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ABSTRACT
J.R. ﬁcLean - '

Radiation Protectioﬁ.Bureau, Heaith & Welfare
v Ottawa, Ontario

Tin(Sn) is a heavy metal that accumulates in the environment as a result
of industrial activity. Its concentration has increased 10-20 times
during the period 1900-1972, with most of the increase occurring in -the
decade 1962-1972, before the era of stannous fluoride in toothpastes

and stannous chloride in radiopharmaceuticals. Little,; however,

s known about the sub-clinical toxicity of tin, especially
stannous (II} tin, which is the subject of this investigaticn.
Tin accumulates rapidly in tissues following exposure and is retained
in the body with a long biological half-1ife. Microbeam analysis of
blocd cells treated with Sn(1I) and $n(IV) indicates that only the
Sn(11) penetrates all of the cel] types studied and is. utiformly
distributed throughout the cytoplasm and the nucleus. In some cells
colloidal sized particles of Sn(II) can be identified in the cytoplasm.

Injection of stannous {II) chloride into mice at doses <7 mg Kg -1
inhibits deoxyribonucleic acid (DNA) synthesis in celis of the spleen and
bone marrow and Suppresses the primary immune responses. DNA damage is
detected in the spleen cells of mice treated in vivo with an intraperitoneal
dose of 7 mg Kg'] Sn(II) up to 24 hours after administration. In vitro
studies using Fluorescence analysis of DNA unwinding (FADU) and alkaline
sucrose gradients: (ASG), confirm that Sr (II) is damaging to the DNA of
human peripheral blood lymphocytes (HPBL) and chinese hamster ovary (CHO)
cells. The treatment of HPBL with Sn(11) at 10uM induces the same number of
: DNA Tesions, measured as total strand breaks, as an exposure to 0.3 Gy

of Colbalt-60 gamma rays. Complexes of sn(Il) methy}ene diphosphonate .(MDP)

and Sn{I1) trans - 1,2-diaminocyclohexane N,N,NY, N tetraacetic acid (CDTA) are

more efficient than Sn{Il) chloride in producing chromosome breaks. The
presence of *50uM Sn(II) in the incubation medium inhibits strand break
repair by 75% in HPBL.

Stannous (II) chloride causes a rapid and prolonged suppression of

ONA synthesis in lymphocytes that are stimulated by conconavalin A

and in & transformed lymphoid cell line. A brief treatment of mouse or
human Tymphocytes with 25uM sn(II) is sufficient to inhibit the
transformed cell line by 50%. 1It.is postulated that Sn(II) exerts its
effect on cells by causing DNA damage which inhibits DNA synthesis

in vitro and in vivo. :
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*" Résumé

;o J.R. Mclean o
.Bureau Dz La Radioprotection _ :
Min. De La'Santé Mationale Et Du Bien-Etre Social
Ottawa, Ontario

L'étain est un métal lourd qui s'accumule dans le milieu par,

suite de 1'activité industrielle. Au cours des années 1900-1972,
sa_concentration s'esé4ccrue de 10 & 20 fois, 1‘'augmentation la
plus impprtante s'étant .ophrée entre 1962 et 1972, période précédant
1'époque du fluorure d'étain dans les pdtes denfffn;fgs et du
chlorure .d'étain dans les produits radiopharmaceutilues. Cependant,
nos connaissances sont trds limitées en ce qui concerne la toxicité
infra-clinique de 1'étain et en particulier de 1'&tain (I1), sujet
de cette enquéte. ) o

L'étain s'accumuie rapidemént dans les tissus a la suite d'une
‘exposition et le torps le retient pour une longue vie biologique.
Une analyse des cellules sanguines traitées au Sn(II} et Sn{IV) a
1'aide d'un rayon de'électrons <indique que seul le Sn{lI) psnétre
tous les types de cellules &tudifes et se répartit uniformdpent
dans le cyptoplasme et le noyau, Dans certaines cellules, on peut
. découvrir des particules de Sn{II) de grosseur colloidale dans le
cytoplasme. i

Une injection d'une dose de <7 mg Kg~} de ‘chlorure d'étain (11)
adminis'trée & des souris, paralyse la synthése ADN dans les
cellules de la rate et de 'la moelle des os et &limine les réactions
primaires d'immunité. On peut -déceler des dommages ADN dans les.
cellules de la rate des souris que 1'on.a traitées in vivo au
. moyen d‘une dose intra-péritonéale d'étain (II) de 7 mg g™ !,
jusqu'a 24 heures aprés 1'administration de la dose.  Des &tudes
in vitro utilisant FADU et ASG attestent que 1'6tain (II) est
dommageable au ADN des cellules HPBL et CHO. Le traitement du
HPBL au moyen de 10 uM d'étain (II) entrafne Te méme nombre de
1€sions ADN, me§urées en brisures totales de chromosomés, qu'une
exposition de 0.3 Gy aux rayons gamma Cobalt-60. On obtient plus
efficacement des brisures de chromosomes ADN avec de 1'&tain (I1)
MDP et CDTA qu'avec du chlorure d'étain (II). La présence de
50 uM d'&tain (I1) dans le milieu d'incubation nuit dans une -
proportion de 75% & la réparation des brisures de chromosomes
dans le HPBL. ' :

Le chlorure d'étain (II} entrafne une suppression rapide et pro-
longée de la synth&se ADN dans les lymphocytes stimulés par la
conconavalin A, ainsi que dans la ligne de celluie Tymphoide
transformée. 11 suffit d'un traitement rapide des lymphocytes
 de souris ou d'humains au moyen de 25 uM d'é&tain (IT) pour
paralyser la synthése ADN 3 50%, mais seul 1 pM est nécessaire
pour paralyser a-50% 1a ligne de celiule transformée. -On
considére que 1'étain (II} affecte ainsi les cellules en occasion-
nant des domnages. ADN qui entraTnent la paralysie de la synthise
ADN in vitrc et in vivo. - '

*
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1.THE PROBLEM: THE APPROACH, Lo -

1.1 The Problem.

The Erob1em to be investigated in this study can be stated, in general terms
as follows: What are the mechanisms underlying thé.1ong“£erm effects on health-
froﬁ exposure of organisms to toxic metals? This question is of genuine concernn
because metals acqggu1ate in. the env1ronment as a result of industrial activity

N~
and therefore the level of exposure of the population to these substances can be
controlled by political action. The biotogical consequences from chronic exposure
to metals cannot yet be predicted from first principles because the re1atidnsh1p
between the physical and chemical properties of the elements and their bio]ogica]
activities has not been established {Luckey, 1977). Therefore, each metal must be
assessed individually for toxic properties. The long term cdnsequences of chronic

exposure to tin, a reactive group IVA element, is largely unknown because its

importance as a pollutant in the ecosystem is a recent event (Hodge et al,1979).

A number of my observations, to be presented in detail in this thesis,
indicate“that exposure to tin(II),(Sn(II)), may represent -a long term hazard to
health, especially if the exposure is chronic. These observatiofis, which are the
basis for the formu1at1on of a 55¥1e5 of testable hypotheses, are summarized as

follows:

1) Treatment of resting or stimulated cells with tin(II), but not with tin(1V),

produces a dose-dependent inhibiiion of DNA synthesis and cell division in vitro.

2) Pretreatment of mice with intraperitoneal injections of tin(II) inhibits; DNA )

N
T e
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o+

synthesis and antibody cell formation in the spleen and-bone marrow of m1ce that

=
have been exposed to SRBC antigen.

. - ‘.
-

3.T1n(II) but net tin(IV) 1nduces DNA damage in Chinese hamster ovary {CHO) ce]ly o

and human wh1te blood cells (NBC) in vitro and in the spleen cel]s of mice’ 1n

V1V0

4.The DNA damage produced from the simultaneous exposeure of. cells to tin(IT) and
. Co-60 gamma irradiation, 15 synergistic in that the damage from the two agents

together is greater than the sum of damages from each agent alone.

5.The strand break damage in DNA produced by brief treatment with tin(II) is
rapidly repaired but the effect on DNA synthesis is prolonged.

6. DNA that is released directly from cells by gentle lysis can be damaged by .
treatment with tin(II).

7. Tin(1I) retains its activity in vivo for a prolonged period of time.

The genera1 hypothesis can be stated as follows: Tin(II}, but not tin(IV), is
an immunosuppressive agent that exerts its effect by inhibiting the ability of
1ymphocytes to undergo blast transformation in response to ant1gen{ or polyvalent
m1togens This effect is due to a prolonged inhibition of DNA synthesis caused by

»
DNA damage which can occur from in vivo or in vitro exposure to Sn(II). The

Sn(II), inhibits repair in addition to causing direct DNA damage, is also a
radiosensitizer and potentiates the damage caused by exposure of cells to ionizing

radiation.

1.7
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' uptake and subcellulor d1str1but1on of tin(II) by cells in vitro was characterized

. . ‘ -
- N .‘ .‘ ‘ [

1.2-THE APPROACH.
The problem was approached in a Tngcal sequenée‘beginning with experiments

designed to describe and character1ze the biological effects of tin(II) on resting

and st1mu1ated Tymphocytes and on varijous Tymphoid cell types in culture. The

and the tissue distribution and retention parameters of 113tin(II) injected into

mice was described. The effect of tin(II) injection on the immune requnsé dn

vivo on the ab111ty of bone marrow and spleen cells to 1ncorporate 3H TdR and on

the capac1ty of splenocytes to act as responders and stimulators in one-way MLRs

were 1nvest1gated. A battery of short term assays to detect DNA damage from

tin(II) were performed including, DNA synthesis inhibition, alkaline sucrose

gradient analysis in CHO cells and FADU analysis in mouse and human cells.

Finally, preliminary work was initiated involving, SCE analysis in tin(II) treated

CHO cells, assessment of spermhead morphology in tin(Il) treated mice and in vivo
experiments designed to show that tin{II) remains active in the organs of mice

days after it is administered by oral or pérentera] routes. !
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2.0 INTRODUCTION | ' - . |

-

THE USES AND DISTRIBUTION OF TIN IN THE ENVIRONMENT .

’

Tin is present in the Earth's crust at 0.004% w" and in sea water aF a
" concentration of 0.003 g/ton (Bailar, 1973). Primary tin consumption in the

'1ndustr1a11zed western world was in excess of 120,000 tons in 1973 with about 75%
of th1s be1ng consumed by the food canning industry and 13% being converted to
numerous organic forms “for use in a var1ety of industrial processes such as,
stab111zers for plast1c films and po]yv1ny1 chlorides and in fungicides,
1nsect1c1des, ant1 -fouling marine paints and disinfectants (Bailar, 1973) More
recent1y tin(IV) compounds have been tested as experimental ant1-tum0r agents
(Crowe‘et a1 1980) Stannous fluoride (SnF ) is widely used as an anticaries
agent in some toothpastes while stannous chloride (SnC]z) is used as a
preservat1ve in some foods and beverages and as a reducing agent in a group of
radwopharmaceut1ca]s that are qdm1n1stered intravenously to patients undergoing
diagnostic nuclear medicine procedures. The use and, application of tin has
rapidly expanded in society and its accumulation as a pollutant of the environment
has doubled over the last 2 decades (Hodge et al, 1979). The 1ns1d1ous nature of
heavy metal toxicity is well known and therefore, it would be relevant to explore
the possibility that adverse effects on long-term hea]th and well- be1ng could

result from chronic exposure of Populations to tin{II).
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2.1 EXPOSURE TO CHEMICALS; ° . o :
L ‘ : . '

r

THE PROBLEM OF LONé-TERH HEALTH éFFECTS.

There were 4 m1111on distinct chemicals 1n man's env(ronment in 1977 with an
average discovery rate of about 6000 per week (Maugh 1978). At least 63,000
chemicals are in common use today and others coming into common use at the rate of
about 1000 per year. A small segment of the population” is occupaticnally exposed
to some 25,000 industrial chemicals. They -have providedhva1dab]e information on
the risk to health that is associated with high levels of exposure to some
chemicals (Loprieno, 1977). The effect'on health associated with exposure of a
1arge'heterogeneous segment of the population to a single chemical entity however
is much more difficult to evaluate because exposure usually involves very low
doses extending throughout a 1ong-1ife‘span.

2.2 THE_LONG TERM EFFECTS FROM EXPOSURE TO METALS.

There are 30 chemicals, including 4 met&]s nickel (Ni), chromium (Cr),
arsenic (As) and beryllium (Be), established as human carcinogens (Maugh, 1978).
fhe long-range effects on health that are associated with these types of metals is
related to the loss in the fidelity of cellular information that is transferred
during replication, transcription and translation. Immunosuppressive‘and
mutagepic processes can develop fn the cells of organisms as these information
transfer processes deteriorate with the result that the onset, incidence and

intensity of age-related q1seases can be increased.

Metal ion cofactors are essential for the stability and fidelity of
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information tFansfér inncellil(EiéhhornJ 1979). With increasing age these
essential elements, which do not acecumulate in the organiém, have tg compete with
an ever increasing concentration of toxic heavy ‘metals for binding sites on '
macromo]ecu1es.-vSoﬁe metals can degrade the ability of cells to process and
transfer genetic information by affecting the integrit& of the DNA template. They

increase the mutagenic potential of the 1nformat1on transfer process by altering
substrate ang®" enzyme conformation and template base specificity or by }

introducing crosslinking or bulky lesions into DNA. (Sirover and Loeb 1976), . . =
(Clark and E1chhorn 1974)(Eichhorn et al, 1979) (Sunderman, 1978)(Furst, 1977)
Some metals can form redox couples that can catalyze the formation of DNA-damag1ng
free radicals (Bisby et al, 1978) (Binder, 1979) or selectively degrade DNA and
RNA by a nonenzymatic, hydrolytic mechanism (Butzow-and Eichhorn 1965) (Butzow et
al,1975)(Rosenthal et a1,1966). The rate at which the information transfer
process is degraded may be partly 1nf1uenped by the rate at which heavy metals
concentrate in the tissues. Generally, metals accumulate in the organism at a
rate that is proportional to the concentration of the metal in the environment.
Most toxic metals are colloidal at thé PH of body fluids and therefore tend to
accumulate initially in the phagocytic cells of the RES beforé being slowly
transferred to the skeleton (Schroeder et al.1964). The strong affinity of the
cells of the lymphoid ti;;ues for metals ,implies that the functional capacity of
the immune system can. be compromised as metals accumulate. The development of an
immune response requires an intact DNA template from which 1nform£tion can be
constantly transcribed into the ribonucleic acids and the proteins that are
necessary to maintzin the capacity for clonal expansion in resting cells and for
transformation of resting cells, after exposure to antigen, into functional
b1asts; If treatment of the lymphocyte with heavy metals can inhibit the process

of blastogenesis then a direct and quantitative effect on the fmmune response can
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be predicted.
Long term exposure of humans to compounds of‘hs, Cr, Ni and Be can lead to an
increased incidence of cancer and other age associated disorders. Induction of
these disorders could be related, in part, to a progressive loss in function of
the immune system and to the accumulation of DNA dahage that could increase the

chance of a cell expressing a mutated or transformed phenotype.

It is believed that the aging process is genetically determined which implies
that there is age related changes in the structure of chr?matin and DNA that cou]d
effect the ability of DNA to function as the repository of genetic information.
These deleterious changes, in part, could be related to the accumu]ation.of heavy

metals in the cell. Several observations support these contentions:

{1) the body burden of heavy metals tends to increase with age and with the

level of exposure (Bryan et al, 1976) (von Hahn et al, 1970);

12) the ratio of essential to non-essential metal ions in chromatin changes
with age (von Hahn et al, 1969) (Clark and Eichhorn, 1977) (Crapper et -
al, 1976);

(3) the exposure to toxic metals can lead to a variety of deleterious
changes in chromatin, and nucleic acid structure and function that can

effect the transfer of genetic information (von Hahn et al, 1970) {von

Hahn et al, 1969);

(4) There is a general decline with age, in the health and well being of the

T S SO

—— ’ ) 7

: ‘ _‘Fi“_., e o .



expoééd individual.

Two predictions_can be made about the long-term risks associated with
exposure of’brganisms to these types of metals. The metal could have an
immunosuppressive effect or act as a mutagen or carcinogen with concomitant
generalized aging effects on somatic cells. The remainder of this introductory
section will discuss various aspects of these observations and speculations in

greater depth,

‘J
2.3 THE CHEMISTRY OF TIN ﬁ}

Tin along with carboen, silicon, germanium and lead, occupy group IVA of the
Periodic table of elements. A1l have electronic ground state cénfigurations of
ngz np2 (Rutch inson, 1959), with s representing sigma bonding orbitals and p the
pi.obitals and n the principal quantum number (Quagliano, 1969). The ground state
configuration for tin is'5525p2. Like carbon, the bonding electrons of tin can be
hybridized or mixed to give sp3 or sp2 orbitals (Abel, 1974) which can then form
chemical bonds with strong covalent character. The preferred'geometry of many
tjn(II) compounds js trigonail pyramida] or tetragonal pyramidal with the
stereochemically active lone pair of 552‘e]ectr0ns occupying a position directed
away frem the strongly bonded coordination sites (Abel, 1978). The bond angles are
91-96° for most tin compounds with bond lengths, depending on the bonded atom, in

the order of 1.9-3.0 A (Abel, 19?8).

Dilute acids attack tin metal to yield tin(1I) salts and hydrogen gas {Abel,

1974), Tin(IV) salts hydrolyze to give fnsoluble oxides which are amphoteric.
8



Some physical characteristics of the tin atoms are summarized in table 1.

TABLE 1
ELECTRONIC CHARACTERISTICS OF TIN ATOMS.

Chemical " Ionization " lonic Ground

Form Potential, eV . Radii, A State
. )
S$n(0) ' _ 5525p2
Sn(11) 14.6 1.02 . 55250
Sn(III) 30.7 - -
~ 0.0
Sn{1V) 46.4 . 0.71 55 75p

2.3.1 71 BONbING
¥

Tin(I1) is classified as a borderline acid in the hard- soft acid-base (HSAB)
classification scheme of metals and forms predominantly covalent compounds. 1In
'contrast, tin{IV) is highly ionic in character (Nieﬂoer-et al, 1980). Metals can
be separated into 2 distinct groups, based on empirical thermodynamic data, that
is, in the trends in the magnitude of equilibrium constants that describe the
_ formation of metal-ion/ligand complexes. On this basis, metal jons are separated
into class A or hard acids and class B or soft acids (Nieboer et al, 1980}
(Pearson, 1953) (bearson, 1968a) (Pearson, 1968b) (Pearson; 1969). Class A metals
or hard acids haye considerable ionic character and prefer to react with ligands
according to the following atom preference sequence: F CI Br I and for

metal-binding donor atoms in the sequence:

0>8=Se
N > As
0 >N> § predominantly

In contrast, class B or soft acids have a predominantly covalent character

and exhibit the opposite binding preference (Nieboer et al, 1980) (Arland et al,

Iy
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\\13522_ Class A metals then tend to be small, have a high charge/mass ratio and
are not polarizable while class B metals tend to be large -with 2 Tow C/M ratio

and are polarizable.

A third class of metal ions, referred to as borderline, (Nieboer et al, 1980}
are less well defined but in general have a universal affinity for the above
metal-binding electron donor atoms and Tigands. In some cases tﬁe 1igand
preference is controlled kinetica]]y, that is the binding of the 1igand depdnds on
the rate of the competing reactioe of hydrolysis (Thomson et a1,1972){(Chu and
Tobias,1976).The hydrogen ion concentration (pH) is also an important factor in
regulating the access of metals to binding sites in biological molecules since the
proton, a borderline acid, directly competes with metal ions for these sites.

Stannous, Sn(II),vis classified as a borderline acid with strong tendencies‘
towards class B character. Stannic, Sn(IV) s also a borderline jon, but with

strong tendencies towards class A character (Abel 1974).

2.3.1.1THE CHEMISTRY OF STANNOUS CHLORIDE DIHYDRATE (Snc12ﬂ20_

In crystalline SnC12.2H20, one me1ecu1e of H20 is coordinated to the SnC)
molecule while the other is loosely bound as water of crystalization {Abel, 1974),
In aqueous solution, in the presence of excess chloride (C17) water can be
displaced from its bonding orbital by the C1” and the C1” becomes coordinated into
the vaceted p orbital to form SnC]S‘(Abe], 1974). The tin(1I) atom therefore is a
p acceptor ligand. In addition, the directional Jone pa1r of Ss e]ectrons allow
tin(1I) dihalide to act as a sigma donor to metals such as p1at1n1um(Pt) iridium

{Ir), ruthenium (Ru), rhenium (Rh) and iron (Fe) (Abe?, 1974) (Binder, 1979).

10



Rinder has shown that tin(II) and Fe(III) can combine to form a redox couple in
this manner. In addition to the strong sigma tin{II) metal bonds, the vacant p

orbital of SnC]2 can accept electrons from the filled d-orbitals of transition

metals to further strengthen the Sn-metal bonding {Abel, 1978)}. The group IVA
stannous dihalides (F~ and C17) with a 552 outer electron configuration and an
available p-orbital are called sigma-donor, p-acceptor Tigands and are
isoelectronic with.carbene, carbon monoxide and ethylisocyanide (Dahl and
Hodgson,1977). The carbon monoxide, Sn{II) dihalides and ethylisocyanide can
complex with the iron of hemoproteins, such as cytochrome p-450 and give similar
absorption ﬁpectra indicatiné similar bonding capabilities (Dah1 and
Hodgson;1977). Tin(II) has been shown to effect heme metabolism and will be

() l 1aiscussed in a subsequent section; |

- 2.3.2 _TIN COMPLEXES, -

Tin{II) binds to a wide variety of compounds as shown in table 2.

"
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Table 2. )
Binding Constants of Sn(II) and Various
Compounds (Sillen, 1964, 1974)

Ligand Log Binding Constant
F~ 6.3 ,
cl. ‘ - 1.5 :
Phosphate (P0,) , i.f‘b PR
Pyraphosphate 4.5
Triphosphate o 7.3
EDTA 22.0
CDTA 22.0

_Tin{II) binds very strongly to F~, pyrophosphate, EDTA-and CDTA and weakly to

~ phosphate, and by analogy to phytate (inosine hexaphosphate) and to chloride and

citrate, although data is not available for the latter.

