for
IL-1 or endotoxin mediated responses to stress (87,
88).

Floersheim and Floersheim were the first to report
the remarkable radioprotectant effects of Zn(II)(D,L-
aspartate), (89). Treatment with doses of 31, 61, 92, or
122 pmol/kg given ip to female mice 10, 30, or 120 min
before irradiation (9, 10, 11, 12, or 13 Gy, 0.3 Gy/min)
revealed that the maximally effective dose was 92
pmol/kg given 30 or 120 min before irradiation. This 92
pmol/kg dose given 10, 30, or 120 min before a 9 Gy
irradiation produced 88%, 80%, or 90% survival, re-
spectively, while treatment before the 12 Gy irradia-
tion produced 3%, 57%, or 35% survival. Treatments
with Zn(II)Cl,, Zn(I1I1)SO,(H,0),, Cu(Il)D,L-
aspartate, or Na aspartate were either less effective or
ineffective. Treatment with Cu,Zn,SOD ip 10 min be-
fore irradiation failed to increased survival.

Zinc(II)(D,L-aspartate), was also found to be
more effective than GSH and cysteine, as effective as
MEA, and slightly less effective than AET. A combi-
nation of 92 pmol Zn(I1)(D,L-aspartate),’kg and 1974
pmol MEA/kg produced 100% survival of 12 Gy irra-
diated mice. The combination of 92 wmol Zn(1I)(aspar-
tate),/’kg and 890 wmol AET/kg produced 100% sur-
vival of 13 Gy irradiated mice. These remarkable re-
sults were subsequently confirmed by Weiss et al.
(90). Increasing doses of either agent and simultaneous
administration decreased survival. Synergistic re-
sponses were only observed for combinations contain-
ing less than the maximally effective dose of each
component. The fact that Zn(I1I)(D,L-aspartate), and
the combination protocols were ineffective when giv-
en after irradiation suggested a protective mechan-
ism. Mechanistically, it was suggested that Zn(Il)
(D,L-aspartate), provided Zn in an advantageous
form which underwent cell membrane translocation
and subsequent formation of Zn(II)-thiol chelates in
vivo.

The LDs, values for Zn(II)(D,L-aspartate),, Zn(I-
DCl,, and Zn(II)SO4(H,0), were found to be 168, 176,
or 164 umol/kg, respectively, following ip administra-
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tion, and the effective dose of Zn(II)(D,L-aspartate),
was only one half of the acutely toxic dose. The ad-
vantage of Zn(II)(aspartate), was suggested to be bet-
ter toleration and longer duration of action, being ef-
fective when given up to 120 min before irradiation
while MEA and AET were ineffective when given at
this time. It was also pointed out that even low doses
of these aminothiols are accompanied by intolerable
side effects in humans. High nontoxic doses of Zn(I-
I)(D,L-aspartate), and aminothiols such as WR-2721,
MEA, and AET were lethal when given in combina-
tion and the nature of this synergistic toxicity, while
unknown, was suggested to be due to CNS depression
resulting in cardiorespiratory failure. It remains to be
determined as to whether or not Zn(II)(D,L-aspar-
tate), will protect neoplastic cells.

Following the earlier observation that Zn(I1)Cl,
enhanced normal tissue radioprotectant activity of
WR-2721, it was found that ip injection of 61 pumol
Zn(IDCly/kg and 1415 pmol WR-2721 decreased tumor
volume 8-fold and there was a 38% increase in tumor
growth delay (91). Tumor protection by WR-2721 was
reversed by this Zn(II)Cl, treatment and evidenced a
therapeutic (anticancer) gain as well as a radiation pro-
tection gain since combination treatment was more ef-
fective than WR-2721 in protecting or enabling repair
of normal tissues.

Treatment with 60 pmol Zn(II),(3,5-DIPS),/kg
produced 95% survival in LDsg5, (8 Gy, 1.55 Gy/min)
irradiated male mice (32, 34). Acute toxicity of this
chelate was also due to CNS depression with a seda-
tive-hypnotic dose of 123 pmol/kg (35). However, the
effective dose of Zn(I1I),(3,5-DIPS), was only 1/6 of the
acute toxic dose 381 = 75 wmol/kg. (33).

Since Zn compounds including Zn(II),(3,5-DIPS),
have no SOD-mimetic activity (92, 93), activation or
synthesis of Cu,Zn,SOD or other Zn-dependent en-
zymes including endonucleases (78) and other known
and suspected Zn-dependent transcription and trans-
lation processes (94, 95) must at least partially account
for their radioprotectant or radiorecovery activity. An-
other partial accounting may be attributed to protec-
tion of spleen and bone marrow stem cells by decreas-
ing DNA replication and blockade in the S growth
phase as observed for CHO cells treated with
Zn(IDCl1,(45).