Tin(II) forms stable dioxytin compounds and can polymerize to form
intermolecular tin-oxygen bridges (Abel, 1978). Tin(II) as the oxide crystals,
binds to 4 oxygens to give a distorted square pyramid with Sn(II) at the apex and
the lone pair of 552 electrons directed awéy from the planar face (Abel, 1974).
Tin(Il) also forms stable carboxylates and salts with dxyacids such as
dithionates, carbonates, arsenates, vanadateilﬂrungstates, boratés, nitrates and
sulfades (Jelen and Lindquist, 1969). (N delli et al1,1975) For ﬁo1ecu1es'11ke

pyrophogphate, all bonding orbitals 7 Sn(11) are.fully occupied by the oxygens

i
from 2 mNecules of pyrgphosphate: bonding is strong, see Table 2 and the Sn{II)

is essentially-unavailable to participate in other reactions. The phosphate

12
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anion, 1like €17, binds only weakly to Sn{II) and therefore can be displaced
readi]y‘by other more strongly bonding groups. The bonding orbitals of Sn(Il) are
fully occupied in complexes with EDTA (Smith, 1961) (Lange; and Bogucki, 1967)
(van Remootere et aT,1971 a,b). There is no hydrolysis of the Sn(I1) EDTA complex
which is also the casg for Sn(II)} CDTA (Langer and Bogucki,1967). EDTA s not

taken up®“by cells eitherin vi}roorin vivo (Rahman, 1979). CDTA is Structurally
related to EDTA but with Tore Tipophillic character from the cyclohexyl group.
Binding te CDTA is restricted to 2 bonding orbitals of Sn(II) which leaves ?
orbitais in Sn{1I) occupied by weakly bound C1°. This is analogous to
cis-platinium and the experimental artitumor organotin compounds where 2 good
leaving groups like C1~ occupy orhitals that are in the cis position. (Roberts,
1979) (Cleare et al, 1978) (Crowe et al, '1980). Phytate, (inosital hexaphosphate,
binds to Sn(II) rather weakly, like phosphate, except thatikach phytate molecule
should accomodate up to 3 Sn(I1) atoms. S”FZ’ which forms colloid particals
0.1-10 pm in diameter (Amersham, personal communication) would have 2 Sn(II)

bonding orbitals available for reaction,

2.3.3 OXIDATION - REDUCTION REACTIONS.

The reduction-oxidation potential (EO, volts) is a measure of the tendency of
a reaction to proceed re1at{ve to the reference hydrogen half reaction; -
2K +2e = H,
which is assigned a value £ = 0.0 v (Quagliano, 1969a). By convention,'a more
negﬁtive E® means that a reacting couple has a higher affinity fér‘e1ectrons and
will easily accept them thereby acting as a oxidant. Similarly, a couple with a
more positive E® has a tower affinity for-e1ectrons and will d?nate electrons
thereby acting as a reducing agent. When the redox couple, or hg]f—réaction, is

j
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written as follows;
oxidized form + ¢~ reduced form
(oxidant) (reductant) o
E™~yalues can be assigned for sténdard conditions defined at 25°C,-1 atm., 1 molar
ion concentration\gt pH 0.0. The magnitude of the E° value represents the

strength of the oxjidizing or ?@ducing capacity of the particular redox couple,

The standard_red&x potential, E®, can be adjusted to reflect biological .
conditions of pH 7.0 and 37°C (Leﬁninger, 1974) and is denoted by EO'. A number of \\E:ii)
these adjusted redox potentials is shown in Table 3. In summary a positive EOI
value means that the half reacfion will proceed to the right while a'negatﬁve one
means that the half reaction will broceed to the Teft. Predictions can then be '
ﬂ’—_nggfpﬁéut how redox couples will interact. Couples with more positive Eol values
determine the direction of t@e reaction and the nature of the reaction products

and thus couples with more positive 2 values will be the electron donors. From

table 2, the following reactions can.theoretica11y occur.

(1) Fe(III) + Sn(II) = .Sn(III) + Fe(II)
(2) 0, + sn(1I) = Sn(IV) + H,0,
(3) sn(11) + H‘202 = OH + OH™ + Hy0

FEC N T R
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Redox Potentials Adjusted to pH 7.0

Reductant
.0OH

0
acetaldehyde

Ferredoxin(Re.
Ha

NADH + H'

NADPH + H*U
Lipoate (Re.)
Sn(Il)
Glutathione(Re;)

Lactate

Cytoch.b (Re.)
Ascorbéte
Ubiguinone(Re.}
Cytoch. C (Re)
Ho0,
Ferrocyanide

Fe(1I)

Table 3.

Oxidant
Hy
0,
acetate
Ferrodoxin(0x.)

2nt

NAD"

NADP
Lipoate (Ox.)
Sn(1v)
Glutathione(0x.)

Pyruvate

Cytoch.b (0x)
dehydroascorbate
Ubiquinone(0x.)
Cytoch?]C (Ox)

02&

Ferricyanide

Fe(II1)

P

15

Electrons

1
1

NN NN

=N N

R SR N

% (volts) -

-1.25
-0.98°

-0.60
-0.43
-0.42
-0.32
-0.32
-0.29
-0.27
-0.23
-0.19

0.00
0.01
0.03
0.26
0.26

0.35
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2.3.4 Radicals and Trace Metals,

>

Singlet oxygen, superoxide anion and hydropgen peroxide are

a1l formed in biological systems (see Singh, 1978 for review) as a

result of normal enzymatic reactions involved in one electron
transfers and from exposure of the organism to high'ene;gy
radiation, either from natural or mpn-madé‘éources. Many of the
radical species can be interconverted:a% a rate that is rapidly
increased by the presence of metal ions such as Fe, Co, Cr and Ni
(Michelson, 1977). Some 53 radical reactions of potential
biological importance have been described (Singh, 1978) but only
those ;eactions which may involve catalysis by metals will be

discussed here, such as:

(1) Fe(L1}) + Hy0,————> .0H + OH™ + Fe(I11)
2

(3) Fe(I1) + o‘;’————-— Hy0, + Fe(I11)

(2} Fe(ID) + 02.———-—:- Fe(IIl1) + 0

Reaction (1) is the well characterized Fenton reaction which
converts EZOZ to the more damaging .0H. This reaction can also
occur with jons such as Co{Il) and Nj(II) (Pryor, 1978). The
reversibility of reaction (2) is inhibited by the presence of
anions such as F, pyrophasphate or OH , which can stabilize the
02 product (Michelson, 1977). The reactions also can occur for
metals such as Co(II) and Ni(II) but with different kinetics
(Michelson, 1977).

16
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2.3.5 Environmental Chemistr/ The Tin Gescycle

L

Most of the uses of t1n by socxety, in foods and beverages as

j presenvat1Ves, in toothpastes radwopharmaceut1ca1s, paints and

fung1;1des, are d1spers1ve and therefore this element readily

enters into the natura1 waters, sed1ments and the ‘biota {Hodge et
al., 1979). “The 1nocgan1c and methylated t1n content in the

- surface watgrs of. Lake Michigan and San Diego Bay dis 38 PPM and

0.8-2.1 PPM in the suffage waters several miles off the coast of

California (Hodge et al., 1979). 1In coastal algae, the tin

- content was 1-2 PPM dry weight indicating'that tin does accumulate

in the food chain (Hodge et‘a1., 1979). In'addition, tin in corés
drilled from marine sediments dated at 1972-73 were 20‘t1mes that
found in cores dated at-1900.

The existence of a tin cycle has been recently describéd and
its importapce_in the ecosystemlwi11 eventually determine the
relative impact of tin pollution on the health of the population
(Ridley et al., 1977). Tin, in this respect, must be regarded as
a very toxic, relatively accessible substance (Wood, 1974}, that
can move through the environment by way of the tin geocycle.
Industrial activity adds new sources of tin to thjs cycle which
then makes the element available to the food chéin. The metabolic
activity of microorganism§ is an important determinant in the
mobility of tin in the environment,.because they can "convert
inorganic tin into organotin compounds whigh_are\mpre toxic to

~
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higher organisms. An important contributor .to the tin geocycle is
from the metal of discarded cans which can be slowly converted
into reactive tin(II) by the action of dilute aqueous acids (Abel,
1974). The metal ion can then be biomethylated in the environment
by microorganisms. The methylcorrinoids are the methylating
agents relevant for metal salts because they are the only agents
capable of transferring methyl groups as carbanions and as methyl
radicals (Ridley et al.,1977). The methylcorrinoids have been
implicated in the biomethylation of tin (Huey, 1974) and metals
such as lead (Pb), palladium (Pd),Pt, gold (Au), thallium (T1} and
metalloids such as arsenic (As), selenium (Se), tellurium (Te) and

sulfur (S) (Ridley et a1.1977)

The methyl transfer to Sn involves a reduEtive homolytic
cleavage of Co-C bond of the methylcobalamin with the ‘transfer of
CHy resulting in a 1 electron oxidation to Sn(III). Sn(IV) does
not react with methylcobaiamin. Sn{Il), in the presence of single
electron oxidants such as Fe{III) or Co(IIl}, reacts according to
the following equations (Ridley et al., 1977) (Dizikes et al.,
1978): '

by
Sn (0) + wt . sn(1I)
Sn(I1) + Fe(111} Sn(II1) + Fe(I1)
.Sn(III) + CH3- Co(III) SnCH3 + .Co(1I)
(CHy) 3-Sn(1V)C1 -CHy + .Sn(111)

The methyltin compounds are relatively stable in aqueous solution
but can be degraded by light to give the highly reactive stannyl radical.

18



. 2.4 THE BIOLOGY QF TIN - TOXICOLOGY.

The acute toxic effécts of tin and its compounds have been
studied but there is no recent reviews and no reviews at all
dealing with the long term effects of tin. The following is a
brief summary of the recent literature describing acute and
chronic toxic effects from ingestion._ or injection of inorganic

tin(I1).

Oral administration of tin(II) produced a dose dependent
suppression of insulin secretion and hepatic phosphoryTase
activities in the rat (Yamaguchiet aT,, 1978a,b). Tin treatment *
reduced glycogenolysis and quco§e utilization in the brain
(Cremer et al., 1970). Oral tin also inhibited duodenal active
transport of calcium by inhibiting formation of the -calcium
binding .protein and mucosal alkaline phosphatase acti&ity, The
biliary excretion of calcium increased and this fogether with the
impaired uptake caused the serum concentration of calcium to fall
(Yamaguichi et al., 1979) (Yamaguichi et al., 1978c). Tin, given
" by intraperitoneal or subcutaneous injection, decreased gastric
secretion by inhibiting neuronal stimulation of the gastric mucosa
(Yamaguichi et al., 1978d). Tin as Sn{II} depleted the brain and
heart of catecholamines (More, 1961) (Robinson et al., 1969) and
inhibited glutathione-s-aryltransferase in rats (Henry et al.,
1976).
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Stannous dihalides éompTexed with hemoproteins, such as
cytochrome p.450, hemoglobin and peroxidase(Dah1 and
Hodgson,1978). Sn(II) ions directly affected thé cellular content
of heme proteins by inhibiting the pr;duction of aminolevulinate
synthetase and stimulating the production of heme oxygenase, the
rate limiting enzymes of heme synthesis and degradation {Kappas
and Maines,1976)(Maines and Kappas,1977a).Tin also supﬁfessed the
cellular content of glutathione(Maines and Kappas,1977),a
substance which is Tost from tissues with age (Hazelton et al.,
1980).Tin(11) suppressed the formation of 2 cytochrome p.450
dependent enzymes in mice {Burba and Rudd,1980). These actions of
Sn(II} impair the oxidative function of cells thereby altering the
impact of environmental chemicals which are detoxified by
heme-containing microsomal systems (Maines, 1977b). Some recent
studies indicate that tin may be an escential trace element for
rodents (Schwarz, 1974).i .The relevance to human nutrition however

is open to quest-don {Nielsen et al., 1974),
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2.4.1 Structure and Function of the Reticuloendothelial System

v
| The reticuloendothelial system (RES) is a body of cells
derived from the mesenchyme which form a diffuse system of sessile
and mobile mononuclear macrophages. These cells have the common
physiological property pf being able to rapidly ingest and
accumulate foreign co]]gidal(gnd particu]ate mattgr_(Sa :

/

The mobile macrophaggjcomponent of the RES consists of blood

monocytes and the wanderind};issues macrophoges. tissues. The.
sessile macrophoges (Ftatiggary histiocytes), consist af the cells
1ining the sinuses of the lymph nodes anq the liver, 1§;§, spleen
and bone marrow and the reticular cé]1s‘of the spleen, central
nervous system, lymph nodes and bone marrow. The macrophages of
liver and spleen constitute 85-95% of the total intravaswular

phagocytic activity (Saba, 1970).

The fixed macrophages of the RES have been shown to be
involved in the phagocytic clearance of colloidal and particulate i,
matter, including autologous tissue debris antigens, denatured .

proteins and drugs.

N
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2.4.2 The Cellular Components of the Immune Response,

Defective immune responses are known to be the result of
primary immunodeficiency diseases such as thymic hypoplasia in man
or in homozygous mice with the nude (nunu) mutation.  [mmune

deficiency can also be secondary as a result of undernutrition,

irradiation with x or gamma rays, neonatal thymectomy, treatment
with certain drugs and chemicals, such as alkylating agents

, and
during infectious diseases (Boch et al., 1975) (Vos, 1977},

There are 2 distinct, but interdependent, systems of specific
immunity in mammals based on experimental and clinjcal

observation, see Greaves, 1973 and Vos, 1977 for more detailed
“ﬂiﬁﬂififff' Cell mediated immunity consists of those rdactions

which are operated and transferred by specifically sensitized

Wymphocytes. It includes the cell medﬁated, protective immunity
against fungal, viral and bacteria) infections and the rejection
of allografts such as tumors and foreign tissue implants. The

second -immune system, humoral immunity, operates by antibody
producing cells and is transferred by serum andjinc]udes the
classical antibody mediated protective immunity which combats some

bacterial and viral infections and anaphylactic reactions.

Lymphocytes play a central role in both types of immune

response. They can be divided basically into B and T cells which'

have different functions and properties. The precursor cells of
22
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lymphocytes, the hemopoietic stem cells, migrate in the embryo
from the yolk sac through the Tiver to the marrow. Cells that are
to become lymphocytes mature outside of the bone marrow. Sq;g -
enter the thymus where they proliferate and mature under_the’}(/.'
influence of the thymic epithelial cells. A population of these
cells are subsequently released from the thymus and become
T-cells. The T-cell can circulate through the-body and become
temporarily resident in the thymus-dependent areas in the white
pulp of the spleen (periarteriolar lymphocyte sheaths) and the
paracortical areas in the lymph nodes. During stimulation,
antigen is first processed by macrophages (Nossal et al., 1966) TR
and then presented to the T-cells some of which are stimulated to

divide in the process of b]astogeﬁesis (see Rosenstreich and

Mizel,1978 for a compreggnsive review of cell interactions). The

clonal expansion of a few antigen specific cells produces a poo]l

of sensitized T-lymphocytes, which can function as memory,

effector, killer, helper and suppressor celis,. Effector cells

produce lymphokines (MIF, CAF, MAF) that can modulate macrophage

function: killer cells are Cytotoxic and have a key role in the

rejection of tumors. Helper T cells collaborate with B-cells in

antibody production against antigen. Suppressor cells suppress

B-cells or effector T-cells.

The bursa of Fabricius in birds or the bursa equivalent in
mammals, possibly gut associated lymphoid tissues or bone marrow,
act as the central lymphoid organ in which stem cells are induced
to become B-cells. B-cells circulate through the body and find

23
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temporary res{dence in the tﬁypus independent areas of the spleen
(follicles and peripheral regions of the white pulp) and the 1ymph
nodes (follicles and medulla}, Upon antigen stimulation, B-ce]]s
specific for antigen, proliferate and develop nto plasma cells
that secrete antibody or serve as memory cells. IgM is produced
early in the response to infection while 196 and the other classes
of antibodies are synthesized primarily during the_ secondary
response. For most antigens, Cooperation between B and T-cells
are necessary for the generation of an antibody response. This 1is
referred‘to as a T-cell dependent humoral response. The
cooperation of T-he]perlce]ls is not necessary for all antigens:

E. Coli Tipopolysaccharide is a thymus independent antigen,

Fixed and freé macrophoges and their precursors, the
promonocyte in bone marrow and monocytes in the blood, comprizg\g_\_
group of cells that are related by morphoTagy, origin and function
(Saba, 1970) (Langevoort et al., 1970). Macrophages are involved.
in antigen processing in which the antigen is degraded inside the
cell, with some of the material being retained on its surface,

The surface bound antigen and a soluble factor Ffrom the
macrophage, interact with the lymphocyte to induce blastogenesis.
This process generates a pool of sensitized Tymphocytes as a
result of the proliferation of precursor cells which begins 18-32
hours after antigen presentation (Dutton and Mishell, 1967). A
similar lag period is\$5und when mouse splenocytes are stimulated
by the addition of SRBC to the culture medium (Mishel and Dutton,
. 1967). A1l thedantibody forming cells arise by cell division with
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different populations of cells being involved in a concurrent
response to two noﬁ-cross-reaéting antigens (Dutton, 1967) (Mishel
.and Dutton, 1967). This was shown by the use of a "hot" pulse
technique where cells stimulated by SRBC to undergo DNA synthesis,
were incubated with large doses of high specific activity
3H-Thymidine (TdR). The resulting radiation céused DNA damage and
a rapid and prolonged inhibition of DNA synthesis even after the
cells were trankferred to fresh medium without 3H-TdR. The
pro]onged‘inhibition of DNA. synthesis prevents the subsequént PO
appearance of plague forming cells. The effect of the hot pulse
on PFC formation could be reversed if, at the time of gdition to
culture, the hot pulse was diluted with sufficient "cold" TdR to
reduce the specific activity and to indqce a reversible metabolic
TdR block of DNA synthesis instead of an essentially irreversible
block that would be produced by DNA damage. This type of
ekperiment, in éddition to showing that PFC's arise from clonal
expansion of, stimulated lymphocytes, also suggests that the
immunosuppressive effect of whole body irfadiation could be partly

due to DNA damage in antigen stimulated cells.

-

e

-
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2.4.3 _The Phenomenon of Immunosuppression,

-

There is a wide variety of environmental, physiological and
pathological conditions that can influence the immune system
(Hudson et al., 1974). The hormones ;f the adenohypophysis exert
a direct and indirect effett on- the structure and functioning of
the lymphoid-organs and on the phagocytic activity of macrophages
(Vos, 1977). Endogenous or exogenous adrenal glucocorticoids
hormones induce lymphopenia.and deplete the lymphoid tissues of
cells, especially in the thymus. Glucocorticoids also cause
sequestratibn of circulating monocytes and impair the production
and release of }nnocytes which result in a reduced number of
macrophages (van Furth et al.,1974). Glucocorticoids impair the
bptake of antigen by macrophages and antigen recognition. Some
drugs, such as oxisuran and cholera toxin, .induce the production ~
of glucocorticoids such as oxisuran and cholera toxin and these

hormones are the actual immunosuppressive agents (van Dijk et al,

1975) (Morse et al., 1975).

Poor nutrition is known to induce increased -production of
glucocorticoids and‘}h4e—tﬁﬁ Tead to Tympholysis and immune
suepression. It becomes important therefore when studying the
ef;ect of environmental chemicals or drugs to determine if
immunosuppression §s accompanied by general atrophy and loss in
body weight, Weight-loss, and general atrophy may be related to

the dose of chemical employed which may impair appetite,

-
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absorption, transport and utilization of nutrients or the

excretion of wastes.

wd
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2.4.4 THE SOMATIC MUTATION THEORY AND LONG TERM HEALTH EFFECTS -

MUTATION AND CARCINQGENSIS.
/

The basic idea that somatic hereditary changes lead to
ma]ignanf growth was put forward by Boveri. (1914) and Tyzzer
(1916). The concept that lesions in DNA are the causal factors in
carc1nogenesis’;as received much supbort in recent years but is

still not universally accepted (Rubin, 1980).

deay, carcimogenesis is considered to be a multistep process
in which a predisposing genetic constitution and changes to.the
genetic material f}om environmental factors play a dominant role
in tumor development. The process has two major steps: initiation
of a premalignant cell line and promotion of malignant growth. -
The initiation step most\ﬂ%ke1y invo{ves alteration of cellular
DNA in the form of a permanent change or somatic mutation.

Evidence implicating DNA damage in carcinogenesis is deduced from

several lines of evidence:




(1)

(2)

(3)

(4)

(5)

(6)

Known chemical carcinogens and ionizing or

UV radiation cause lesions in DNA {San and Stich, 1975);

The potential for tumor formation induced by
UV irradiation, can be reversed by
photoenzymatic repair gf the resulting DNA
damage (Hart et atl, 1977);

Many ultimaté carcinogens are mutagens in the
presence of metabolic activating systems

(Huberman and Sachs, 1974);

Individuals with rare genetic disorders
involving a deficiency in DNA repair, have a
high incidence of cancer. Fibroblast cell
cultures from these individuals show deficient
repair -and have a high frequency of chromosome
aberrations (Cleaver, 1968) (Wade et al., 1977)
(Paterson, 1976);

An increased cancer incidence from
epidemiological studies correlates with a high

frequency of chromosomal aberrations (Hemminki,

1979);

There is an inverse relationship between
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(8)

(9)
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lNeoplastic transformation has been finduced

-

removal of specific DNA carcinogen adducts from

specific tissues and the potential of a

carcinogen to induce tumors in that tissue (Goth,

" and Rajewsky, 1974) (Lewis and Swenberg, 1980);.

experimentaTiy in hamster cells treated sequentially
with bromodeoxyuridine(BudR) and near UV radiation

which directly perturbs DNA and results in
chromosome damage (Barrett et al., 1978);

%umors are mostly monoc]onai in origin,

implying that a genetic change in one cell

leads to tumor growth; -

*
-

"Cured" cancer patiehts have an increased risk
of a second mh1ignancy by -enhancement of new °
somatic mutations through radiation and

chemotherapy (Nichols et al., 1975).
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2.4.5 _An Altérnate Hypothesis to Somatic Mutation.
] .

|
[
There is however scme arguments against the theory that somatic mutation or

damage to DNA is the causal event in the transformation of cells to the malignant
stafe. The current impetus of the somatic mutation theory comes from the,
observation of Ames (Ames et al., 1573) that many chemical carcinogens can
produce mutations in bacteria when the chemicals are metabolically activated.
However, a number of noncarcinogens have produced mutations in the Ames test and
some of the most powerful carcinogens are only weakly mutagenic (quin, 1976)
(Sivak et al., 1976) (Simmon et al., 1979). In addition, in the phenomenon of
surface carcinogenesis (the Oppenheimer effect), tumors can be induced by'
inserting solid sheets of chemically inert matgija1 into the tissues of rats
El1exander ang Hornihg, 1958). HNo tumors are formed if the materiai is madg
fibrous or porous. The malignant transformation threfore seems to depend on the
physical state of the material. There is no indication that the solid material
gains entry to the cells. In this case it could be disruption of the organized
behavior of cells that Teads to the malignant transformatjon {Rubin, 1980).

Treatment with chemica) carcinogens in vitro a]]ﬁw ce11§ to escape from the
density-dependent regulation of growth. When these cells are injected into an
appropriate host they retain their aberrant growth behavior and form tumors.
Such a phenomenon is termed malignant transformation. The frequency of

transformation has been found repeatediy to be on inverse functYon of the cell

population density at the time of treatment (Reznikoff et al., 1973). At very

low concentrations al ‘cells are transformed by the chemical treatment without
any cell death and therefore there is no selection of transformed cells (Mondal
et al., 1970). 1In this case, the transformatiéon frequency appears to depend on

)
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the number of times, after exposure to a chemical carcinogen, that a cell can be
kept dividing before coming into contact with other cells in the colony. The
frequency of chemical transformation at a relatively low cell density has been
estimated to be 1010 times higher in culture than in situ in the animal (Parodi
and Brombella, 1977). The importance of cellular interactions then could be.the
critical parameter in the requlation of growth and metabolism. Most nonexcitable
normal cells have been found to be electrically coupled to one another and ions
and other small molecules can flow freely from cell to cell through gap junctions

{Loewenstein et al,, 1966) indicating that there is a high degree of metabolic

" copperation among normal cells. Many tumor cells however, are electrically

uncoupled and are, in ?jﬁgcfid?gng;ed from the influence of surrounding cells

{Simpson et al., 19777. 7

The initiating events in cell transformation could occur at the membrane of
the cell according to Rubin (1980). In this model the carcinogen destabilizes
the membrane which initiates changes leading to the irreversible loss in the

camacity of the cell to -interact with other cells. The probability of malignant

transformation occurring would increase. There is no requirement for the

carcinogen to interact directly with DNA (Rubin, 1980). However, it can also be
argued that the carcinogen, interacting with the DNA, could bring about changes
in the expression of ggpetic information that could affect the structure of the
membrane so that the cell would become uncoupled from the control of surrounding

cells. This could then lead to malignant transformation.

Throughout the thesis, the tenets of the somatic mutation theory, that DNA
is the primary target for carcinogens, will be accepted because of the strength

of the supporting evidence. It‘fo11ows then that the accumulation of DNA damage

’
v
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is the basis for many adverse long term changes in the health status of the

individuals,

2,4.6 DNA DAMAGE AT THE MOLECULAR LEVEL.

Damage to various components of cells exposed to certain chemical and
physical ageqts can lead to impairment of biological function. Chromosomal DNA ’
is a particularly sensitive target for the action of these agents beﬁause its
high mo]ecular weight makes it fragile, and its chemical properties make it
reactive. Genomic information may be affected by DNA damaging agents at the
moleﬁu]ar and chromosomal levels. Lesions in DNA can be expressed at the
molecular level as point mutations (base-pair substitutions or frameshift
changes) or at the chromosomal level where structural changes (deletions,

rearrangement and breaks) or numerical changes (aneup1oidyﬂigghgglyp101dy) can

occur.

A
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2.4.7'CLASSES OF DNA LESIONS. iy

Several types of DNA lesions can Be recognized:
]

L

1." Overt breaks, which can be single or double

stranded;

2. Alkali-labile Tesions that are converted to (‘ﬁ\\\

single strand breaks by alkali treatment, such
as base damage, base-free apurinic/apyrimidinic

(AP) sites or phosphotriesters;

3. DNA-DNA interstrand or intrastrand crosslinks;

4. DNA - protein crosslinks.

The extént and type of distortion in the DNA helix and the alteration in *
base pairing énd stacking-capécity, depends on the type of lesion (Grossman et
al., 1975) (Kohn et al., 1979). The extent and type of helix distortion in turn
may select the type of repair pathway that is used to restore the integrity of
template. This may largely determine how the biological effects™qf such damage

are expressed at the cellular level (Cerutti, 1975).

The structure of chromatin, consisting of DNA wrapped around histones to
form the nucleosome, which are then then organized into higher orders of coiling,
”probab1y Plays a dominant role in the interactions between DNA and chemical

carcinogens and in control of the sites and rates of excision repair (Metzger et
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al., 1977), Earge carcinogen adducts, DNA-DNA and DNA-protein crosslinks may

-have restricted locations and are® nonrandomly distributed in chromatin (Cleaver,

1978), In contrast, the strand breaks from exposure of ce]]s to x-rays and -

pyrimidine dimers from UV, have approximately a random or un1form d1stribut1ons
in DNA.
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2.4.8 DNA DAMAGE RECOGNITION AND REPAIR IN EUCARYOTES,

« There are 4 general categories of DNA repair in

ote cells:
1. Strand break repair;
2. Prereplicative repair;
3. Postreplication repair;
4. Photoreactivation repair,
DNA repair is a dynamic process in which various repair mechanisms or pathways’
coexist. The position of the cell in the cell cycle and the state of
differentiation in the tissue may also be factors in determining which repair
pathway is domimant. In addition, there is always competition between error-free
and error-prone pathways for repair of DNA damage and this may determine the
mutation load that is carried by the cell (Ver]y et al., 1980). Two mechanisms
A ]
leading to mutations can be considered:
l. Minor base modifications leading to mispairing, and

2. Major DNA damages inducing error-prone "SOS" repair processes.

In both cases avoidance of mutation relies on prereplicative excision repair,

The mutation frequency appears to depend on a competition between error-free
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excision repair of damaged sites and DNA replication which can be either normal
de novo synthes1s or error-prone "505" DNA synthesis (Verly et al., 1980). If
excision repair enzymes are able to excise and repair damage before normal de
novo s&nthesis occurs, then the mutation frequency remains low. If normal DNA
replication occurs before damage s repaired then mispairing can occur and a
mutation can be fixed in the template, The_"SOS" error-prone repair enzymes are
induced by major DNA damages and the integrity of the DNA template is restored

without regard to base fidelity with the result that the mutation rate is

increased.

2.4.9 DNA REPAIR PATHWAYS - STRAND BREAK REPAIR.

Strand breaks may result from the presence of alkali-labile base damage or
A-P. sites in DNA (Bertrom et al., 1974); alkali-Tabile phosphotriester groups in
alkylated DNA.(Nalker and Ewart, 1973); cellular metabolism, so called DNA
disassembly (Williams, 1974); the action of excision repair enzymes (Hart,
1978); and the direct action of chemical radicals produced by, chemica? reactions‘

or physical agents.

Double strand breaks can arise from a single ionizing event that interacts
simultaneously with both strands of DNA or by two independent interactions

occurring in close pro§imity, in time and space, on complementary DNA strands.

The number of single strand‘breaks that are formed in mammalian cells that

_ have been exposed to a damaging treatment, is independent of the posiiion of the
cell in the cycle (Ormerod, 1977?. Sulfhydryl agents and free-radica) scavengers
in high concentration can reduce the number of radiation induced breaks.

.
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Minna1ian cells in culture, rapidly rejoin single strand breaks in ONA after
exposure to fonizing radiation, with 50% being rejoined during the first 10
minutes of postirradiaion incubation and 90% beipg rejoined at 60 minutes
{Ormerod, 1977). The rate of s£rand rejoinirut is.energy_dependent and can be
inhibited at temperatures of 4%C, by a lack of ATP, by incubation with 2,4
dini%ropheno] and other inhibitors of oxidative phosphorylation, and by anoxic
incubation conditions (Ormerod, 1976). Rejoining of single strand breaks oéturs
maximally at 40°C for human ]ymphocytes and is independent of RNA; prbtein and
DNA synthesis (Ormerod, 1976). The rejoining of single strand breaks occurs in
all normal resting cells, cells undergoinly division or cells that have been
stimulated to undergo division. The enZymes necessary to rejoin strand breaks
therefore appear to be a normal component of the nucleus and may be a part of the
enzyme system normally involved in DNA replication or in maintaining the
integrity and fidelity of the DNA sequences. Rejoining of single strand breaks

appears to occur without any distrurbance of the genetic code (Humphrey et al.,
1968).

In contrast, the restitution process for double strand breaks is Jess

efficient than that for single strand breaks (Resnick et al., 1976) but repair

- does occur with increased incubation times (Corry and Cole, 1973). The

restitution process for double/strand breaks could occur with the loss or

LY

addition af nucleotide base pairs to the chain so that the restoration of

mechanical integrity could be coupled with disturbances in the genetic code which

" could lead to a somatic mutation (Hart, 1978). Double strand breaks have been

proposed as the rare event that gives rise to chromosome'aberrations and cell

death Leenhouts and Chadwick, 1978,
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Some data indicate that agents such as cystamine and 2 mercaptoethylamine
(MEA) reduce the number of single and double strand breaks that occur 1in
x-irradiated fiberoblast cuttures. Thi;\results in an increase in survival
fraction (Ormerod, 1971) suggesting that these lesions are the lethal events
induced by both %bnizing radiation and selected chemical carcinogens. However,
these sulfhydryl reagents also protect DNA against other forms of damage induced
by jonizing radiation and hence such data can only suggest, indirectly, a link
between the induction of strand breaks and biological processes such as

Tethality, mutagenicity, and transformation (Hart, 1979},

A correlation does exisp between the capacity of 4NQO derivatives to induce
DNA strand breaks at protein linker sites and carcinogenicity of these agents
Andoh And Ide, 1972. The induction of strand breaks and oncogenic transformation

With-SV-40 virus has also been reported (Brakeslee et al., 1976).
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2.4.10 SELF DESTRUCTION, DNA DISASSEMBLY OR DNA DAMAGE? ;

PPN (WS 1Y

I£ is 1%bor; ﬁt to prove that the DNA degradation, observed by FADU or ASG
analysis, in céﬁgg treated with Sn(II), is not simply DNA disassembly due to cell
death or to -some :E;;;;;:éamaging trauma. It must be ghown fﬁg?‘Sn(II), or some
lradica] derived from an interaction with Sn(II), produces a direct damage to the

DNA of ceTls.

e ma i | g

-~

Physical and chemical DNA damaging agents produce a spectrum of damages in

the DNA of exposed cells. Some of this damage is expressed as' strand breaks or

as strand breaks after exposure to alkali. In contrast, cells that have been
exposed to a variety of fraumas, including radiation, can undergo a sudden t
endonucleolytic reduction in DNA size (Williams et al., 1974)., This rgduction in
size can occur within minutes of the trauma or after several hours (Lett et al,
1922) (Shipley et al., 1971) or after progression of cells into the-late 5-62
phase of the cel cycie (Williams et al., 1976). The reduction in size of DNA is
under cellular metabo1ic.cpntr61 and results primarily from an intrinsic

enzymatic attack on DNA.

The process of DNA disassembf& to 505 fragments can be triggéred by agents
that damage DNA only or induce damage at the cell membrane or pro%uce general -
cellular tra:gf’(williéms et al., 1976). If the damage to the cell is extensive
then DNA disdssembly continues to 55 fragments and may precede or occur
concommitantly with cell death. If the cell is capable of surviving the level of
damage inflicted by the agent, then the DNA will be restituted and the cell will
recover, The time of initiation of DNA disassembly can be extended ij\heav11y

traumatized ce11§ by holding them at conditions which do not permit cell
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metabolism (Williams et al., 1976). The molecular signal to initiate disassembly
appears to be a nuclear one and reguires an energy source because isolated
nuclei, with stable, intact ONA, initiate disassembly with the addition of only
ATP to the incubation mixture. This demonstrates that'the source of the
endonuclease is not the lysosomes and that DNA disassemb]y is an energy dependent
process that.appears to be under nuclear control. The disassembly. process may
share initial pathways with repair enzymes since it could be a means of selecting
for death those cells that are heavily damaged, while allowing those cells with

less severe damage to survive and proliferate.

The possibility that colloidal Sn(II) particles can cause DNA damage
indirectly by triggering the re]eise of H202 from the granulocytes in the mixed
white cell population, must also be entertained. The H202 released after
phagocytic stimulus or after treatment by membrane actjve agents, diffuses into

the extracellular medium and is capable of producing damage in the surrounding-

ce11s(Hafeman and Lucan,1979)(Clark et al., 1979). 1In addition, the H 02 can be

converted to the more potentially damag1ng .0R radical by trace metals (Tauber et
al., 1978). This respiratory "burst" of oxidizing activity is accompanipd by a
consumption of glucose. The respiratory burst can be blocked Ex/zréif;;g the

cells in the presence of 2-deoxy-glucose, a non~metabo1izab'éfana1og of glucose

{Kay et al., 1980).
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2.4.11 PREREPLICATION EXCISION REPAIR.

Prerep]icativg.excision repair is a complex set of enzyme pathways with
various degrees of specificity for damaged sites. 1In i;s simplest form, excision
repa%r involves the recognition of damage, the removal of damaged parental DNA ;
and its replacement by bNA that is synthesized using the opposite strand as
template. In one repair pathway, nucleotide excision, the damage is recognized
by a repair endonuclease which then excise§ the entire nucleotide. In base
excision, an N-glycosylase removes the damaged base by the hydrolysis of the
N-glycosidic bond, leaving the phosphodiester backbone intact. This action is
then followed by apurinic or apyrimidinic endonucleolytic hydraqysis of the
phosphodiester bdnd. Subsequent steps, which may be common to both pathways,
involves action by an exonuclease, which removes nucleotides around the damaged f
site, a polymerase to replace the damaged region and a ligase to rejoin the |
strand segmenﬁs. The repair pathway apparently is largely controlled by the

nature of the lesion (Hart, 1978) (Friedberg et al., 1977) (Duker and Teebor,
1975). '

Following damage recognition and incision by an endonuclease, or
N-glycosylase, there i a degradation of the DNA strand by an exonuclease which -
results in the release of the damdged regian including a variable number of other
undamaged nucleotides. The number of nucleotides released depends upon the form
of damage induced. In the case of Uv-inpuced pyrimidine dimeh;, the patch size
in DNA is about 80-100 bases' (Painter et al., 1972) whereas for x-radiation
induced lesions the patch size is 1-3 bases (Regan and Setlow, 1974). It has
been suggested that base excision repair corresponds to small patch or X-ray-]ike

repair and large patch or UV-like repair corresponds to nucleotide excisioen #
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repair {Cleaver, 1979).

The third step in the repair process involves the activity of a DNA répair
polymerase. A mammalian DNA polymerase has been isolated with a 3* to §'
exonuclease activity (éyrnes et al., 1976), analogous to a number of prokaryotic
DNA rep&ir polymerases which behave like a proof-reader and ensures error-free

DNA synthesis,

The final step in the repair process involves the sealing of the newly
synthesized DNA to the parental DNA strand by the action of a polynucleotide

ligase (Segev et al., 1973). This step in excision repair could lead to mutation

by the resealing of nicked DNA before the damaged region has been removed.

- Lt

2.4.12 POSTREPLICATION REPAIR.

Postreplication repair is the process by which the DNA replication machinery
of the cell copes with lesions in the parental DNA strand. It is not strictly a
repair process in mammﬁ]ian ﬁe11s because the damage is not removed. This
concept was derived from the observation that newly synthesized DNA in UV
irradiated cells was initially of lower molecular weight than in unirradiated
cells (Rupp et al., 1968). The gradual increase in molecular weight on
subsequent incubation in the postreplication period was interpretted as the
repair of gaps formed in the daughter DNA opposite the lesion in the parental
strand. This type of repair is important to cells that are actively synthesizing
DNA or cells that are unable to exyise all lesions from their DNA prior to the

onset of DNA synthesis.
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. The introduction of damage 15to the DﬁA of cg]ls can produce a.rapid and
prolonged inhibition in DNA synthesis. Damage to the DNA blocks chain growth
causing the production of low molecular weight DNA. Replication then resumes
beyond the qamaged area, leaving a gap, which is later filled by de novo
synthesis (Cleaver, 1979). Damaged sites are not removed from DNA during these
molecular weight chanées and instead of repair the process probably represants de
novo ONA synthesis in the presence of ﬁerturbations in the DNA chain. Thé?
phenomena observed in damaged cells include: inhibition of average rates of DNA
synthesis, inhibition of chain elongation and, possib]y,‘the induction of an
error-prone DNA repair enzyme {Sarasin et-al., 1978), the so-called "SOS" repair

pathway of Radman et al., 1975.

2.4.12.1 DNA REPLICATION ON DAMAGED TEMPLATES.

Domains of supercotled DNA, about 109 daltons, appear to bé the units of
replication under common regulation (Hand et al., 1978) (C1eaver3 1979).
Initiation of DNA replication at many origins is coord}nately coﬁtro11ed within
the domains, which in turn may be controlled by the higher orders of chromatin
coiling. Replication occurs bidirectionaT]y from many independent repTicating
forks at the ra?e of 0.5 - 2.5 um/minute/replicating fork, The distance between
origins is in the order of 15 - 200 um (Hand et al., 1978). After rep]icat{gn,
ad jacent replicons are joiﬁed together to form the intact DNA.sfrand.

Many agents can inhibit DNA replication, but ¢ chanacteristic qf _
DNA'-damaging agents is that upon their removal fromne 1n.tub-ation med@m, DRA

synthesis remains inhibited because the damage remains in the DNA with a

half-1ife that depends on~excision repair {Cleaver, 1979). Agents that inhibit ’
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replication without damaging DNA do so only when they are continuously present;

replication rapid]yrrecovers when these agents are removed from the incubation

medium (Painter, 1977) (Painter, 1978). This distinction is the basis of a rapid

method for indentifyﬁng inhibitory agents that damage DNA and are potentially
carcinogenic (Painter, 1977). Damage that leaves moderate to high cell survival
causes Jong periods of low rates of DNA syntﬁgsigg paritcularly when there is
damage on both strands ahead of the replicatidn fork (Cleaver,,1979). The low
synthesis rates could be due to changeé in the rates of chain growth, premature

chain termination, inhibition of replicon initiation or combinations of these

(Cleaver, 1979).

The dose-response relationship observed for rates of DNA synthesis in N
x-irradiated cells show a radiosensitive companent that is inhibited strongly by
doses of 10Gy and a radjoresistant Eomponent inhibited at higher doses. The
sensitive component is due to tﬁe inhibition of replicon initiation (Cleaver,
1979) and this occurs after exposure of ce]?s to MMS .or bromouracil photolysis.
Ca]cu]at1ons of the target size for x-ray induced damage suggests that one
single-strand break within a domain of 109 daltons may be sufficient to prevent
initiation at all sites throughout that region of DNA (CIeaver,'1979). These
single-strand breaks probab]y'a1ter the supercoiled configuration of DNA wh{ch
could prevent Jeplicon initiation, possib]& by preventing the binding of -

injtiation proteins.

’

f/«\\ <§i3:4.13 INDUCIBLE, ERROR-PRONE REPAIR SYNTHESIS.

The presence of an inducible error-prone "SOS" repair process in eucaryotic

cells, similar at found in bacteria (Radman et al., 1975) has aroused
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considerable interest. In bacteria, UV irradiation triggers mutagenesis,
1x§ggenfc iﬁduction, ce]1 filamentation and phage reactivation (Witkin, 1976).
The expression of these effects is closely associated with RecA and lexA gene
functions. A general theory of inducible SOS reﬁair (Sarésin et al., 1978) has
been adapted from work on procaryotes, to explain the enhancement of
postreplication survival and mutagenesis observed in.eucafyoteé after treatment
with UV (d'Ambrosio and Setlow, 1976) and x-rays (Kennedy and Little, 1978).

Briefly, a regulatory signal caused by les;ons in DNA initiates derepression of

functions leading toxgng_igggszigﬂ'of an %rror—prone DNA repair process. The
~

exact biochemical nature of this inducing gignal is not known but it could be the
.inhibition of DNA synthesis, DNA degradation or the release of degradation

~~ products such as nucleotide monophosphates. (Sarasin et al., 1978). In °
eucaryotes, UV irradijation blocks DNA“synthesis and the size of the DNA
synthes{zed after irradiation is comparable to the size of the interdimer
spacings (Lehman et al., 1972), indicating that gaps exist in the DNA strands
opposite the lesions in the pafenta] strands. Gap filling by a DNA polymerase
reconstitutes the integrity of the newly synthesized strand and enhance survival
of the cells. The mutagenic potential however is increased if the gap filling is
accomplished b& an error-prone polymerase. The survival of mammalian cells is
enhanced by incubation with an uncoupler of oxidative phosphory]ation\heing,
during or after x-irradiation (Laval et al., 1980). This enhanced survivél is
coére1ated to. an increase in expression of a mutated phehotype suggesfing that
gap filling is accomplished by an érror-prone enzyme system that was induced by
the x-ray treatment (Laval et al., 1980).. The increage in mutagenic expression
is géeatest in cells that are treated in plateay phase. Thus, postrepliation

. 3
repair processes decrease cell Tethality but’ also are a source of mutations.
. ¢



2.4.14 CONSEQUENCE OF UNEXCISED DNA DAMAGE.

Cé1f§ from different tissues have different repair capacities for similar
forms of DNA damage (0'Connor et al., 1973). Neural tissues remove N,
ethylguanine or 3-ethyladenine adducts at the same rate as other tissues, but
they remove 06 ethylguanine at a reduced Tate (Magee et al., 1975). The

phagocytic Kupffer cells from rat 1iver (Lewis et al., 1980) excise and repair 06

?
-

methylguanine damage more slowly than do heﬁatocytes. This leads to accumulation
of DNA damage in the Kupffer cells after chronic exposure {Lewis and Sﬁenberg,
1980) which eventually can lead to the induction of a variety of ]iﬁer cancers,
The reduced rate of removal of 06 ethylguanine.and other carcinogen adducts in
different tissues may relate t&‘differences in saturation levels of the enzymatic
repair system or to the state of differentiation in the tissues. This provides a
correlation between low levels of excision repair of some adducts and the
induction of mutagenesis and carcinogenesis in some tissues after chronic

expdsure to DNA damaging agents.

2.4.15 PHOTOREACTIVATION.

The photoreactivation repair system for monomerizing UV induced
cyclobutane-type pyrimidine dimers will not be discussed because it bears 1ittle

relevance to this thesis. For recent' reviews however see Hart (1978).
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2.5 UPTAKE, DISTRIBUTION AND EXCRETION OF TIN BY MAMMALS .