All of these data support the use of Cu, Fe, Mn,
and Zn chelates as a physiological approach to pre-
venting and/or treating radiation injury (35). Essential
metalloelement chelates offer many advantages, in-
cluding reduced toxicity, both for the study of mech-
anisms by which radiation Kkills cells and for drug de-
velopment (96). Facilitation of de novo syntheses of
antioxidant enzymes and site-directed hydrophilic or
hydrophobic enzyme-mimetic chelates offer ap-
proaches to these ends (97).



Conclusions

Understanding essential metalloelement metabo-
lism and its role in responding to radiation injury as
mediated by immunomodulating cytokines offers a re-
newed and better understood approach to protection
against hematopoietic and gastrointestinal syndromes
and perhaps, cardiovascular and central nervous sys-
tem syndromes. Copper, Fe, Mn, and Zn chelates
have radioprotectant activity based upon results ob-
tained with Cu(I1),(3,5-DIPS),, Cu-(3-mercapto-2-
hydroxypropyl ether of dextran), Cu(II)Cl,, Cu(l-
DSO,; FedlII)(3,5-DIPS);; Mn(1II),(I1)(O)(3,5-DIPS),,
Mn(I)Cl,; and Zn(II),(3,5-DIPS),, Zn(IT)(aspartate),,
Zn(I1),(acetate),, Zn(11)SO,, and Zn(II)CL,. It is note-
worthy that radiation protection with Mn(II)Cl, was
not associated with radiation-induced weight loss dur-
ing the postirradiation period. Multiple treatments, as
observed with Mn(I1I),(I1)(O)(3,5-DIPS), and Zn(I-
I)Cl,, also offer promise with regard to further increas-
ing survival. It is likely that chelates of these essential
metalloelements are more effective as radioprotectant
and radiorecovery agents since they are less toxic than
their inorganic forms and they represent more bio-
available forms of these metalloelements enabling tis-
sue-targeting and site-directed approaches to protec-
tion and recovery. Existing radioprotectant aminothi-
ols may form chelates in vivo, which may account for
their beneficial effects, however, this chelate forma-
tion may result in the removal of metalloelements from
required sites and partially account for the intolerable
toxicities of these aminothiols. Administration of syn-
thesized complexes of them would overcome this
problem. Inorganic forms of these metalloelements
form chelates in vivo, though indiscriminent bonding
which may cause toxicity and require the use of larger
quantities of these metalloelements to compensate for
losses due to the formation of chelates that are not
therapeutically useful.

Essential metalloelement chelates may also be
useful in postirradiation treatment as radiation re-
covery agents with recovery of immunocompetency,
based upon observations with Cu(II),(3,5-DIPS),,
Mn(III),(II)(O)(3,5-DIPS)e, and Zn(II)Cl,. Postirradia-
tion treatment remains to be examined thoroughly
with individual as well as combination treatment using
more than one essential metalloelement (i.e., Cu, Fe,
Mn, Zn, etc. chelates).

Combination treatment with aminothiol radiopro-
tectorants and essential metalloelement chelates is an
established approach to improving radiation protec-
tion based upon results obtained with combinations of
MEA, AET, or WR-2721 and Mn(II)Cl,, Zn(ID)(DL-
aspartate),, Zn(II)Cl,, or Cu(I)SO,, which produce
marked increases in efficacy and reduced toxicity.

Copper complexes including Cu(II),(3,5-DIPS),

have anticancer activity in animal models of solid tu-
mor growth. These chelates have anticarcinogenic ac-
tivity in in vitro and in vivo models of carcinogenesis
using recognized carcinogens and in recognized mod-
els of initiation and promotion paradigms. They also
have antimutagenic activity in model systems using
polycyclic aromatic hydrocarbons or irradiation. All of
these activities speak to the merits of using copper
chelates in treating neoplastic diseases and in particu-
lar treating patients undergoing ionizing radiation ther-
apy for their neoplastic disease. The question as to
whether or not copper chelates protect neoplastic cells
from effects of irradiation remains to be studied.
Zinc(II)Cl, does not protect irradiated neoplastic cells
grown in culture or in vivo.

Essential metalloelement salts and chelates also
have antimicrobial activity, and these chelates may
have value with regard to preventing or treating infec-
tion in LD, irradiated individuals which is the ulti-
mate cause of death.

Non-toxic doses of essential metalloelements de-
crease the toxicity of existing radioprotectants and
their chelates have larger separations between effec-
tive and acutely toxic doses than existing radiopro-
tectants. Also, combination radioprotectant therapy
which is markedly more effective than single compo-
nent therapy is achieved with less than maximal doses
of each component. The principal acute toxicity of es-
sential metalloelement chelates appears to be gradu-
ated central nervous system depression. Doses smaller
than acutely toxic doses cause a decrease in physical
activity, larger doses induce sleep, and still larger
doses cause CNS depression with cessation of cardiac
and pulmonary function.

Although essential metalloelement metabolism is
still not completely understood—and this is especially
true for nuclear metabolism, current understanding is
sufficient to support the suggestion that pharmacolog-
ical uses of essential metalloelement chelates offers a
physiological approach to decreasing and/or treating
radiation injury.
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