ﬁormal intake of tin in man is estimated to be 1.5 fo 45 mg/day (Schroeder
et al., 1964) (Hiles, 1974). About 2.9% of Sn(II) and 0.6% of Sn(IV) is absorbed
by fasted rats after a single, acute, oral dose (Hiles, 1974)(Furchner and
Drake, 1976) but 16-20% can be abéorbed-if the dose is administered in an acid

vehicle (Hiles, 1974). Lower absorption rates occur during chronic
L)

. ™ .
administration of oral yin in the presence of food (Hiles, 1974). . : <:\_\ﬂ
N\

113

The whole body retention of tin(1I) administered by injection is described

by a 4 component exponential expression and is similar for mice,‘rats, dogs and
monkeys (Furchner and Drake, 1976). After administration, 42% is excreted with a
half-time of 0.8 days and 15%, 16% and 27% with ha]f—timg values of 5.2, 24 and
96 days respectively. This indicates that about 43% of fhe administered dose is
cleared only slowly from the tissues (Furchner et al., 1976). Brown et al (1977)

resolved the excretion curve into only one component with a clearance half-time

of 29 days.' A similar clearance curve was found for 113Indium, 2 radicactive

daughter of 113

tin (Brown et al.,1977). Injection of—excess unlabelled Sn(11)
into mice 6 to 8 days after dosing with113tin(II) did not change the excretion
rate of radioacfivity indicating that Sn({II) metabolism may not be under
homeostatic control (Brown et al., 1977) (Schroeder et al., 1964) as is the case
_ for many essential metals. Hiles, 1974, fowdd that 47% of Sn(I1) and 54% of
'Sn(IV) were retained by rats 48 hrs after parenteral administration, while after
oral dosing 42% and 40% of Sn({II) and Sn{IV) respectiveT}\uas retained although
mést of this was within the gastrointestinal tract.

N

113 tiﬁ(IV) have distinct tissue distribution patterns in

Tin(11) and 113
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mammals and there is no interconversion between oxidation states during
absorption and systemic transportation or after being fixed in the tissues of

) -}, rats (Hiles, 1974). Tin(II} tends to accumulate initially in the liver, spleen
i

DY

and kidneys after'systemic or oral dosing. Tin{IV) in contrast, concentrates in
e kidneys reaching levels that are 20 times those found in the Tiver at 48 hrs
(Hiles, 1974). Tin(II) and Sn(IV) are both initially fixed in the Kupffer cells
~ of the liver (Khan et al., 1956) (Hiles, 1974) and are retained with little ’
turnover., Systemic Sn({lI), but not Sn(1V), from non-RES sources is partially
excreted in the bile (Hiles, 1974). About 50% of the initial Sn{II) dose in the
liver is eliminated after 140 days while tin in the testes and spleen remain
relatively stable (Furchner et al., 1976). The concentration of Sn(iI) in bone
steadily increased with time while blood concentration remained un1form1y Tow
(Furchner and Drake, 1976). The half-times of Sn{II) and Sn(IV) in bones was
estimated to be about 4 montﬁs (see Hiles, 1974, for a review). An accumulation
of Sn(Il) occurs in the small intestine with time and is possibly relataed ‘to
metabolic activity. From the Titerature, the distribution of Sn(II1) and Sn{IV),

after I.V. administration, can be contrasted as follows:.
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TABLE 4.A
THE DEPOSITION OF TIN(II) IN THE TISSUES OF MICE AFTER
THE ADMINISTRATION OF A SINGLE ORAL 20MG KG™ .DOSE.

% of a single 20mgﬂkg'1 oral

dose retained at 48 hours.

Sn(I1) - Sn(1IV)
Skeleton 1.02 . 0.24
Liver - 0.08 0.02
Kidney N 0.09 0.02
TABLE 4.8

N
THE DEPOSITION OF TIN IN THE TISSUES OF MICE AFTER THE

ADMINISTRATION OF A SINGLE INTRAVENOUS DOSE QF 2 MG KG_I.

- &
% of injected dose of 2mg kg'1
retained after 48 hours.
Sn(ll) Sn{1v)
Stomach 0.1 0.004
Small Intestine 0.5 ’ 0.04
Large Intestine 1.0 0.2
<)
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2.5.1. EFFECT OF TIN(IT) ON THE TISSUE DISTRIBUTION OF Tc-99m-SODIUM
PERTECKNETATE. (*9™1c0, )

Stannous jon is widely used as a reducing agent in the preparation of £
9ngc-labeﬂed radiopharmaceuticals. The reaction, which is only pqq}ly ‘
understood, involves the reduction of the chemically inert g_ngc(VII)' by tin{II)

to give a chemically reactive 95m

Te(III) or Te(lIV) sBecies which then can comp lex
with a variety of ligands to form gamma emitting radiotracers {(Lin et al., 1975)
(Eckelman et al,, 1975). The Sn(I1) may or may not form an integral part of thé
rad jopharmaceutical (Deutsh et al., 1976)(Burns and Marzilli, 1977).
e
The tissue distribution ofgngc has been well characterized in humans afd’
odents (Ancri et al., 1977) (McRae et al., 1974) (Patel et al., 1979). The
ormal tissue distri?ution pattern ofgngc-pgrtechneta@e can be altered iﬁ ratg
(MsRae et al.,197 f\aug‘hﬁmans (Ancri et al.,1977) that have received prior doses
). Minimal, but statistically significant changes in tissue distributioﬁ
havelbeen noted with I.V. doses of Sn(II) as law as 0.02 mg/kg in the rat and
changes in this distribution pattern could be detected 13 weeks after 8 mg of

99m

Sn(Il)/kg. The shift in the distribution pattern of TcO, occurred when Sn(I1l)

was given as the chloride, gluconate or citrate (Khentigon et al., 1976). The
ingestion of oral Sn(II) by rats, either as Sn{II)UD dissolved in water at 0.19

mg/ml or as Fresca, a soft drink (Coca Cola Company) which contains 0.25 mgm1’
resulted ‘in a significant alteration in the normal in vivo distribution pattern

of 99mTc04. In~this case ggmTco4 was administered intravenously 12 days after

S
the last dose of Sn(II) (Khentigan et al., 1976). The shift in PMreo,

distribution by the prior administration of tin(II) is shown in table 5.

' g
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. ’ ~ TABLE- 5

99m

THE DISTRIBUTION OF Tc IN RATS ONE WEEK AFTER

RECEIVING A TEN(II) INJECTION AT 8 Mg KG-I.

95m.

% of Injected Dose of Tc04 in Rats

YT AATAN w1 ey

- RBC

0.06 5.1
Serum '/ '0.5_ , 5.5
Liver 4.3 11.6
Kidney 1.0 2.9
Stomach 17.1 1'.8 .
Femur 0.2 0.4
Skeleton 7.3 12,3
Skin 27.4 6.9

o

1 Week After Receiving Sn{II) at 8 mgkg

Control (-tin)
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2.6 METALS AND THE LONG TERM EFFECTS ON HEALTH; CARCINOGENESIS. AND

IMMUNOSUPPRESS ION.

Nickel (Ni), chromium (Cr), arsenic (As) (Sunderman, 1978) and \jery11ium
(Be) (Hassan and K;zem1,1974) are generally accepted as human carcinogens on the
basis of epidemiological evidence. Ni, Cr, and Be cause tumors in experimenta)
animals but As does ﬁot (Sunderman, 1978). Lead has not been shown to cause
cancer in humans but Rt does cause kidney cancer in experimental an1ma15 after
oral administration (IARC, 1972) and increased chromosomal aberrations have been
found yin lead expésed workers (Deknudt et a1, v 1973). A1l of the carc fnogeric
metals so far studied bind extensively to the components of chromatin (Reiner et

1971)(Costa 1980)(0skarsson et al., 1979} (Levis, 1978). Be, Ni and As ‘have

a high affinity for the chromosomal proteips. Be and Ni bind weakly to -the
-phosphate backbone of DNA (Norseth, 1978). Cr(III), binds strongly to the

phosphate backbone and 1rregu]ar1y to the DNA bases (Levis, 1979),

Be and C;'Eause rapidland prolonged inhibition 6f DNA synthesis in normal
and regenerating rat 11vér and in fibroblast cultures repectively (Norseth, 1978)
(Le;is‘ 1978). Ni produces a rapidly reversible inhibition of ONA synthesis that
is characterist1c of non-DNA damaging agents (Painter, 1977) In addition,
soluble Ni salts are not mutagenic in the Ames test (Venitt et al., 1974} and do
no cause extensive DNA damage in the FADU assay.(McLea; and Kaplan, 1981), These
observations ipdicate that As, Ni, which a§sociate with the chromosomal proteins
and in particular with the non-histone proteins, may induce mutations by altering
the pattern of gene‘expression (Costa, 1980) (Reiner et al., 1971). cCr(VI) is

rapidly taken up by cells in vivo and in vitro while Cr({III) is largely excluded
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(Levis, 1978), however, Cr(II1) is 20 times more potent in producing base
mispairing in céTT-free systems (Sirover et a]l 1976). Chromium, is probab]y
taken up by ce]ls as Cr(VI) and then quickly reduced to the more mutagenic
Cr(II1) (Costa, 1980). Water soluble metal compounds of Ni(II) and Cr may be
.weakly carcinogenic in vivo because they are rapidly excreted from the body by
the kidneys and there is only minimal tissue contact t{mé. Carcinogenicity can
be increased if the metal. is slowly released from a reservoir or depot such as
occurs during the slow solubilization of relatively insoluble particles or from a
metal prosthesis that is correrd by body fluids. In these cases there:is ar
constant sourée 6f tissue exposure to the metal fons and the tissue contact time
is extended. The eitensive deposition of heavy metals in a particular tissue or
cell type can induce cell death. This may bg followed by differentiation and “
pro]iferat%on of adjécent cells in an attempt to restore ce{l number,

Proliferation on d maged templates could then lead to neoplastic transformation.-

- As(III) at 50 um irreversibly inhibits DNA synthesis in CHO cells and lower
concéntrations cause x-ra}-]ike division delay (Gurley et al., 1980). This delay
is correlated with reduced phosphorylation of histone proteins but there is no
evidence that this perturbation in chromatin metabolism can results in genetic

damage, although derepression of oncogenes cannot be ruled out (Gurley et al.

1980).

Metals which are carcinogens in experimental animals have a variable effect
on DNA synthesis in mitogen stimulated lymphocytes. Mercury as Hg(II), lead
%(II) and ®r(I111) are mitogenic at highly cytoxic concentrations (Shenker,/ 1977
for teview). Lymphocytes isolated” from the spleens of mice treated orally with

Hg(II), cadmium as Cd(II) and Pb(IT) have a reduced response to stimhlation-by ~

L
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PHA and PWM (Gaworski and Sharma, 1978). The treatment of lymphocytes, in vitro,
with copper as Cu(II), cobalt as Co(II), manganese as Mn(II), nickel as Ni(II)
and cadmium as Cd(II) are 1nhibitorf to transformation by PHA (Berger et al.
1974), while In and Fe are st1mu]atory (Shenker, 1977) (Chesters 1972). These
resuTts indicate that metals which have carcinogenic potential in animals may

also be capable of induc ing 1mmunosuppres§1on by virtue of their inhibitory

effect on DNA synthesis. Immunosuppression can be primary in that there is an

‘inhibition of PFC formation that is not due to selective cytotoiicity whereas

secondary immunosuppression occurs when the treatment produces cell death {(Vos,
1977). Some organotin compounds are selectively cytotoxic for the thymus and
spleen (Seinen_et_91., 1979) whereas many inorganic compounds such as Cd{II) and
Ni(II) are immunosuppresive because of their general Cytotoxicity (Kutz et al.,
1980). The inorganic salts of Pb, Cd and Hg have béen reported to be
immunosuppressive in vivo' (Koller et al., 1973) as have the organic compounds of

Pt (Berenbaum, 1971), Hg(II}, Pb(IV) and As(III) (Blakey et al., 1980).

" Immunosuppression in the case of Pb was probably due to cjtotoxicity (Vos, 1977).

The relevance of this type of suppression is not known because cytotox1c1ty at
the high doses used in the experimental procedure may not occur at the very low
doses obtained during actual environmental exposure. However, very low doses,

espec1al1y if cumu]ative may produce adverse effects on DNA {Lewis and Swenberg,

1980}.
o

The spleen and thymus cells are extremely sensitive to radiation and DNA
damaging drugs (Geraci et al., 1975) (Goh et al., 1976). After exposure of the
thymus to therapeutic X-rays as infants, adults still have elevated levels of

chromosome aberrations in peripheral blaod, a lawer number of circulating B and T

. ce]]s, an inhibited response of" periphera1 blood Tymphocytes to PHA and an
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increased incidencé of neoplasms (Goh et al., 1976). Therefore, a’'single large
dose of a DNA damaging drug or chemical may produce an exaggerated effect in

experimental animals; Jow but cumulative doses may also produce the same but in

a more insidious manner {Campbell etiaT., 1980}.
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2.7 DNA SYNTHESIS INHIBITION; A SIMPLE TEST FOR "AGENTS THAT DAMAGE DNA.

An early response of various mammalian cells to chemical carcinogens is an
inhibition sf ONA replicative synthesis. The carcinogens DMBA and
dimethyInitrosamine, inhibit DNA replication in regenersting rat 11vsr (Craddock,
1975) (Marquardt et al., 1972). Methylazoxymethanol acetate, which induces colon

tumors, also inhibits DNA replicative synthesis in colon mucosa in vive and in

vitro (Mak et al., 1978) (Zedeck et’al., 1977). The molar dose of eight N-nitroso

compounds ) which are inhibitory to DNA synthesis in rat esophogeal epithelium,
correlates significantly with carcinogenic dose {(Mirvisch, 1978). The
inhibition of mouse testicular DNA synthesis by chemical carc1nogens likewise
shows a high correlation with carcinogenicity (Seiler et‘a1., 1977). Covalent
binding of carc1nogens to cellular DNA, resulting in damage to DNA template, has
been observed for many types of chem1ca1 carcinogens (He1de1berger et al., 1975).
Many chemicals however inhibit rep11cat1ve DNA synthesis by altering cell
metabolism without binding to DNA thereby weakening the corpelation between the

ability of compohnds to inhibit” DNA synthesis and to produce DNA damage.

2.7.1 METHODS OF DETECTING ONA DAMAGE.

Painter (Paintér 1977) systematically documented the effects of known DNA
damaging agents and nondamaging metabo]1c inhibitors on the res of DNA
synthesis in human HelLa cellsin v1tro. Treatment of cells with DNA dama¥ing
agents produced a rapid and prolonged -inhibition of DNA synthesis while general
metabolic inhibitors produced a reversible suppression of DNA synthesis These
two types of inhibitors could therefore be distinguished on the basis of the
rates of change in DNA synthesis after removal of the agents from the incubation
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med jum.

The-exp1anation for these obseryatio . 1s that when an agent that inhibits
DNA synthesis by metabolic means, such as NiCIz, OMS0, cycloheximide or
hydrokyurea, is removed from the medium the metabolic block is removed and
recovery beg1ns 1mmed1ate1y -and the rate of DNA synthesis increases. However,
when a DNA damaging agent, such as benzpyrene MMS, or 4NQO, is removed from the
medium the damage to DNA remains and the rate of DNA synthesis decreases with
time. This also occurs for cells treated with UV light or chemicals that mimick
the action of UV Tight. These treatments induce lesions in DNA that block the'
progression of growing points in replicating DNA until repair occurs. Agents,
such as x-rays and MMS, bTock the initiation of replicons, so.that DNA synthesis
progressively decreases as more and more replicons terminate after damage is
incurred. These results suggest that measurements of DNA synthesis within the
first 1-2 hours after treatment w1th an agent can determine itg potential as a
mutagenic and probably carc1nogen1c agent (Painter, 1977).

Painter (Painter, 1977) has incoggorated these observations into a procedure
that is designed to rapidly screen compouﬁds for DNA damaging properties. The
test measures thymidine uptake into the DNA of human (HeLa) cells at various
times after treatment with a presumptive carcinogen or mutagen. Agents, such as
cyclophosphamide, that require prior metabolic activation can also be assayed by
this procedure (Painter, 1977) (Painter, 1978).

The use of a repair deficient XP cell line instead of the HelLa cell did ;ot
increase the sensitivity of the test (Painter, 1978). In this assay system,

N1‘C12 inhibited DNA synthesis by sﬁowing but not blocking the rate of chain
¢

=r
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elongation, in a manner similar to cycloheximide and hydroxyurea and therefore is
presumed not to be ONA damaging at 500uM . Meta111c, insoluble Ni compounds
(N1 Sz)are known carcinogens in rodents and in humans (Oskarsson, 1979). Phorbol
‘_myristate acetate, a tumor promotor for mouse fibroblasts, also inhibited DNA
.synthes1s, in a reversible manner like N1C12.Metabo]ic poisons, such as potassium
cyan1de (KCN), a respiratary inhibitor (Keilin, D, 1929) at 15-30 mM decreased
DNA synthes1s initially but recovery occurred quickly when the cells were _
transferred to fresh incubation medium (Painter, 1977). The inhibiting effect of
hydroxyurea (HU), DMSO and ethanol on DNA synthesis was also rapidly reversible.
HU inhibits r1bonuo1eot1de reductase and decreases the intracellular poo1 size of
deoxyribonucleosides while DMSQ and ethanol are membrane active agents that alter
nucleoside transport into cells(Adams aﬁd Lindsay,1967)(PJagemann and
Richey,1974). This indicates that metagolic inhibitors, that decrease the size
of deoxyribonuc]eoside pools or interfere with nucleoside transport, must be
continuously present in the incubation medium in order to inhibit DNA synthesis.-
A similar correlation was found using an assay system consisting of mouse spleen
cells activated in vitro by Con A for 48 hr before treatment with carcinogens

f_e_(yarren and Summerville, 1980).

N

S
2.8 ALKALINE SUCROSE GRADIENT ANALYSIS.

In the usual procedure for alkaline sucrose gradient analysis, a small
number of cells are lysed in an alkaline detergent soluticn (pH 12) that has been
layered on top of a gradient of alkaliné sucrose (McGrath et al.,1966) (Pa1f1C'
and Skarsgard, 19?2) Cell lysis, removal of associated molecules and
denaturation of DNA by the alkali are accomp]ished on top of the sucrose gradient™

without any mechanical handling G6f the DNA. Centrifugation of this denatured DNA
v - 59
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—’gt—optima1 conditions of rotor speed and” tube dimensions results in a random _.
molecular weight distribution on thewgradient which sediments in the range of
120-180 SﬁTC1eaver et aI.,1975)(Lett et ;1. ,1967). The assay conditions are
adjusted so that the single strand molecular weight peak in untreated contro1s is
reduced to about 5x10 D. either by careful selection of the alkaline lysis
cond1t1ons (Lett et al., 1957) or by introducipg a controlled number of breaks
into DNA by exposure to X-rays (Lehmann and Ormerad, 1970). Reliable molecular
weight distributions can be obtained when the single strandlmnjécular weights of
control DNA s reduced to 5 x 1080. This system can then be used to quantitate
the damage introduced "into the DNA of cells that have been exposed to various
agents by comparing the change in the MW of the treated DNA to that of control
DNA. Alkaline sucrose gradient analysis can be used_to quantitate total strand

" breaks introduced into DNA directly as strand breaks or indirectly from

alkali-labile lesions.

2.9 THE FLUORESCENCE ANALYSIS OF DNA UNWINDING (FADU). Method For Detecting DNA

Strand Breaks.

An extensive discussion of the method has beeﬁ presented by Birnboim
(Birnboim and Jevak, 1981). Briefly, large double stranded DNA molecules are
released from mammalian cells by gent1é lysis. This duplex DNA slowly unwinds
when exposed to alkali. The rate of this unwindihg is increased when breaks are
introduced into the DNA by treatment of who1e ce1ls with a DNA damaging agent.
The increased rate of unw1nd1ng can then be used as a measure of the relative
number of strand breaks produced in the pNA by the treatment. The degree of
unwinding; or the amount of duplex DNA remaining, is determined fluorometrically

by the use of ethidium bromide, a6dye that binds selectively to duplex DNA. The
0
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difference in fluorescence between a control sample and a treated sample 1sl

measure of the damage produced by the treatment. r

"
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3.0 MATERIALS AND METHODS.

3.1 PREPARATIONS OF SOLUTIONS. -~
3.1.1 HEAVY METALS. . "

Stannous dichloride dihydrate crystais were purchased from several sources
(Fisher, British Drug House, Merck and Anachemia). Clear crystals were weighed
and dissolved immediately in 1-2 mis of M/1 HC1, passed through a 0.45 um
polycarbonate filter, when necessary, and then brought to volume with sterile
distilled and deionized water so that the final concentration of HC1 was M/100.
The tin(II) content was standardized by iodometric_titration using M/10 or M/100
iodine{lz) with starch as indicator, (USP XIX). A1l solutions were‘prepared
fresh for each experiment and held at 0° until used. Stannic chloride solutions

were prepared in a similar manner.

A11.other heavy metals were obtained as reagent grade inorganic salts from
Sigma Chemical, Fisher Séientific, Merck or Anachemia. The solutions were made
as 100; aqueous concentFates and added to the cell suspensions to give final
concentrations_of 50 uM with respect to the metal ion,

3.1.2 TIN(II) CHELATES.

Tin(II) at 500 uM in M/1 HC1 was reacted with aqueous solutions of methylene
diphosphonate (MDP), pyrophosphate (PyP), human serm albumin (HSA),
ethylenediaminetetraacetic acid (EDTA), transfl, 2-diaminocyclohexane N,N,N'N'
tetraacetic acid (CDTA), citrate, phosphate, phytate (inosito] hexaphosphate} to
form tin(II) chelates (Abel, 1978). Chemicals were purchased from Sigma or

t

Aldrich Chemical. Tin(II) Fluoride colloid was obtained from Amersham. Several]
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of the above chelates are available commercially and these were also obtained and
tested. Several preparations containing tin(II) complexed to denatur‘ed

(aggregated) human serum albumin were obtained from NEN and C.E.Frosst for

testing. The chelate was always in a 200 times molar excess .of the tin(1I) for

aﬂtﬂ the complexes.

-

113T1n(II) Chloride was obtained from NEN at 18.2 mCi mg -1 in 4M HC1.

Radiolabe11ling ﬁf the tm(II) chelates was accomplished by an exchange process

whereby 0.056 uCi of 1131:1n(II) was added to a solution of the nonradioactive

tin(II) before being reacted with an excess of the cheTate\(ABe], 1974),

k]
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3.2 CELL PREPARATION AND CULTURE HECHNIQUES.
3.2.1 MOUSE CELLS.

Mice were sacrificed by cervical dislocation and their spleens quickly

excised, pressed throuéh a stainless steel screen and then suspended in ice cold

complete medium (RPMI-1640 10% feta) calf serum (FCS) (Flow Labs.), 2 mM
L-glutamine, pen-strep (100 ju and 100 ug per ml) andlSO_uM
2-mercaptoethano1(2-ME). Clumps and debris was a]]éwed to sett]e‘out and then
the crude suspension was aspirated off and the cells collécted by centrifugation
(400 g, 5 min, 0°C). The cell pellet was resuspended in 0.87% ammonium ch]qride,
10 mM tris buffer (pH 7.2-7.4), and held at 0°C for 10 minutes to lyse the red
blood cells (RBC). ‘Cells were collected by centrifugation, washed and Lhen
adjusted to give 2{;05 nucleated cells per ml. Viability, as determined by

trypan blue exclusion, was always greater than 90%. Typically, 200 to

_thBOxlosceTTS were obtained from each spleen, consisting of about 40% large -

monocy€§s and multilobed granulocytes.
-

3.2.2 HUMAN WHITE BLOOD CELLS.

Total WBCs were isolated from human peripheral blood by dituting 1 volume of
blood with 3 volumes of a RBC lysing solution, as descriQ?f:?bové, and holding
the mixture at ice bath temperature for 20-25 minutes. Cells were collected at
260 G for 10-15 minutes at 0°C. The supernatant was asp1ra£;d off and the cells
were washed once in fresh lysing s&1ution and then resuspended in a modified

Earle's salt solution (BSS) or medium as dictated by the treatment protocol.
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3.2.3 HUMAN PERIPHERAL BLOOD LYMPHOCYTES (HPBLs).

Peripheral venous blood from healthy human donors was wjthdrawn into 60 ml
syringes confaining 2-3 ml of sPdium hepariﬁf(loo [.U./ml). The contents of each
syringe was mixed with 40 m] of RPMI-1640 cultyre medium and this diluted blood
was gently layered onto 15 ml of Ficoll-Paque (Pharmacia) in 50 m) plastic tubes
(Falcon). The tubes were centrifuged at 18°C for.30 minutes at 400 g. The
lymphocyte layer was removed following centrifugation,'washedttwice ih‘tqgg}ete
medium and cell number and viability were determined by trypan blue exc]uﬁibn and

hemocytometer.

3.2.4 CULTURE TECHNIQUES.

Mouse cells at 2x106/m1 ;ere suspended in complete medium at pH 6.9 and
incubated at 39°C. HPBL were suspended at 106/m1 in complete medium at pH
77.3-7.4 and incubated at 37°C in an atmosphere of 5% C0,. Wild type Chinese
hamster ovéry cells were cultured in minimal essential medium (Gibco)
supplemented with 10% FCS, non-essential amino acids and sodium pyruvate in an

atmosphere of 5% C02 and high relative humidity.
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3.2.5 BALANCED SALT SOLUTION (BSS).

BSS was a modificétion_of Earle's balanced salt solution (Birnboim et al.,

1981) as is made as follows; g

e
magnesium sulfate (MgSod.7H20) 0.100 g
- potassium chloride (KC1) " 0.400 g
sodium Chloride (NaC1l) _ 8.000 g
Hepes Buffer 5.960 ¢
Dextrose 1.000 g
Defonized distilled water 1.0 L

. PHat 7.2-7.4

3.3.0 ASSESSMENT OF UPTAKE AND INCORPORATION OF
RADIONUCLIDES INTO CELLS:

3.3.1 THE INCORPORATION OF TRITIUM (34) LA%L_\_

MACROMOLECULAR PRECURSORS INTO CELLS

Stoe;)solutions O%i}H-Thym1d1ne ( H-TdR), H -Uridine ( H-UdR) and 3H -Leucine
( H Leu) were obtained from Amersham at 50 Ci/m mole. These stocks were diluted

with RPMI-1640 to give secondary stock solutions of 10 or 100 uCi/ml for pulse

labelling cells.

One mil aTiquts of ce]]s, appropr1ate1y labelled with the 3H-precursor. were

washed sequentially onto premoistened glass fiber filters (GF/c Whatman), under

gentle vacuum, first with 25 mls of ice cold phosphate buffered saline (PBS),

N

T s - m e e s L



¢

LW

¢
]
TR

25 mis of ice cold 5% trichloroacetic. acid (TCA), and then with 30 mls of 95% , : j

ethanol. The radicactivity retained on the filter was assessed by liquid

scintillation counting using 3-5 mls of Scintillene (Fishef Scientific).

3.3.2. THE UPTAKE OF Tin(II)-113 INTO CELLS IN CULTURE.
113

T1n€!}i~d1chlor1de was purchased from New England lear at a specific
activity of 18.2 mCi/mg and a radionucTidic purity of 99%. 137Tin decays 100% by

.electron cafture with a half-1ife of 118 days to give 1131'ndium (In) which then

decays bf gamma emission at 393 KeV at a half-life of 100 minutes {CRC Handbook,
1969)." The detection of the 113t1n is done by .determining the decay of its 13,
daughter in a 2"x 2" sodium iod1de gamma detector (Amersham AutoCounter) The

113T'in(II) dichloride is extreme]y reactive in dilute solutions binding

'nonspecif1ca11yeto glass and_ce]lu]oEf: A1l solutions were therefore-manipu]ated

“in plastic or siliconized glass containers and pipettes. Wherever possible

carrier tin(ill was added to r%ﬁuce this nonspecific ;dsorption. 113Tin(II)
kends to rapidly form a radiocd]]oid in weakly acidic ;olutions (Bﬁiler, 1974)
and the particle size increaseé?as the concentration of‘the carrier tin(I;) B
1ﬁcreases {Nelp, 1969); f ' <:
,Polycarbonate wég the only nfaterial which did not bind 113t1n(II)' ;
nonspecifically. Binding -of 113tin(II) to cells could Se assessed by gently B
washing .them through filter discs of polycarbonate (1 um pore 3ize, Biorad Labs.)
with 30 ml of ice cold PBS and then determining the ga mEcount 3t 393 Kev.

The preferred method however, was the rapid microfugation technique of

' Strauss et al., 1977). The assay was done in 0.4 ml m1crofuge’1u§es (Beckman) by

1qyer1ng 0 2 ml of cells, at 2x106/m1, over a layer of silicone o0il (Silicone
556, 13 parts and Silicone 550, 12 parts, Dow-Corning). The cells were .

centrifliged at 12,000 rpm for 15 seconds in a Beckman Microfuge (model D-9). The
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tubes were quickly frozen in ]iduid nitrogen and the tips, confainjng the
§ed1mented cells, were cut off and placed in gamma counting tubes. The spin
through frﬁﬁuzaﬁz:;;’;;:es (incubation medium and 113tin(II) and no cells) was
always less than 0.465% of the total radioactivity in the 1ncubat1on medjum,

113Tm(II), d11uted with the appropriate carrier, was added as a 25x to 100x

. concentrate to suspens1ons of mouse splenocytes or human WBC at 2x106/m1. The pH

of the cell suspension under these conditions remained in the range of 7.1 - 7.3.
Cell suspensions were maintained in a constant temperature bath at 0°C or 3766.,
with gentle m%xing every 2-3 minutes, Triplicate 0.2 ml aliquots of cells were
removed from the incubation mixture every 2.5 minutes and centrifuged through oil
as previously described, to determing the time course of radionuclide uptake. 1In

some experiments the concentration of the radfonuclide was kept at a constant

specific activity and the cell number was varied. In other experiments, whole

blood was incubated with 113 tin(II) at 379C to determine binding to RBC.

The uptake of 113tin(II) chelates was done at a concentration of 50 uM

tin(Il) and mM of the chelator. This resulted in an adequate level of carrier

tin(II) thaf‘made manipulation of the solutions relativély easy. Human'sérum

albumin (HSA) at 2% (about 200 uM) was mixed with an equal volume of 113tin(II)

with carr1er and 0.1 ml of this was added to every 0.9 ml of cell suspension, to

give a final HSA concentration of 0.1% and tin(II) at 50 uM. ~

3
;
kS

3
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3.4.0. -THE SUECELLULAR DISTRIBUTION OF TIN IN HUMAN
WBC AND MOUSE SPLENOCYTES.

3.4.1. THE SUBCELLULAR DISTRIBUTION OF Tin(II)-113 IN )
o

MOUSE SPLENOCYTES.

-

The procedure of subcellular fractionation used here is an adaptation from
Mahler, 1966. Briefly, splenocytes from one mouse were isolated and suspended at

113tin(II) at 1 uCi/ml in the presence

5x10%/m for 30 minutes in BSS containing
or absence of 10% FCS. At the end of the incubation period duplicate 0.2 ml
aliquots were taken for 100% reference counts and duplicate 0.2 m1 aliquots were
collected on polycarbonate filters to determine the total cell bound '
radioggtivity. The remaining cells werer collected by centrifugation (250_9, 10

min,‘OOC), washed 3 times in ice cold PBS and adjusted to 20x106/m1 in lysis

bﬁffér. Tpe lysis buffer consisted of 10 mM Hepes,_SO mM potassium chloride

(KC1), 5 mM magnesium acetate and 0.05% triton-X 100 at pH 7.8. . A coupting

¥ ) .
reference of 0.2'ml of this cell suspension was taken in duplicate. At the end

. of 15 minutes incubation, the cells were observed by phase contrast microscopy to

ensure that 1§;act nuclei were present. The intact nuclei were coliected by
centrifugation (450ig for 10 min., 4°C). The suﬁernatant was removed and the
nuclei gently resﬁsﬁénded in the same v;Iume of fresh lysis buffer ‘and "incubated
for a further 15 minutes. The intact n(é]ei were agafh éo]lected and washed two
more times in a solution consisting of 0.25 M sucrose énﬁ 0.003 M calcium
ch]ﬁride (CaCIz). Thé pellet was gent1y resuspendéd the same volume of buffer
and the radioactivity for in 0.2 ml aliquots was COA;:f;) to ;hat(fﬁﬁnd in the

counting reference. : 2
. . !
L .
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/1 counts. (Chand]er, 1977).
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3.4.2. THE SUBCELLULAR DISTRIBUTION OF TIN(Il} AND TIN(IV)
1
By THE MICROBEAM ANALYSIS OF WHOLE CELLS.

Human WBC were left untreated or incubated with tin(II) or tin(IV) in BSS i
for 15 minutes at 37°C. The cells were washed 3 times in ipeJcold BSS and then ﬁ
fixed for 1.5 hours in 2.5% glutaraldehyde, dehydrated through an ethanol series, '
transferred to propylene oxide and then embedded in Spurr as described in detail
by Glauert, 1975). Embedded cel]s were sectioned, stained for 20 m1nutes ea in
uranyl acetate and then lead citrate. Serial sections were mounted onto goId
grids to prevent ‘interference with the detection of the tin K-alpha 1 and 2
characteristic x-ray peaks. Specific areas of the cytoplasm and the nucleus wefe
irradiated with a 3 uAmp beam current 0.2 to 0.5 um in d{}meter and counts from
the tin x-rays were co]]ected.For 300 seconds in a multichannel analyzer set so
that each ch;nnel was'20 Kev in width. RBC, monocytes, lymphocytes and
granulocytes were scgﬁned for the presence of tin in cdntro!; tin(II} and tin(IV)
treated cultures. A conservative statistical analysis of the data was employed.
Background counts from 3 areas.of the spectrum were averaged and then subtracted
from the .total counts in the combined tin K alpha 1 and 2 peaks. accumulated

from the area of interest. To be statlst1ca11y different from background at the

98% confidence 1eve1, net counts had to be greater thany2 x average background ‘Eq\
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3.5.0. _DNA SYNTHESIS INHIBITION ASSAYS.

’ . )

3.5.1. THE EFFECT OF TIN(II} TREATMENT ON THE. ABILIiTr OF RESTING

HPBLs AND .MOUSE SPLENOCYTES TO RESPOND TO CONCONAVALIN A.

Human lymphocytes, prepared from freshly collected b]ood.\here suspended in

BSS and then treated with various concentrations of tin(II) for 30 minutes at
379C. After treatment, cells were collected by centrifugation at 400g for 5
minutesfr;esuspended at 106/m1 in complete medium containing 10% FCS and

| ) —

‘conconavalin A (ConA)} at 20 ug/ml. Cells were incubated in one ml volumes in
12x75mm vials or in 75cm2 flasks in an atmosphere of 5% COZ' Suspensions were

3

pulsed with “H-TaR 1 uCi/ml for one hour prigr to harvesting at 96 hours after

exposure of the cells to ConA. Cell numbeér And viability were determined by the

trypan blue exclusion test. ' ]

i

Mouse splenocytes, suspended at 2x106/m1 in RPMI-1640 medium without FCS,
were treated with various concentrations of tin(II) and tin(IV) for 30 minutes at
37%C. At the end of the treatments, the cells were collected, washed and

resuspended at 2x106/m1 in medium containing 10%¥ FCS and ConA at 2 ug/ml and

{TKUDQtEG for 72 hours at .39°C. Cells were pulse labelled at the end of,the

¥ncubatNon period with_3

H-TdR (lubi/ml for 1 hour) and then harvest { on GF/c
filtegs. o

. ' ' . (\\ ¥
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3.5.2,THE EFFECT OF TIN(II) TREATMENT ON TRANSFORMED AND ®
- . \- M
CON A STIMULATED CELLS, IN VITRO. {

Mouse splenocytes were stimulated by ConA 48 hours and then collected, -
(fﬁ\\ washed twice and suspended at 2x106/m1 in serum-frip RPMI-1640 medium. These
cells were treated with various concentrations of tin(II) for 30 minutes at 37°C
and then transferred to fresh med{um containing loi\FCS. The cells were pulse
labelled for 20.minutes with 3H--TdR (10 uCi/m1), at various times after the' end
of the treatment and then harvested onto GF/c filters in a procedure similar to

that described by Warren et al.,1980.
#

fransformed mouse EL;4 cells and human Réﬁi éé]]sfwere used in a DNA
thesis inhibition assay that is identical to the described by Painter;

19 978, for the detection of DNArdamaging agents and human carcinogens.
Briefly, celis at 2,5x105/m1, were incubated for 30 hours with 0.02 uCi/ml

14C—thymid1'n'e {Amersham, 50mCj rrrno]e'l)

in complete medjumf‘Thése)pre]abe]]ed.
cells were collected by centrifugation washed once and suspended at 106/m1 in

) fresh, nonradioactiye ﬁedium'for 2-3 hours. Cells were then treated with tin(II)
at 100, 50 and 1 uM, methylmethanesulfonate (MMS) and hydroxyurea at 1 mM for
30-45 minutes. The cells were again collected by cent}ifugafion, resuspended in
fresh medium and distributed to a series of 12x75mm culture tubes. Triplicate
qugg of these ce]is‘were incubated for 20 minutes in 3H-TdR at various times
‘after the termination of treatment and then harvested onto GF/c filters. In this

3,.14

way the rate of change in DNA synthesis, expressed as the ratio of “H:~C found

. " LR
in treated cells, was compared to the ratio measured at the same time in ]

-y controls. The resulting ratios were 1ﬁdependent of the cell rnumber® inﬁ;égz//

ToT72
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culture tube which increased the speed and accuracy of the assay. 4

3.6.0_FLUORESCENCE ANALYSIS OF DNA UNHINbING (FADU) FOR THE DETECTION OF DNA
STRAND BREAK DAMAGE.

The procedure for FADU has been described in detail e]sewhere, (B1rnbo1ﬂhand
Jevak,1981). Br1ef1y, blood was collected in 10 m1 vacutainer tubes containing
3.5 mM EDTA as anticoagulant. Blood was poo]ed and ‘the RBC lysed at 0°C The WBC
were collected by centr1fugat1on, was hed twice in a BSS at 0°C sresuspended at

2x10 /ml, treated with variods agents and then assayed for DNA strand break
damage by FADU.

After the appropriate treatments, the cells were washed twice with solution

_ B (0. 25M mesp~inositol, 10 mM‘Pod1um phosphate buffer and 1 mM magned“um

ch10r1de adgusted to pH 7.2) and resuspended in about 2.8 mls ?f solution B to

give 5-10x106ce11s/m?._A]iquots ;ﬂ?@ ml) of ihis suspension were distributed to 12
disposable glass tubes designatéd T, P or Q: in groups ofaﬂ, T@}eécﬁ of thege were'
added 0.2 m1 of solution C (9M urea, 10 mM sodium hydroxidgiZE:S mM COTA and 0.1%
sodium dodecylsulfate, SDS) and incubated at 0°C for 10 Tigg;as‘_guriﬂg this time
cell 1ysis=:g? chromatin disfﬁptién occurs- To the nd B tubes, 0.1ml of

so]uti;g_n
(0. 40 volumes of C in 0.2N sodium hydroxide) are ver§\g$nt1y added without

45 volumes of'C in 0.2N sodium hydrox de} and 0.1mT of solution E

mixing. During the subsequent 1ncupat1on at 0°C for 30minutes the alkalj d1ffuse ‘

1nto the viscous lysate to 9125 a final pH of about 12 8 (measured at 23 C) The

content of the % tubes are-sonicated for 1-2 seconds to ensure rapid denaturation

of DNA in the Alkaline solution. P and B tubes are jncubatedlat 15°C for 60.

minutes ( ?r ﬁfn ieﬁ for mouse cells). Denaturation is stopped by chilling to
s

73



(&3

-

B e T P VISP VR SN Py AP

~a

’

il /

-~

0%C and the addition of 0.4m) of solution F (1M g]ucose; 14mM 2-mercaptoethane)
with mixing. This lowers the pH to about 11.0. The 1ysa£es are sonicated briefly
to render them homogenous and diluted with 1.5m1 of solution G and their
fluorescence read at room temperature in a Farrand Mark I spectrofluorimeter
(excitation,520nm; analyzer, 590nm). The T tubes differ from the P tubes in phat
the’neutra1izing solution (F) is added before the alkaline solutions D and E so
that the DQA is never exposed to a denaturing pH. The extent of the DNA unwinding
(ie the amount of duplex DNA remaining) after a given time of exposure of cell

-

extracts to alkali is ca]cu]a@ed as P-B/T-B x100 for untreated control cells (Dc)

’

and for treated cells {ij. The relative amounts of duplex DNA remaining in

.~

treated [Dx) and untreated'(Dc) cells can be used as a measure of damage produced -
by the treatment, eere§sed as -10010g(Dx/Dc). The use of 12 tubes permits
.estimation of'percent Diin quadruplicate. The B samples are used to estimate the
fluorescence due to all cell components other than double:stranded DNA;
sonication before alkali treatment ensures that the DNA 1s.broken sufficiently ;o
become completely single stranded during expgsgre to alkali. Up to tHe point at
which sb]ution D is added, all steps are carqiéd out under ordinary room -
ilYumination; after'this step, manipu]ation? are under subdued light and
incubations are in a covered bath. A1l solutions are kept at 0°c gfcept solutions

—

C and G which are kept at room temperature.

3.6.1.THE DIRECT EFFECT OF TIN(II) ON ISOLA}ED DNA.

Two Totg of cells, treated and control, were suspended in 2.8ml of solution

B at 5x106/m1, distributed to tubes, as described, and then lysed with solution

C. The lysates were treated by standard FADU procedure up until the begiming of

the incubation step at 159, At this point, tin(1l) was added, in minimum volume

/ .74
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(5 ul), diQEFt1§ to the treatment (P) tubes and M/100 HC1 to the P tubésxoﬁ’fhe
controls. .The incJBafion was allowed to proceed for the standard time of one

#& hour and then_the lysates assayed for fluorescence as described.

3.6.2.DNA DISASSEMBLY. | L4 , : }

Human WBC at 2x106/m1, in BSS were treated with 50 uM tin(I), tin(IV) and

v ,
25 uM Hg(1I). The cells were allowed to incubate at 37°C for 30 minutes befor®
being collected, washed and proceséed for FADU analysis. Viability of the cells

were determined immediz;tely by trypan blue exclusion. ‘
. ® :

) : g )
3.6.3 _DNA DAMAGE FROM SECONDARY MECHANISMS : THE

EFFECT OF THE "OXIDATIVE BURST“.

Polymorphonuclear-leucocytes (PMNL), a constituent of WBCs, rélease

*

oxidizing power (in some form) when- they ™wgest particles. This oxidizing burst

»

can be autotoxic and also cytotoxic to the surrounding cells (Tsan et al.,1980).
'In order to eliminate the possibility that this "burst" may be released as a /
response of these phagocytic cells to thé\ingestion of colloidal and particulate
tin(Il), WBC w re incubated in BSS fhat contained 1 mM 2-deoxyglucose (2-DOG), a
nonmetabolizable glucose analogue This substance is known to suppress the
rgljase of the oﬁ\d1z1ng bust from stimulated PMNLs. Cells were incubated in the

. 2 DOG conta1n1ng BSS for 15 m1nutes at 379 and then treated for 30 minutes with

tin 0 uM and several other tin{1I) complexes that are known to be

collotdal in njture. The cells were harvested and processed for FADU.




3.6.4 _THE EEFECT OF TIN(II) AND TIN{IV) ON DAMAGE AND
REPAIR OF DNA OF HUMAN WBCs AT 02D 379, ’

White blood cells s#¥Pended in BSS at 2x106/m1, were treated with tin{II)
from 5-150 uM, and tin{IV) at 50 uM‘for 30 minutes at either 37°C or U?C. in “
order to establish thé initial damage to the celTs. A duplicate set of treated
cells were washed twice at 0°C in RPMI supplemented with 6% heat inactivated and
defibrinated homologous serum and then incubatéﬂ at 37°C for 20 minutes to study

the repair of 6NA damage.

Various tin(II) complexes, prepared as previously described, were incubated
with the cells at 0° amd 379. at a tin(IIj concentratio;‘qf 50 uM. When

. ~
available, the chelator was used to treat cells as controls. qu tin(Il) chelates
that were assayed were mainly those used in diagnostic nucleap/hedicihe'and
~

included; MDP, PYP,MAA, HSA,EDTA,'Phytate, F colloid and a variety of phosphates
amd other substances of nonmedical interest such as the citrate and CDTA.

Human WBC were also treated with a variety of heavy metals and chemicals in

-

an effort to determine the sensitivity of the assay in detecting known DNA

' damaging agents. The fo]]owing metals were tested; arsenic, As(III); nickel, \\”,///

Ni(II); cadmium, Cd{II); uranyl, U02; vanadyl, V02; cobalt, Co(II): Tead,'Pb(II);

zinc, Zn(1I); antimony, Sb(III) chromium as chromate, Cr(VI) and chromium as

- chromic ,Cr(III).

]

The chemichls were tested at a variety of concentrations and included

methyImethanesulfonate (MMS), mitomyt%n C, cyclophosphamide, bleomycin and

Fl
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4-nitro-quinoline-N-oxide.

. The viability of all treated cells were confirmed by the trypan blue

exc]usion test 1-1.5 hours after treatment.
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3.6.5.THE COMBINED EFFECT OF TIN(II) AND COBALT-60

GAYMA RATS ON ONA DAMAGE IN HUMAN WBC.

~

Human WBC were suspended at 2x106/m1 in BSS at 37°C and thee divided into 4§
equivalent tubes and treated as follows; 1) untreated control cells. 2) cells
exposed to 2 Gy of cobalt-60 gamma. 3) cells exposed to tin(II) at 25 uM. 4)-
cells exposed to both tin and gamma rays.

L

Tin(I1) was added to tubes 3 and 4 and then incubated at 37°C for 15 minutes

and then held on ice while tubes 2 and 4 were being exposed, at 0°C, to cobalt-60

gamma rays (2.3 minutes at 40 cm). The cells were washed twice in ice cold BSS

and then assayed for DNA damage.

3.6.6._THE DETECTION OF DNA DAMAGE IN THE ORGANS OF MICE
By FADU.

Mice/were exposed to cobalt 60 gamma rays at 1,2 and 3 Gy, then immediately
sacrificed and their orgaﬁs (spleen thymus and boﬁe marrow quickly removed and
p1aced into ice cold BSS. The cells were adlksted to 5- 10x106/m1 and then
ana]yzed by FABU using a mod1f1ed procedure. The 1ength of time at each
incubation interval was changed from 10-30-60 Wnutes to 10-15-15 minutes. The
exposure of mice 1a!coba1t'irradiation was used to ehow that damage induced in
vivo could be detected by the FADU procedure. ’ ' \
_ i 3

" To detect in vivo damage from tin(II), mice were given intraperitoneal
. ”:"“‘" ‘
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1njections at 7 mgkg~ 1. Contr01 mice were give m/100 HC1. Mice were sacrificed at
1, 3 5 and 24 hours after treatment and their spleens excised and processed for

FADU by the modified incubation procedure.

3.7.0 ALKALINE SUCROSE GRADIENT ANALYSIS OF DNA DAMAGE

IN CHINESE HAMSTER OVARY CELLS.

»

The procedure {s eSSent1aTTy as described by Douglas and and Grant,1980).
Br1éf1y, cel]s (8x10 ) were grown in 60mm tissue culture dishes and 1abeTled for
24 hours with 1%C-TaR (Amersham 53nCi/mM) at 1uCi/m! or SH-TaR (Amersham 46C1/mH)
at luCi/ml. The cells were then incubated for 4 hours in nonrad10act1ve medium.
Cells that were 1abe11éﬂ with 14C TdR were des1gnated as controls and were -
treated with a 1% solution of the-solvent system (M/100 HC1} in minimal essential
medium (MEM) without serum. The cells that were ]abe]led with 3H-TdR were®
similarly treated with 1% solutions of tin{II), tin(IV) and Cr(VI).-ﬁfter fgé one
hour treatmént, the celis were washed 3 times in ice cold PBS, removed from the
dishes with a rubber policeman and resuspended in 1 ml “of ice cold PBS ready for

subsequent 1lysis on alkaline sucrose gradients. -

-

’
Ao

Alkaline sucrose sedimentation was carried out accord1ng to the method’ of
Palcic and Skarsgaqg 1972. Alkaline sucrose gradients, 5-20%, containing 0.3M ©
NaOH, 0.01% SDS, 0.001M EDTA in 4.5 m], were prepared and a 0.3'ml lysis solution
of 0.5M NaOH, 0.2% SDS and 0.01M EDTA was carefully layered on top. “4c-TdR
labelled control ce]Ts (8x10 ) and H TdR cells (8x103), in minimum .volume (1less
than 20 ul), was added sequentially to the lysis layer. t&sis was allowed to
proceed for 10.5 hours at 20°C before being centrifuged at 15 ,000rpm for 6 hours

in a Beckman SW 50 rotor. Gradients were collected in 0.2 ml fract1ons and
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counted in a liquid scintillation cocktail consisting of 5 ml Aquasol (NEN) and

0.2 ml of 0.5N glacial acetic acid. Calculation of molecular weights was Earried

out as described by Palcic and Skarsgard,1972.

Cell surv1va1 was determined by estimating the relative colony form}ng
ability of the/fF-'ted cells. About 150 cells were plated in_ 60 mm tissue cilture
dishes in MEM with 10% FCS and <incubated for 4 hours to allow cells to attach.

The cells were treated for.1 hour in serum-free medium at 37 C, yashed twlce with
fresh complete medium and then'incubated'at 37°C for 7 days. Cells were fixed in.

ethanol: glacial acetic acid (3:1) and stained with Giemsa and the colonies

counted. | _ -

3.8.0 _TISSUE DISTRIBUTION AND RETENTION PARAMETERS IOF TIN(II) IN MICE.
N : : -

"Black C57B6/10 mice, 18-22q were used for these experiments A phantdm, made
ofrom a plastlc centrifuge tube with the approx1mate dimensions of a mouse, was
filled with 20g of water conta1n1ng 1uCi 113tin(II) and 10ug of carrier tin(II).
This phantom was used as a 100% standard and to correct the observed whole body
counts in mice for physicail decay of the rad1onuc11de M1ce were injected
1ntrabefﬁtonea11y with 1 uC1 of 113tin(II) (10 ug carr1er) in 0.2m1 of M/100 HC]
and then held in metabol1c cages—tq\\d]1ect he urine and feces. For detection of
whole body rad1oact1v1ty. a mouse was FE§fF;?ned in a vented 50 ml plastic *
centrifuge tube which was he1d in fixed geometry over a 5 inch sodium jodide
cry;tal detector. The ent1re assembly was placed 1ns1de of a lead lined cask for

she11d1ng Counts were accumuiated on a TMC 512 mu1t1channe1 analyzer adjusted so

that a 40 channel w1ndow was centered at the 393 KeV gamma peak Counts were thef

accumu]ated in the mice at various times after 1n3ection._VS' n_days after the_'ﬂh

2
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113tin(II); 4 mice were given additional injections of

administration of the

nonradioactive tin(II) and.4 control mice were give equal volumes of M/100 HCI.
| Whole bddy counts on this group was accumulated for a further 21 days to
'determjnejif the rate of excretion of 113tin(II) was changed by the cold tin{II)

injections. _ -

L

. ' Initially, the radioact;vity-in the phantom was approximately equal to that
| ' in the whole mouse, but with time, the radioactivify remaining ih the mouse
changes because: of physical decay and biological elimination of the radionuclide.
If the radioacfivify remaining in the mouse is corrected for physical decay then
the abserved changes will reflgct only the biological elimination. This corrected
whole body retention curve can then be resolved into its biological components by
the,stahd§rd procedure of.curve "strippfng“ as outlined in Boyd and

Dalrymple,1974.

3.§.1 TISSUE DISTRIBUTION OF TIN(II)-113 IN MICE.
113,’T1'n(II), diluted with nonradioactive tin(II) to give a dose of O.51':1gkg'1
of body weight, wa% drawn into syringes and assayed difect]y for radivcactivity in
- @ dose calibrator (Radx Assayer,Radx &orp.), which was sensitive to about 2-3
7)' ’ UCi. The dose was injected into the ventral tail vein of white Swiss-Webster m{ce
'(30-339.) The radioactivity remaining in the syringe after injection was again
assayed %or radioactivit& and the net injected dose was‘determinéd for each
mouse., Mice Qere sacrificéd in triplicate at 15 minutes, 1, 3, 5, and 24 ‘hours
and 3 and 5 days after 1nject1qﬁ: Various organs were ekcised and radicactivity
-was détermfned either in the do;e calibrator or in a well-type Nal crystal

detector.
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Black mice whigh were given'113tin(II) by intraperitdneal injectjon, and

weréfqgcrifiqed in triplicate at 1, 4 and 24 hours and then-2, 5, 10, 15, and 30
.days after treatment. Organs were excised and assayed as previously described.

The radioactivity in each organ was expressed as a % of the injectéd dose.

-

~ 4

'3.9.0 THE EFFECT OF TIN(IT) ON THE TISSUE DISTRIBUTION OF

99M s _PERTECHNETATE. o -

. /- ’
White Swiss-Webster mice were treated with tin(II) at 7mgkg'1 or MY100 HCT

for controls, by intraperitoneal injection, followed in 2-4 days by
intraperitoneal injections of 30-50 uCi of carrier—free.gngc—pertectnetate. The

mice were sacrificed 2 hours later and their organs were excised and assayved for

radioactivity. The activity remaining in the .whole organ was expressed/as a % of

-

the injécted dose. .

Black C57B6/10 mice (15-17g.) were fed tin(I1) at 100ppm in acidified
drinking water (adjusted with dilute HC1 to give M/100) for a periodeof 9 months.

The drinking supply was changed every 2 days throughout the study period. Mice

99m

were given Tc-pertechnetate by intraperitoneal injection 20 hours before

sacrifice. Organs of interest were excised and assayed for radiocactivity as

before.

3.10.0 IMMUNOLOGICAL ASSAYS. / A

S

3.10.1_THE ASSAY FOR THE PRIMARY IMMUNE RESPONSE -PLAQUE
FORMING CELLS {PFC).

SESIPSCTPRIV WG\ TS



The ability of tin{II) to inhibét the primaryzimmune response in vivo to
sheep red -blood cell (SRBC) antigen yas a modificatidn‘of.the Cunningham-Szemberg
plaque assay, (Cunningham and Sﬁéﬁwqag,lgﬁa) Mice were given single doses of
tin(II) by 1ntraper1tonea1 injectiqn (0.5-7.0mgkg” 1 bady weight). This would be
about 10-140ug of tin(I1) for a 20q mouse. Two days after tin(II) administratiop,
m1ce were given 0.2m] of a 10% v/v suspension of SRBC in P8S by 1ntraper1tonea1
1nJect1on. The sensitized mice were then sacr1f1ced 5 days later and their
sp]eens quickly excised and made into a ce]] su5pens1on as prev1ously described.
The -suspension was adjusted to 107/ in RPMI-1640 and 0. 2nl was added to 12x75mm
culture tubes followed by 0.15m1 of a 25% v/v SRBC suspension, 0.050m1 of gu1nea
pig complement (Health and Welfare Canada) and 0.1m1 of med1um This m1xture was
aaded to Cunningham chambers(?Bu]/chamber), sealed with petroleum Jjelly and
incubated at 39°C_for oae hour. The procedure is taken from Dean et al.,1979,
Dutton and Mishe11,1967 and Mishel and Dutton,1967. The average number of PFCs
were determined for 3 replicate slides and expressed as the number of PFC/lO6

splenocytes. The experiments were repeated 3 times.

S
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Black C57BS/10 mice were treated by intraperitoneal tin{II) injection at 1,

3.10.2 _THE ASSAY FOR ONE-WAT.MiXED LYMPHOCYTE REACTIbN (MLR). ’ ' 3
i

- 3
'3, and 5§ mgkg (al,a3 and a5)_or w1th M/100 HC1 (ao) as control, for 2 days d

. . i

i

prior to sacrifice. A crdde suspension of spleen cells was prepared and ‘then

treated with wheat-germ agglutinin (WGA), (Bourguignon et al.,1979) to obtain an —

enriched population of T-cells which were then used as responders 1n one- way\
mixed cultures. Stimulators cons1sted equal numbers of balb.c and Sw1ss Webster
sp]enocytes which had been treated separately in’vitro at 10 /m1 with mitomycin C
(40ug/m1) for 30 minutes at 37°C. Responders: St1mu1ators (1: 2)x106, were cultured
at 39°C in complete medium (supplemented with 50uM 2-mercaptoethanol, Z-ME). One
m1'suspensions weré cultured in 12x75mm plastic tubes and fed daily with 0.1m1 of
freshiy prepared complete medium-and 2-ME. Cells were labelled at 72 hours with
1uCi 3H-TdR for 16 hours before being harvested an GF/c filters. In some
experiments, tin(II) treated spTénocytés were used as stimulators and untreated
balb.c splenocytes were used as responders in a one-way MLR. The experiments

were repeated 3 times with 2 mice at each dose.

. LI

3.10.3 THE EFFECT OF TIN{II) TREATMENT ON bNA
AND PROTEIN SYNTHESIS IN THE BONE MARROW

AND SPLEEN CELLS OF MICE.

Black C57B6/10 mice were treated by intraperitoneal injections of tin{1I)
ranging in dose from:0.3~5.0mgkg_1 of body weight. Two days later, micé were
given intraperitoneal injections of 0.2m1 ofa 10% v/v SRBC. Five days after SRBC

administration, mice were given 3H—TdR (2uCi/g body'weight) by intraperitoneal
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injection one hour' before sacrifice.:Sp1een§ were excised, made into ?'trude cell -
suspension "and fixed in 1% g1q33ra1thyde. The su;pension was washed with PBS
and adJUSteq to give 10-20x10° nucleated cells per ml dsing gentian violet as
stain and hemocytometer Eounting.. Then 0,2ml of_this suspensién was dissolved in
0.561 of Protosol (NEN) and added to a counting cocﬁtail consisting of 0.1lml
glacial acetic acid, 0.3ml water and 5ml Scintiverse (Fisher Scientific). >
Radioactive counts weré accumulated for 10 minutes. Bone marrow cells were

<

Tlushed from both femurs using ice cold meaﬁum and processed'aﬁ above.

by

-~

In scme cases the cells from ‘treated mice were isolated and labelled in
itro for one hour with 3H-TdR at 10uCi/ml. Protein synthesis was also monitored

~ this in vitro approach using 10uCi 3H-Leu at 10uCi/ml for 2 hours.

Li.0 THE STATISTICAL ANALYSIS OF THE DATA.

The student s t-test was used to determine if the differences between means
re scatistically significant. The formula for the t-test can be found in

eund, 1958,

The statistical analysis of the radicactive counting data was carried out as
discussed in the CRC Handbook on Radioactivity, 1969 and Glauert,1975.
Correlation coefficients, when used, were calculated according to the method of

Armitage, 1971. The coefficient of variation (standard deviation/mean) was used

- as discussed in Freund,1958. The comparison of multiple means, such as the counts

in tin(IV) treated lymphocytes and on colony formation was done using the Duncan

s multiple range test as described by Zalik, 1975. The Chi-square was computed

according to the method of Lutz,1967.

]
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4.0 RESULTS . ' <3F‘—-—L“_‘\\

4.1 The Uptake of 113Tin(11) by Cells In Vitro

It is important to determine if ce]]s actively accumulate tin(II) and
exclude tin(IV) since only tin(II) appears to be active in producing DNA damage.
The initial uptake experiments, which involved incubation of various

concentrations of 113tin(II) with human WBC for various times, were designed to

determine if 113tin(II) was accqulgted by the cells, to define and characterize

this'uptake and to identify the parameters that could modify it.

The results of these initial experiments, shown in Table 6, indicate
that uptéke at 37°%¢ depends'oﬁ the concentration of 113tin(II) and on the
incubation time. -These experiments, which were repeated at 0°C with similar
results, indicate that the uptake of 113t1h(II) by WBC was nBt dependent upon the
incubation temperature. This suggests that the uptake occurs by a mechanisn
wnich did not require the expenditure of cellular energy.

The uptake of tin(II) (Figure 1) by human WBC suspended in BSS. has -
compcnents; a rapid, saturable phase, whiph-was essentially complete within &
nminutes, and a phase of slow prolonged uptake. The disappearance half-iimass o
113tin(;1) from the external phase of the incubation mixture at 0°¢C and 37°C
varies with the concentration of tin(II) because the contribution of the rapid,
saturab]é component to total uptake is small or non-existent at low
concentrations of tin(II). The half-time valyes of ¢he slow phase of tin(II)
uptake were 30 to 40 times ionggr than those of the rapid phase, Table 7. This
is similar to the pattern of uptake for chromate by cultured cells, Ormos and

Manyai,1977. The rate constants (K) at SOUM113

tin(II), calculated from the
half-time values (K = 0.693/T 1/2) at 0° and 37°C, can be combined to give an

estimate for QlO of 1.03 for the uptake process. The QlO is the ratio of the
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TABLE @

THE UPTAKE OF 113TIN(II) BY HUMAN WHITE BLOOD
CELLS -IN BALANCED SALT SOLUTION AT 0oC AND 370C.

‘113fin(II) 113Tin({1I) Bound (fM) per Cell

Concentratioﬂ
(QM) 5 min. 30 min. 5 min. 30 min.
50 8.0010.37 8.42:0022 . 7.27.0.42 7.5_5;0.55
25 n.d. n.d. 2.42 0.18  2.72 0.75
10 0.50 0.08  0.48 0.08 0.36 0.04 0.44 0.10
5 0.150.02  0.150.07 0.1 0.01  0.12 0.0
I 0.02 0.00 0.02 0.01 0.03 0.01

0.03 0.01

TABLE 6 UPTAKE OF 113TIN(II) BY WBC. The uptake of 113tin(I1) was measured at

various incubation times by the rapid centrifuge technique of Strauss et al, 1977,

Uptake was essentially complete after 5 minutes of incubation but a slow phase of

prolonged accumulation was also evident at concentrations. 5uM. The differeace in

uptakes at 0of and 370C was not siqnificant at p=0.02 suggesting that the

accumulation of 113tin(II) by colis wnn

a nassive process.
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Figure I. The uptake of IIBtin(II) by white blood ce'l"ls in balanced
salt solution at 37°C. A s]bw prolonged uptake of radicactivi:v is
apparent with extended incubation times. The addition of I00
nonradioactive tin(II) to the suspension, 5 minutes after the <iort ¢
incubation, didnot displace any radicactivity from the cells. Instead,
uptake again increased until an apparent saturation was attained {data
not shown): These experiments were also carried out at Ooc-with similar

resul s,



TABLE 7
THE RATES- OF UPTAKE (K) INTO HUMAN WHITE BLOOD CELLS

AND THE CLEARANCE HALF-TINES (T ) OF 113TIN(II)
FROM BALAN&FD SALT SOLUTION AT GoC AND 370c(C.

\
Tin(11) 5Min.  incubation Time 30Min.
. . _
uM -~ - K 0T . K _ T
. . [ ) -
(Min.=1) (Min.) {Min.~1) (Min.)
. goC
50 .~ 0.076 - §.1 " 0.002 . 347
. e
" -n.d.-
10 0.020 34.1 0.004 173
¢ S .
5 0.012 57 .8 0.00¢2 347
1 0.010 59.3 ' 0.002 347
370¢
50 0.070 ¢.9 0.007 347
LA J.0062 357
| 1S ! 34
0,001 ©RG3]
B boant 593
Lnuie s oie HALESTIHE VALUES Feit 700 D SSapPEARANCE OF 113TIN(IT)
PRUM THE THCUBATION MEDUUM AT Co0 cndd 2700, The upiike of
radioactivity into cells was monizar.d =i various times hy the
centrifuce method of Strauss et 1. 1977, The rates of uptaks and

the clearance half-times of tin(II}-113 into cells were calculated
according to the methods outlined by Lehninger 1970 and Ormos
1977. These values were found to depend on the ‘concentration of
tin(I1)-113 in the incubation medium, which is charactaristic of
a first order reaction process.
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Figure 2. Saturable tin?II) uptake in human white blood cells at 37°C
-The uptake of radicactive tin(II) was esgentia11y complete within_s.
minuteé at each of the tin(II) concentrations studied. The Km and Vmax .
for this compénent'of total uptake was calculated f;om the regiproéal .
plot to be 13 uM and 3.56fM/cell respectively.A km of 22 wM was -,  ——
calculated from the direct plot of this data ( Wold,I97I) and combiﬁéd
with the results from the recfproca] plot toréive an estimate of I7.5 uM,
The Km indiéates the concentration of tin(Il) required to occuppy half of
the total available binding sites. Interpolation from Table 6 indicates |
that I7.5 uM tin{II) in the incubation mixture would give an uptake of
about 2.56 fM/cell.The total number of binding sites available to tin(11)
per cell then is about 3.Ix109, of which half wouid be associated with

the nucleus.



velocity constant of a process or reaction at a given temperature and
concentrat1on to the‘velocfty constant at a temperature 10°C higher (see
Heilbrunn, 1958 for a discussion). It is widely believed, although there are
many exceptions, that the'QlOfor a physically controlled process is< 2 or> 3
(van't Hoffs ru]e). The fact that cells accumulate tin(II) equa]]y well at 0%
-and 37°C is a more re11ab1e indication that the mechan1sm of uptake is by a
physically control]ed process, such as passive diffusion.

Data from Figure 1, referring to the rapid (5 minute), saturab]e phase,

can be used, in a reciprocal plot (Figure 2), to estimate the maximum ve10c1ty

113
(Vmax) of |

uptake is half maximum, Wold, 1971. An analysis of thé reciprocal p1of of

tin(IL) uptake and the tin(II) concentration (Km) at which the
‘velocity of‘uptake (log 1/V) against tin(II) concentration (Tog 1/5) (Figure 2),
give estimates for K, of 13 M and Voax OF 3.56 fM/cell/minute. The data was

. & A .
also analyzed by a ditgsf_plg};(Hon, 1971) to give an estimate for Ky, of 22 M
(data not shown). Mouse splenocytes, suspended in BSS or RPMI-1640 w1thout FCS
at 0°C or 379 displayed a similar uptake pattern

4.1.2 The Effect of Chelating Agents on the Uptake of 113Tin(11)

by Human WBC In Vitro .

. ]
113t1'n(II) chelates of ethylenediaminetetraacetic

The uptake of the
acid (EDTA), trans-1,2, diaminocyp1ohexane -N, N, N', N'-tetraactic acid (CDTA),
pyrophosphate (PYP}, methylene diphosphonate (MDP), human serum albumin (HSA)
phytate and fluoride (F7) colloid by human WBC suspended in BSS-at 0°C and 37°%
s shown in Table 8. These chelating agents have a range of affinities for
tin(II) (Table 2). EDTA, which does not penetrate the cell membrane (Rehhan,
1979} binds strongly to tin(II), (Tog binding constant, K = 18) and prevents its

uptake by the cell at both temperatures. The presence of a protein (HSA) in the .




_ Y TABLE 8 ' o
THE EFFECT OF INCUBATION TEMPERATURE ON THE UPTAKE |

: - OF TIN(II) CHELATES BY HUMAN WHITE BLOOD CELLS R
<r . ' SUSPENDED IN BALANCED SALT SOLUTION.. _ g

- ’ - .

o

Treatment T Uptake after 30 minute incubation

(fM bound/ce]l)

: ET)‘ X 0o¢ _ 370C.

- Tin(I1) Chloride 8.42 7.66 -
T1n(II) Fluoride: co]]oxd 0.70 - | o 3.42
T1¢(II) EDTA 0.02
Tin(1I) PyP 2.37
Tin(1I) MoP _ 0.18
Tin(11Phytaty 15.50 16.75

Tin(II) CDTA 2.37 . . 1.36

TABLE 8. THE EFFECT OF TEMPERATURE ON THE UPTAKE OF TIN(II) CHELATES BY HUMAN
WHITE BLOOD CELLS IN A BALANCED SALT SOLUTION. The uptakes of t1n(II) chloride,
phytate and CODTA were’ independent of the incubation temperature. Uptakes for these
compounds however, were found to be consistent1y-gre$ter at 0oC, whieﬁ could be

due to the inactivity of cell pumps at this temperature The accumulatlon of

TP NP ST R ot WL APLT, S G S VICUF PR A WO X

tin{II) fluoride colloid, Pyp and MDP was by and energy dependent process, being
typiocally much greater at 379C. Tin(IIY EDTA didnot penetrate the ce11 membrane,

cidahen b

Uptakes were determined by thé rapid centrifuge technique of Strauss et al. 1977.
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e
i incubati m1xture _prevents the uptake of tin(Il) at 0°C and severely hinders

113

uptake at 7°c. T1n(II) forms a complex with HSA that -can be precipitated

from soluti by_the gddffion of 5% trichloroacetie acid (TCA) (data not shown).
This means that the tin(II) HSA complex could slowly gain entry to the cells by
the process ‘ pinocytosis, Pratten EE al, 1977. The interna1izeg meta]-protein
complex wouly be metabolized in the 1y§nsomes and tin(II) wou]d be gradually
released into the 1ntrace11u1ar space where 1t could damage DNA. A latent period
would nccur between 1n1t1a1 exposure and observéanamage because uptake is slow
by p1noytosws and digestion of the HSA caﬁ?wgr is necessary to release the o
tin{II). Cells, in medium containing 6% FCS, must be exposed to tin{II) for
about 12 hours aP 37°C before DNA damage can be detected (data not shown),

indicating that reactive tin{II) becomes available with increasing incubation

-
A

times. : )

‘ Tin(1I) strongly binds to byP‘and the cellular uptake of this complex
is energy dependent, occurring to a greater extent at 37°C than at:OOC. This is
a2lso the case with t%n(II) MDP and tin(II) fluoride colloid, and is the pattern

that would be expected if uptake were by phagocytosis or active transport. At

neutral pH, tin{II) PyP and tin{II) MDP are solutions whereas tin(II) f]ﬁnride is

a colloid with particles ranging in size up to 12 nm (Amersham, private -
communication).

The cellular uptake of tin{II) is enhanced by the presence of phytate
(fnositol hexaphosphate) in the incubation medium. Binding of tin(II) to phytate
probabjy;occurs through the phosphate\roéity and would be relatively weak (log K
= 3 phogbhate). Several tin(II) atoms could theoretically bind to each phytate
molecule. This would reduce the net charge on the complex and would facilitate

penetration of the cell membrané by the complex. The uptake of Tin{II) phytate

by cells is slightly greater at 0°C than at 37°C because cell pumps'wou]d ng,"‘

j
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"‘active at the higher temperature and would remove intracellular fin(II) phytate

that was not firmly bound to macromo]ecu1es.

Tin(II) b1nds very strongly to CDTA (log K —'18) and this complex, like
Pt-CDTA 1s rapidly-taken up by the cells. Unlike highly charged EDTA, CDTA
contating a saturated ring s}ructure and a low net charge and these properties

would allow the tin(1I) comp1ex to enetrate the cell membrane more readuly than

hal B

. tin(II)-EDTA.

4.1.3.0 The subcellular Distribution.of Tin(II) and Tin{IV) Cﬁh‘

Once it wés'estabTished that tin(II) accumulated irn%h1ls, the next
step was to iden?ify the intracellular bindipg sites which could be the senéitive
targets. These preliminary subcellular distribution studies were designed to
ﬁetermine if tin(II) could act directly on DNA. The association of tin(II) with
cel1l nuclei would strengthen this contention. A secondary effect on DNA (DNA
disassembly) would be more Tikely if tin(II) was associated with only the cell
membranes or cytoplaém.

113

4.1.3;1 Subcellular Fractionation of Tin{1l)

Mduse sp1enocytes bound 25% of the radicactivity when they were

incubated for 15 minutes at 37°C in 855 containing 50 M 113tin(II). The nuciear .

fraction, consisting of intact nuclei isolated from cells by gentle lysis,
contained 57% of the cell bound radicactivity or 15% of the total radioactivity

in the incubation mixture. The crude membrane and cytoplasmic fraction contained

'43% of the cell associated radioactivity. The total 113tin(II) activity bound by

cells in the presence of 10% FCS under similiar conditions was reduced from 25%

113

to 8%. This pre]iminary result suggests that tin(II) is rapidly taken up by

" the cell and is more or less evenly partitioned between cytoplasm and nucleus.
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There is no isotope of 113t¥n(IV) and therefore X-ray fluorescence was used to

determine the’subcellular distribution of tin(IV) and to confirm the distribution

~of tin(II). /
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4.1.3.2 X;ray Microbeam Analysis of Human Péripheral White Blogd Cells. !
Microbeam qna]ysis,whicﬁ uses standard EM procedures for specimen preparation, ?
&etects only that t{n(II) which- is firmly bound to the macromolecules and 3
organelles of the cell. The centrifuge technique which was used to study.ihe Aiﬁ?
binding of.113in(II), gives-a measure of the radioactivity that is bound to cell ;
coﬁstitﬁents with a range o? affin}tiesf Therefore,the two uptakes are not

comparable. . *

Microbeam analysis of WBC treated in BSS at 37°% for 30 minutes with
tin(II) ortin(IV) at 100uM, clearly gl]ows the characteristic X-rays of tin to
be identified by the combined alpha peéks (Ka-1 and Ka-2 at 25.3 and 25.0 KeV
~respectively} and Kb (28.5 Kev) in photographs 1-4,Weast 1976.

Photograph 1A shows a colloidal, electron dense partic]é being' taken into the
cell from an incubation mixture containing tin(I1). Microbean analysis of a
restricted area ( 0.2um dia.) around the particle clearly identifies it as tin,
photograph 1A. Lymphocytes and polymorphonuclear Teucocytes (PMNL) take up
tin(I1) equally well (photographs 2, 3, and‘d).ijhe semi-quantitative nature of .
this uptake is described in table 9. The radioactivity from the characteristic
x-raf% in the tin(II} preparations, rows 1(a), 1(b) .and 2 (table 9) were
statistically different from background at the 98% level of confidence.Relative
counts Qetected in the cytob]asm and in the nucleus were about equal, confirming
the preliminary observations obtained from the subcellular distribution studies
of 113tin(II) using the centrifuge technigue.

'
L]

RBC did not accumulate tin(IT), confirming isotope studies {data not shown)

v
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PHOTOMICROGRAPH 1,

97

A mononuclear leucocyte ingesting a particle

of tin(II), x12,000, A microprobe, with a beam
diameter of 0.2um, was placed over. the area
indicated by the arrow. The characteristic

x-rays of }he.tin was collected on a multichannel
analyzer for 300 seconds and then displayed as a
spectrum of accumulated counts { photo 1b).

Many smaller particles of tin(II) can be seen
inside and at the periphery of the cell. The

size of the tin(II) particles, as & Tirst

approximation, ranged up to about 40nm.



PHOTOMICROGRAPH 1A

PHOTOMI CROGRAPH 1B
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PHOTOMICROGRAPH 2.

98 .

A human polymorphonuclear leucocyte

(PMNL) ingesting tin(II) particles x 16,000.
Thé microprobe, 0.5um, was placed over

the nuclear area in the long lobe. The cells
were only lightly fixed in glutaraldehyde
which causes the nuclear membrane to
contract after the dehydration step just

pricr to embedding in Spurr.
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PHOTOMICROGRAPH 3A. Polymorphonuclear leucocyte x16,000.

Arrow at A indicates a large, 0.25 um
diameter particle of tin.‘Arrow at B

indicates a 40 nm diameter particle of tin

at the cell periphery and inside the cytoplasm
at C. Photograph at 3B shows radioactive
counts accumulated in a 0.5 um diameter

area of the circular lobe of the nucleus

relative to an area outside of the cell.

PHOTOMICROGRAPH 4. PMNL x 6,00&2 Arrow shows a large accumulation

——

of tin inside of the cell. Celis were not
treated with osmium and were stained only
Tightly with uranyl and lead solutions. The
control cells (no tin) lacked the electron
dense areas or granules found in those cells

that were treated with tin(I1).
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TABLE 9 : =

DETECTION OF TIN IN HUMAN WHITE BLOOD CELLS L -

/

BY MICROBEAM ANALYSIS.

Area of . Detection Limit Net Counts (300sec.)
Interest (J2 BKG) Tin(II) Tin{IV)
| ;
1.Nucleus I
a.Lymphocyte 15 ) 70 _ 18 }
: |
b.PMNL 15 81 '
2.Cytoplasm (1ymphocyte) o ) 36

)
A2
=]
(g}
b—
w

TABLE S.DETECTION OF TIN IN HUMAN WBC BY MICROBEAM ANALYSIS. A beam current of
JuAmps, §.5um in dianeter (0.80um?) was used to irradiate selected areas of the
tells., Radioactﬁvity of the combined K-alpha 1 and 2 tin characteristic Xx-ray
Deaxs were accumulated in a mu]tichahneT analyzer for 300 seconds. Tin
cha%acteristic X-rays were readily detected in the cytdp]asm and nuclei of
lymphocytes and PMNL after tin(II) but none was detected in cells after treatment

with tin(1V). To be statistically significant at the 98% Tevel net counts had to

be J% times the detection limit.

100
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and animal studies, Hiles, 1974 ‘and Hamilton et al, 1972.
Tin could not be detected- in cells treated with tin{1IV).even though it was
detected in ce]]u]ar debris and as f1berous part1c1es outside-of the cells.

Ea

4.2The Cellular Uptake of Tin (II) and the Inhibition of DNA Synthesis In Vitro.

In this series of preliminary studies, the uptake of tin(II) by the cell is
related to the suppression of ONA synthesis. Study of this effect in vitro is

useful because parameters can be easily man1pu1ated and related to a clearly

observable phenomenon, a process which 1s more comp11cated when studied in vivo.

Previous studies have shown that cells rapidly accumulate tin(1I), probably
by a passive mechanism. The tin(II) that is taken up by'ihe cell is evenfy
partitioned between cytoplasm and nucleus. This means that tin(II) could exert
its effect on the cell membrane or at numerous intracellular sites.
tin{IV) is excluded from the cell as indicated by microbeam analysis. The
effect of tin{II) and tin(1V) treatments on DNA synthesis was alsgo used to
identify the intracellular compartments containing the targets that are
sensitive to the action of tin(II). As previously discussed, there is an
empirical relationship between the ability of an agent to produce DNA damage in
cells and its ability to produce a prolonged suppression of DNA synthesis,

Painter 1977, Painter 1978 and Warren et al 1980Q. Agents that suppress DNA

agents is usually the result of reaction with sites on the membrane or in the

Cytoplasm. Therefore, these studies not only document a potential threat to

3
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health but also help to identify the site of the primary~tesion responsible for

the observed biological effect. These studies were carried out by examining the

effect of tin(II) on DNA synthesis "in lymphocytes stimulated by Con 5
transformed mouse EL

s, in
-4 and human lymphoid cells and finally in 1ymphoid cells

treated in vivb,'wngre the effects, if prolonged, could threaten the health and

’ '
well-being of the organism.
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addition of Con A and FCS.

would inhibit the rate of DNA synthesis by 50%.

L

'séﬁenocytes with tin{II) also inhibited protein and RNA synthesis but to a lesse

4,2.1. The Effect of T1n (11} and Tin (IV) on DNA Synthes1s in Lympho1d Cells

Stimulated by Con A. ,,/”\\)

The pretreatment of HPBL with tin(TI), suﬁpehded in BSS ﬁa} 30 minutes,
produced a graded inhibition of bYastogenesis with increasing dose, Table 10 .
Interpolation from Table 10 indicates that treatment of HPBL with tin(II) at 20uM

for 30 minutes in sefum-free medium would inhibit blastogenesis by 50%, as

measured by the iﬁcordoration of 3H-Thymidine into cells, at 96 hours after the .

. o 4
The 1ympho1d cells from mouse spleens were used to confirm this effect of

tin(II) on DNA synthesis and to document the effect of t1n(IV) treatments. Mouse

splenocytes, suspended in BSS or serum-free RPMI-1640 containing S0uM

¢1n(II) Ii3 take up an average of 7.86fM/cell after a 30 m1nute incubation at
cell densities ranging from 0.25-3.0x10° per m] (
WBC, table 6.

data not shown),51m11ar te human
A brief one hour pretreatment of mouse splienocytes with tin(II) or

tin{IV) in serum-free RPMI-1640 medium was sufficient to produce a statistically

significant inhibition of DNA synthesis for tin{II) but not(for t1n(IV) after 72

hours of incubation in fresh medium supplemented with FCS and Con A f1gure 3.

Interpolation from figure 3, indicates that a t1n;(II) concentration of 30uM

Pretreatment of mouse

r
extent than DNA synthesis {Data not shown).

TheSe experiments indicate that tin{II) suppresses DNA synthesis “n Con A

st1mu1ated mouse splenocytes and human PBL to the same extent. An empirical

w
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Figure 3. The effects of tin(II) {(©) and tin(IV) (®) on DNA

synthesis in ConA stimuiated mouse spleen cells. Mouse c¢ells were
treated for one hour in serum-free medfum at 390C.56me cells were
incubated with II.3t1'n(II) and assayed for cell bound radioactivity (Q).
Cells from the nonradioactive treatments were resuspended in fresh
medium with ConA and fgta? calf serum and the incubatéd at 39°C. The

rate of DNA synthesis was determined at 72 hours by measuring the

incorporation of 3H-thymidine into the acid tnsoluble fraction of the cells.
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relationship can be established between the degree of DNA synthesis inhibition
A .

and the amount of tin{II) taken up by the cell. The fact that a br1ef
pretreatment of ceTls by tin(II) is suff1c1ent to 1rrevers1b1y inhibit DNA
synthesis, suggests that the reaction of t1n(II) with some cr1t1ca] target in the

ce]] produces long Tived lesions which act as barr1ers to either the 1n1t1at10n

. f
T e it e Ly i
i

or elongation of the DNA rep]wcat1on 51tes

-

472.2.The Effect of Tin (IT) on DNA Synthesis in Transformed Cells.

The experiments showing that brief treatments of cells with tin(I1) bring
about a prolonged suppression of DNA synthesis suggests that DNA could be the
critical target. Damage to proteins or RNA would produce only i transient
suppression of DNA synthesis because an intact DNA template would be able to
replace these damaged or Ynactivated molecules. The DNA synthesis inhibition
assay using HeLa cells was described by Pa1nter in 1977 as a rapid screenipg !
method for the detect10n of DNA damaging agents and human carcinogens. Briefly,
agents that damage DNA'produce a rapid and pro]onged suppression of DNA synthesis
while agents that are metabolic inhibitors produce only a transient perturbation
under the conditions that are employed in the assay, Painter 1977, 1978 and
Warren et al, 1980. The information gained from this inhibition assay
_supplements the gbservation that tin{II} produces a prolonged suppression of
blastogenesis in cells stimulated by Con & and ferther supports the contention

that tin(II) induces Tong lived lesions directly into the DNA of treate
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TABLE 10

'

: [N

THE EFFEET OF TIN(II) TREATMENT ON DNA SYNTHESIS IN
. 7 HUMAN LYMPHOCYTES AFTER EXPOSURE TO CON A FOR 96 HOURS.

Treatment ‘ Incorporation of 3H-Thymidine
Tin(11),uM CPM/106Cells %Contra]
s .
Control 631 -
ConA 60,000 100.0
ConA plus |
100 7,018 11.7
1) 14,784 24.6
N 39,802 66.4
; 52,030 86.8
57,600 §6.0

TABLE 10 THE EFFECT OF TIN(II) ON BLASTOGENESIS IN HOMAN LTHMPHOCYTES. After al
hour tin(II} treatment in serum-free medium, cells were incubated in the prasence

of serum and ConA for 95 hours. At the end of this incubation period,the rate of

" DNA synthesis was determined by assessing the incorporation of 3H-thymidine into

the aciq insoluble fraction of cells. The lower confidence level for the ConA
stimulated controls was 53,500 cpm/106 cells, calaculated at p=0.005, Freund 1958.
A gradedsinhibition of blastogenesis occurred with increasing concentrations of
tin(Il}. The nature of the tin{II) induced lesions, which act as barriers to DNA
synthesis, is not known but several hypotheses can be extended. The lesions may be
repaired with difficulty by the existing enzymes or repair could be inhibited hy
the presence of tin(II). Alternately, the firmly bound intracellular tin(II) could
remain reactive in-situ and continuously generate lesions in DNA and although

capable of being quickly repaired their frequency would disrupt the conformation
of the DNA and hence the replication process.
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4.2.3The Effect of Tin(II) on DNA Synthests™%n Human Raji Cells and Mouse EL-4

Cells. ' J,—’:;

The assay described by Painter, 1977 was modified to use human Raji cells
and mouse EL-4 cells, two transformed lymphoid lines. The results shown in
figures 4 and 5 , indicate that brief pretreatment of these cells with tin{I1)
produced a prolonged and rapid inhibition of DNA synthesis. The Raji ce1ls were
treated for 30 minutes in the presence of 6% FCS while the mouse EL-4 cells were

treated for 60 minutes in séium-free RPMI-1640 medium, which accounts for the

difference in tin(II) concentrations that were required to inhibit DNA syntheS1s

by 50%. In Raji cells, 100uM tin(II) was required to inhibit DNA synthe515 by
50%. The rate of ONA synthesis was suppressed for a prolonged periocd in Raji
cells treated with MMS after the cells were reincubated in fresh medium but the
vate quickly returned to control levels in those cells treated with hydroxyurea,
figure 6. This same type of response was found by Painter for these agents using

lleLa cells, (Painter, 1977).

Mouse EL-4 cells were treated at a much lower tin(1I) concentrations and for
60 minutes in RPMI-1640 without FCS. 8inding of 113tin(II) to mouse EL-4 cells
under these incubation conditions is shown in table 11 and dose-effect curves,at
3 and 24 hours after treatment, are shown in figure 7. Interpolation from figure
7 indicates that a one hour treatment of EL-4 cells with 1.3tM tin(II} would be
required to inhibit the rate of synthesis by 50% after 3 hours of incubation '
whereas 0.6 uM would inhibit by 50% after 24 hours. These 50% inhibition levels
correspond to an initial binding of 0.09 and 0.02 fM/cells and an average
residual binding of 0.06 and 0.017 fM/cell at 24 hours after treatment. The rate

of Toss of tin (I1) from cells was about 0.5% of the bound radioactivity paur.
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Figure 5. The rate of DNA synthesis in Tin(1I) treated mouse EL-4

cells. Mouse EL-4 cells, a chemically transformed lymphoid cell line,
were treated for 60 minutes in serum-free medium with'varfous
concentrations of tin(II1). Irreversible inhibition of DNA synthesis
£

occurred at treatments as Tow as 0.3 uM (’ ) which represcnts 0.5

bound per celi.
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TABLE 11
BINDING OF 113TIN(II) TO MOUSE EL-4

CELLS AT VARIQPS‘TIMES AFTER TREATMENT.

Treatment Initial Residual Binding,fM Tin(II) per Cell

TinL?ff{uM Binding Time (Hr.) After Treatment
1 2.5 24 }
4.0 0.62 0.62 . 0.63 0.55
1.0 0.15 0.15 0.15 0.14
0.3 0.05 0.05 0.05 0.04
0.1 0.02 0.02 0.02 0.01

TABLE 1 THE BINDING OF TIN(II) TO MOUSE EL-4 CELLS. Cells were incubated with
136i0(11) Tn serun-free RPMI-1640 for 1 hour at 370C. Initial binding was
determined by collecting small a1iqu6ts of cells from the various treatments, on
nolycarbonate filters {Biorad lum pore size) using saline washes. After the
initial binding was assessed,cells were then collected by centrifugation and -
resuspended n tin-free medium containing 10% FCS. Binding of residua?l
113tin(II) to cells was determined at various times after termination of the

tin(II) treatment.A portion of the 113tin(11) activity remained firmly bound to

cells at 24 hours after the removal of 113tin(1I) from the incubation medium. The

rate of loss of cell bound radioactivity was about 0.5% per hour.
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Figure 7.  The dose-effact of t1n(II) on the rate of DNA synthesis 4n
mouse EL-4 cells at 3 and 24 hours after treatment. The rate of DNA
synthesis decreased pr'ogresiively after treatment 'indicati,ng that
1ong—'lwed ]eswns induced in Gy, G > and M phases prevented ce115

from entenng op‘progressmg through S phase.
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cé]cu]ated from thelhighest concentration qn table 11.The expafriments indicate
thf_the inhibition of DNA synthesis depends on the concentrat%on of fin(II) in
£he medium and on the length of the incubation time. Therefore, Jow
concenfrations of tin{II) would be able to exert a signi%icant effect on DNA
synthesfs if the period of incubation 'were extended. This would allow time for
the tin(II) to accumulate in the nucleus, the presumed sensitive 1ntrace11u1ar

target. A]ternate1y, time wou]d be required to generate and accumulate suff1c1ent

* damage to produce an observab1e effect on the rate of DNA synthesis if on]y a

smai] quant1ty of t1n(II) was able to get into the nucleus. Regard?ess of the
exp]anat1on 1t can be 1nferred from the data that tin(II) is not readily ox1d1zed
in-situ to inactive t1n(IV) but would have an extended intracellular half- 11fe.
Therefore, each t1n(II) taken into the nucleus would probabiy be ab]e to produce
more than one "hit" or lesion in the DNA and a cumu]ative effect can be
postulated. Th1s is espec1a11y pertinent in the light of Binder 1979 who showed
that tln(II) and Fe(III) ‘could produce a long= lived redox couple capable of

generating one electron reducing equ1va1ents. ‘ -
. ! S——
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a2 4.2.4 Tin (11)-113 Uptake and Inhibition of DNA Synthesis in Mouse Splenocytes

’4—~—4¥~ha\‘\\\\'ﬁ-‘ﬁ‘ﬁftimu1ated for 48 Hours with Con A ' '
. - . o ‘ ’

"

This test system, which uses mouse splenocytes that have been stimulated for |

i
48 hours with Con A, is siqi]ar to that described by Warren et al, 1980 which in |
turn is a modification of the DNA synthesis inhibitioa\assay of Painter, 1977.
L B ‘ %he objeptive of this group of experiments was to follow suppression of DNA
| ) ‘synthesﬁﬁ using autoradiography. A prompt decrease in labelled fraction and the
number ofrlarge blast-1ike cells would indicate that tin{II) prevented tﬁ;

initiatiion of replicons.

- . DNA syrthesis is stimulated in mouse splenocytes that have been incubated

with Con A for 48 hours. Autoradiography of these cells, briefly pulsed (20

-minuﬁés) with 34-Tdr (10uCi/ml) indicates that 17-20% are in S phase as opposed
to 2-3.5% in unstimulated controls (data not shown). The treatment of these 48
Meur Con A stimulated splenocytes for one hour with t{n(II) in serum and Con A
freeymedium, was sufffcient to induce a prolonged suppression of DNA synthesis
after‘ce11s were reincubated in tin(II) free RPMI-1640 medium supplemented with |
10% FCS. Autoradiographic~analysis of these cells at various times,indﬁcated a
dragatic loss in labelled fraction and also in largesWast-like cells which was
.especially noticeable at the high tin concentrations and with increasing

e ’ incubation times. This suggests that initiation of ONA replication was affected

primarily, but the data is difficult to interpret beyond this}gimp]e

generalization.
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4.3.0 The Detection of DNA Damage In Vitro by Fluorescence -

Analysis of DNA Unwinding

The techn1que of fluorescence ana]ys1s of DNA unw1nd1ngC%g

a rapid and

f1ex1b1e method for detecting DNA strand break damage -in a variety of ce]] types

that have been exposed to physical or chemical trauma.

This series of

experiments exploited the convenience of the FADU technique and attempted to

relate a number of observatlons to the presence of strandgsreak damage.

Spec1f1ca11y;-the experiments attempted to:

1.

e

establish a relationship between tin(II) uptake,
inhibition of DNA synthesis and DNA damage,

determine how the presence of chetating agents; which

- affect the cellular uptake of tin(II), could medify

DNA damage,
determine if DNA breaks are repaired in the presence
and absence of tin(II),

compare damage produced by tin(II) to that from known

DNA damaging chemicals and gamma radiation,

.- determine if tin(II) and gamma radiation have a

synergistic effect on the production of DNA damage,

determine if tin(II) produces DNA damage by a direct

&Y

-

acting mechanism or by a secondary effect (DNA disassembly),

compare FADU and alkaline sucrose gradient analysis as

methods for detecting DNA strand break " damage.

4.3.1 The Detection of DNA Damage in Cells Treated With

Tin{II) at 0% and 379.

It was suggested by Painter 1977, Warren 1980 and others,

114

that damage




¥

to the DNA of cells is sufficient to cause a rapid and prolonged inhibition of.
DNA synthesis. The damaged areas on the DNA molecule act as barriers to the

initiation and elongation of replication sites but the nature of these long-lived

..-_....qu.g_..,__“RI,J“.M,,-vu . "

lesions is unknown. These experiments were designed to establish a relationship
between DNA strand break damage and the concent;ation of tin(II) in the

incubation mgpium and then to relate these parameters to the inhibition of DNA

T e -,

synthesis. '

For convenience, the DNA damage produced in cells by a standardized

chemical treatment can be defined in terms of a radiation equivalent dose. In
this case, the DNA damage from a chemical treatment, is related to the dose

(in G&) of Co-60 radiation that would produce an equivalent amount of DNA damage,
as measured by the FADU technique. The damage produced in the cells by the
chemical treatment is then expressed in units of Gy-equivaTentsl Alternately, .
the Gy-equivalents can be converted directly into the number of strand
breaks/genome. This is acceptable if the generaj nature of the DNA damage
produced by the chemical treatment is similar to that produced by an exposure to
Co 60 gamma rays. In the case of tin(II) and gamma rays, some of the DNA damage
occurs directly as strand breaks or as lesions that can be converted into breaks,
either enzymatically or by treatment with alkali.

The tin{Il) treatment of cells suspended in BSS, produced nearly
identical dosé - dependent "damage to DNA at 0°C and 37°C for concentration of
tin(&l) Tess than 10 1M, Table 12. However, DNA damage was consistently greater
at 0°%¢ for tin(II) treatments W0 M. The number of strand breaks/fM bound/cell
increased directly with the concentration of tin{II) in the incubation medium
shown in Table 13.‘ This could indicate that initially, tinkII) had to saturate
non-critical areas in the cell before binding could occur to the critical

targets. Alternately, repair of DNA strand breaks could be inhibited by

v
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| TABLE 12
DAMAGE AND REPAIR IN THE ONA OF HUMAN WHITE BLOOD CELLS

- TREATED FOR 30 MINUTES WITH TIN(II) AT 0% AND 37°C.

Tin(11},fM Initial Damage Repair g

Treatment  bound/cell " 4 (10010gD) & (10010gD) f

. 4

temperature 0 37 0 37 ) 37 !

Control - - - - - i

Co-60,1Gy. 2.4 - 1.9 !

Tin{II,(uM)
5 0.15 0.12 0.6 0.7 0.5
10 D.48  0.44 7.2 4.2 -1.7
25 EER TR 38.3 30.1 0.1
50 .42 7.66 135.3  100.4 -1.9
~

TABLE 12. THE DETERMINATION OF‘ ONA DAMAGE AND REPAIR, 8y FADU, IM HUMAN WBC
}REATED WITH TIN(II). After exposure of cells to tin(II) in BSS, initial DNA
damagé was qete;mined by FABU. Repair was assessed in control and treated cells
after a 20 minute repair incubation in complete medium at 37%. onA damage was
expressed asf‘(1001ogD),‘Lh1ch is proportional to the strand break damage suffered
by the cells. The rion-linearity of the dose-effect and the apparent threshold for

damage will be discussed in table 13 and in the text.
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TABLE 13. .
COMPARISON OF DAMAGE PRODUCED IN THE DNA OF HUMAN WHITE
BLOOD CELLS EXPOSED TO Co-60 GAMMA RAYS AND TIN(II).

Treatments Breaks/Genome Breaks/fM Gy-Equivalents. |
Co-60,1Gy. 1,196 - ' 1.000 i
0% _
Tin{II),uM :
5 //’#h 45 307 0.037
10 : 535 “1,108 0.447
25 2,845 . 884 2.380
50 10,051 -~ 1,262 8.404
37%
Tin(I1),uM,
5 52 . 436 0.043 -
10 31 707 0.261
25 2,236 825 1.900
5C 7,458 979 6.236

lTABLE 13. COMPARTSON OF DAMAGES PRODUCED IN THE DNA OF. WBC EXPOSED 10 Co-b60 GAMMA |
RAYS AND TIN{II)-THE CONCEPT OF THE GY-EQUIVALENT DOSE. The exposure of mammalian
cells to 1 Gy of Co-60 gamma rays produces 1,166 DNA strand breaks per genome,
Kampf et al. 1977.The DNA damage produced from the treatment of cells with tin{II)
can be expressed in terms of the doge of Co-60 gamma rays that would pro¥uce an
equivalent number of strand breaks. fhe DNA strand break damage in cells treated
with tin{II) increased rapidly in parallei with, but not as a simple linear
function of the the tin{Il) concentration. The non-linear response and the
appearance of a threshold dose could be due to 3 factors. First, repair could be

o

inhibited at increasing tin(II) concentrations. Second,repair pathways could be ‘
X .
saturated by the large amount of damage produced at greater than 10 um tin{II).
Third, tin(II) in dilute solution could be bound jargely to the surface of the

\\Siiture vessel and therefore not availablée to interact with the cells.

117



increasing concéntrations of tin(II) or repair pathways could be saturated by the
large amount of DNA damage produced'at_concentrations of tin(II) 10 M. The .
non-Tinear dose-effect and the observed threshold for DNA damage however, could
Hfé]so be partly artifactual. The large number of binding sites on the surface of
the culture vessel could compete directly with sites on the cells for the limited
quantity of tin(II) in suspension. A1l Tow concentrations a greater proportion
of the tin(II) would be bound to the more numerous sites on .the container surface
-and the quantity available to interact with the cells would decrease at an
accelerating rate. The result would be an apparent threshold for damage. This
contention is supported by the observation that,garrier-free 113tin(Ii) binds
strongly to glass and plastic and cannot be readily displaced by the addition of
carrier tin(II). The phenomenon of surface absorption at low metal
concentrations is well documented in the literature on radiochemical methods,
Lavrukhina et al 1967. The obgerved threshold for damaée therefore could be
partly artifactual and would Justify the use of extrapolated doses at low tin(II)
concentrations in-vitro. |
The detection of DNA damage at 0° c, as well as 37°c, strengthens the
evidence supporting the earlier contention that the uptake of tin(II) does not
require the expenditure of cellular energy. The observation that tin(II)
produces DNA damage at 0°C also tentatively suggests that tin(II) acts directly
on DNA rather than through some secondary'effect, such as DNA disassembly, which

is an energy dependent process (Williams et al, 1974).

4.3.2 The Detection of DNA Damage in Whole Cells T?eated With

Tin(II) Chelates at 0 C and 37 C

The presence of various tin(II) complexing agents in the incubation

medium can modify the uptake of 113t1n(II) by human HBC su5pended in BSS. The
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TABLE 14
Gy-EQUIVALENT DNA DAMAGE IN HUMAN WBC TREATED
By TIN(II) CHELATES AT 37°C.,AS MEASURED Br FADU.

Treat- Damage Tin{II) Breaks/ Gy~
ment , (100Tog D) fM/CeTl Genome ™ Equivalent
Co-60,1 Gy 12.4 - _ 1.000
Tin(I1),50uM as;

Chloride 10G.4 7.66 7,458 974 5.236
CDTA 62.7 1.15 4,658 3,517 3.894
Citrate 100.9 n.d. 7,469 n.d. 6.280
Phytate 97.4 16.75 7,235 26 6.049
Colloid{F~ 28.2 3.42 2,094 17 1.751
Phosphate 100.9 n.d. 7,428 n.d. 6.211
MDOP 25.1 0.18 . 1,865 57,706 1,559
Pyp 0.8 2.38 59 10 0.049
Hedspa 0.6 n.d. 45 n.d 0.037
EDTA  ° 1.6 0.02 119 0.099
MAA 15.6 n.d. 1,159 n.d. 0.970
HSA 0.8 0.13 . 59 3,537 0.050

JABLES 14-15. THE GY-EQUIVALENT DNA EﬁﬂﬂEE‘?RODUCED IN HUMAN WBC BY TREATMENT WITH
TINCIT) CHELATES AT 37°C AND 0%C AS MEASURED BY FADU. The tin(II) chelates of COTA
and MDP froduced the largest number of DNA strand breaks/fM of tin{II) bound per
cell at 37° ¢. Table 15 shows a similar set of treatment§ done a 0° C.The 1ardé
number of breaks/fl calculated for tin(Il) EDTA is artifactual due td a small, but

measuraable, untake of the complex.
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TABLE 15

Gy-EQUIVALENT DNA DAMAGE IN HUMAN WBC TREATED

J
By TIN{II) CHELATES AT 0oC, AS MEASURED BY FADU.

Treat- Damage Tin{iI) Breaks/ . Gy-

ment . A(10010gD)  fM/Cell Genome ™ Equivalents.

00—60‘1Gy. 12.4 11296\\\ , 1.000
Tin(1I),50uM as;

Chloride 135.3 8.42 10,050 150 8.404
CDTA 76.7 2.37 5,698 1,015 6.764
Citrate  100.5 n.d. 7,466 n.d. 6.242
Phytate  98.6  15.49 7,325 30 6.124
Colloid |

(F-) 36.1 0.70 2,682 5,440 2.242
Phosphate 105.0 n.d. 7,800 n.d. 6.584
“DP 0.5 0.03 37 - 0.030
Pyp 0.5 0.70 37 84 01030
ledspa 0.6 n.d. a5 n.d. 0.037
(TR 2.2 0.02 153 58 0.137
HAA 33.1 n.d. 2,459 n.d. 2.056
HSA 0.5 0.13 -\37 - 0.137

N\

*See table 14 for discussion.

120




e - Cc e e - e —————— o et i e --q. ’.-..E

uptake of these tin(II) complexes is related to their ability to produce DNA
iﬁémage.by thi§ group of experiments. In addition, however, most of these
chelating agents are used in diagnostic nuclear medicine and so it is important
to determine if their tin{II) complexes also produced DNA damage.

The tin(II) chelates of CDTA, citrate, phosphate, f]uoride, chioride
and phytate produced damage in the DNA of cells treated at 0°C and 37°c, Tables
14 and 15, but DNA damage was c0nsisfent1y higher when treatments were done at
0%. AN of these tiﬁ(II) complexes taken up by the cells at both temperatures,
Table 8. Tin(II) MDP produced. damage at.37°C‘but not at 0% which reflects the
cellular uptake of this complex. Tin(II) chelates of EDTA, pyrophosphate, Hedspa
and human serum albumin did not produce damage at either temperature after 30
minutes of.incubation in BSS. DNA damage was not found in the cells of control
cultures that‘;E;e treated with only the ligands.(data not shown). Incubation of
human WBC with 100 M tin(II), in the presen&e of 6% autoTogous'human sérum,
produced detectable damage after 12 hours (data not shown).

Tin{II) pyrophosphate was taken up by the cell at both temperatures but
did not produce any DNA damage. It js possible fo} each tin(II) to gnd 2
mglgguTes of pyrophosphate. In this case there would be no free elettrons
;vaiIab]e to participate in chemical reactions, which could account for the lack
of DNA damaging properties of this complex.

The amount of DNA damage produced by various chelates of tin(II)
therefore, appears to depend on the émount that is taken up by ¢ells and‘on the
state of the electron orbita]sfjn the complex. Tin(II) chloride produced the
highest Gy-equivalent damaﬁg of aTi the chelates tested, Table 14, by virtue of
its massive uptake (8.42 fM/cell at ObC and 7.66 fM/cell at 37°C)._ The number of
breaks generafed/fM of tin(II) bound was 1262 at 0°C and 979 at 37°C. The

compoundg that were most efficient at producing DNA damage however were
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TABLE 16. o |
THE EFFECT- OF TIN(IT), TIN(IV) 'AND MERCURY(II)
ON CELL VIABILITY AND FADU RESULTS.

. Damage
Treatment Cell Viabilty 4 (10070gD) : g
Control 100 - -
Tin(II) 100 97.4
Tin{1V) IOQ ’ 1.5
Mercury(11) o 110.9
TABLE 16.THE EFFECT OF TIN(II) AND (IV) AND MERCURY(II) ON CELL VIABILITY AND FADU

RESULTS. Human WBC at 2x106 per ml were treated for 30 minutes in BSS at 370C with
the métals at a concentration of 50uM. Cell viability was assessed using the
trypan blue exclusion test. Mercury(Il) treated cells were all dead after the .
incubation and the observed strand breaks were presumeably the result of DNA é
disassembly,Williams et al.1974.This suggests that dead cells could be a potential
source of false positiCes for the FADU assay and indicates that the range of

treatments should be examined to establish a viability index before proceeding to

assess DNA damage using the FADU method.
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Sn(II)-CDTA and Sn{I1}-MDP which produced 4,045 and 10,389 breaks/fM/cell

respectively, at 379C, Table 14.

4.3.3 How Does Tin(II) Damage DNA?

Primary and Secondary Mechanisms.

The mechanism by which tin(II) produces DNA damage is of considerable

interest to this study. Two general hypotheses can be envisaged to explain the

DNA damage observed in cells exposed to tin{II). A primary or direct mechanism

requires that tin, or a chemically produced reaction product (such as a free
radical), interact directly ;ith the DNA Strand to produce a frank break or
damagg'that-can be converted to a break by éJka]i treatment. A secondary
mechanism involves enzymatic degradation 6f aﬁA, such as DNA disassembly,
Williams et al, 1974, 1976, which is a response of the cell to some non-DNA
damaging trauma or DNA damage that is incurred when phagocytic cells, in response
to a membrane-particle interaction, release a burst of oxidizing activity. TRe
free radicals produced during this "burst" are capable of producing not only

self-inflicted DNA damage but also damage to other cell populations in the

incubation mixture.

4.3.3.1 The Detection of Direct DNA Damqge by Tin(I1I)

in Cell Lysates

Cells which are gently lysed'at 0°C in a urea solution release high
molecular weight DNA. The addition of_éin(II) direcf]y to this lysate produced
ONA damage which was about 60% of the dahage produced by treatment of whole ce11;
in BSS at 300 M (data not shown). This'simpfé test indicates tin(II) was able
to produce damage directly in DNA. and at 0°C indicating that the mechanism was

not enzymatic or énergy dependent. It could not be determined if tin(II) or some

<
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related reactive species, attacked the DNA phosphate backbone or ‘the DNA bases or
both. The fact that there\1s a prolonged suppression of DNA synthesis in tin(II)
treated cells howevery suggests that some form of long 11ved perturbation remains
in the conformation of the DNA. ‘

£

4,.3.3.2 DNA Disassembly: The Effect of Cell Death on thé

Observation of DNA Strand Breaks by FADU . .

Treatments that are lethal or cytotoxic can increase the number of DNA
\

strand bréaks that are observed by FADU but these are related to DNA disassembly-

from cell death ratQEr than to primary DNA damage. Cytotoxicity, therefore is

one possible source of false positives for this .assay.
) DNA damage prbduced.in cells by tin(II), tin(1V) and mercury(1I) after
incubation at 37°C s shown in Table 16. Tin(IV) produced neither DNA damage nor
Toss in cell viability; tin{II) produced DNA damage without loss in cell
viability and mercury(II) produced total loss in cell v1hbi1ity and total
degradation of DNA. A prudent FADU protocol therefore reqﬁires that the
viabiTlity of-cells bé determined at a number of concentrations of the agent being
tested. The maximum concéntrdtion of the test agent that should be used in the
FADU ﬁrocedure should produce no more than a 10% loss in cell viability after
45-60 minutes of incubation in BSS at 37°C. This criterion was-used throughout
this thesis and is arbitrary since no attempt was made to corre]ate the '

~

proportion of dead cells to FADU results. ' .

4.3.3.3 The Effect‘of 2-Deoxyglucose on DNA Damage From Treatment
of Cells with Tin(1I) Colloids '

Phagocytic cells can release an "oxidative burst" when they interact

with particles or when tbeir membranes are perturbed by surface active agents
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Such as deoxycholate (Tsan et al, 1980) or phorb01 myrfstate acetate. This

"oxidative burst", which is autotoxic and cytotoxic to the surrounding ce115. can

be prevented by incubation at 0°C or in the presence of antimetabolites, such as
ngeoxy91ucose, (2-DOG), which inhibits oxidative phosphorylation.

The preincubation of cells with 2-D0G did not prevent colloids of
tin(II) or tin(II) phytate from producing DNA damage at either 0°C or 379,
fab]e 17. This indicatee that colloids of'tin(II) did not-trigger the "oxidative
burst" ah& therefore DNA damage probably did not arise‘by a secondary (indirect)
mechanism, |

)

4.3.4 The Effect of EDTA on DNA Damage Produced in Human WBC

by Treatment with Tin{II) o S

This'eiperiment was designed to determine how quickly tin(II) produced
DNA damage in cells. The rationale was that the addition of 1 mM EDTA to the

incubation mixture at various times would prevent further uptake of tin(II) and

_;thus,pfévent further damage. It would not however, prevent the accumulation of

ONA damage from the action of tin(II) that had been taken into the cells before
the addition of EDTA to the incubation medium.

Treatment of cells with 50 1M tin(II) for 15 minutes before the
addition of 1 mM EDTA to the incubation mixture, rapidly produced the expected
1eve1 of DNA damage (data not shown). This indjcates that the prqduction of DNA’
damage reflects the kinetics of tin(II) uptake. When the incubation was a{lfwgd

A

]~1§fcontinue fgr 20 minutes in the'presence of EDTA, the level of damage remained

‘unchanged. Therefore, the effect of the intracellular tin{II) was prolonged
‘either because repair_of strand break damage was 1nhibited or because the tin(II)

.remained reactive @n~situ with each molecuTe being capable of generating a number

of "hits” or lesions 1nto,the'DNA.
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TABLE 17

.
]

THE EFFrET OF 2-DEOXYGLUCOSE.(2-DOG).ON DNA DAMAGE IN.
HUMAN WBC TREA}ED WITH TIN(II) COLLOID PREPARATIONS.

Treatment DNA DAMAGE - 4 (10010gD). | 3
.. Tin(1I),uM , Do, 370C
| i Céntro]_ _ ] - -
Tin(II) Phytate = . 187.2 . 183.8 -
Tin(II) Phytate plus
2-006 187.2 180.0 ,
Tin(I1) Chloride 140.9 1090
Tiq(II) Chloride Elus .
2-D0G 135.3 100.4

TABLE 17, THE EFFECT OF 2-DOG ON DNA DAMAGE RESULTING FROM THE TREATMENT OF CELLS :

- WITH COLLOIDAL TIN{II). The presence of 2-DOG can prevent phagocytic cells-from

releasing a burst of oxidizing power into the medium in response to stimulation by

colloids or particles. The 0xidizing capacity can be autotoxic and cytotoxic to

the surrounding non-phagocytic cells. The observed damage cdb]d therefore bé due

to a secondary rather than to a primary or direct effect on the DNA of the cell.
Tin(1I) chloride and tin(II) phytate are colloidal in aqueous media and therefore

I‘(( "they could potentially stimulate phagocytgg. The presence of "2-D0G in the

incubation medium didnot prevent éither tin{II} chloride or phytate from producing
g | | A
¥ suggesting a primary mechanism could be responsible for the damaging

of tin(II).

The 1ncreased DNA damage observed in ce]]s treated w1th
in the presence of 2-D0G could be ddg to an inhibition of their

» a metabolic process which is known to be energy dependent.

repair
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4.3.5 DNA Damage Produced in Human WBC From Combined Treatment :
; 3

with Tin{II) and Co-60 Gamma Rays

One\aspect in the study of DNA damaging agents is to determine haw they B
interact with other treatments, which may or may not produce DNA damage.. The o
biological interaction of tin{II) with gamma radiation is of particufar | B |
importance because tin(II) is almost alwa}s present in radiépharmaceuticals that

are labelled with 9™

Tc, a radionuclide that emits gamma rays at 140 KeV. - g
Patiepts undergoing diagnostic nuclear medicine procedures, therefore, receive l

simultaneous exposures from two DNA damaging agents. This experiment measures

the total DNA strand break damage in cells that have been exposed simultaneously
to tiﬁ(II) and Co-60 gamma ray treatments and attempts to assess the effect of
tin{II) on the repair of the total strand break damage.

The exposure of human WBC to 25 M tin(II) for 15 minutes at 37°C in f f
BSS, followed by irradiation af 0%C with 2 Gy of Co-60 ganmma (0.1556 Gy/minute), ) é

produced more damage than either treatment alone, Table 18. This indicates that

the two together were synergistic for ONA damage.

breaks appears to be inhibited by the presence of

~also reflect the saturation of the repair process

to the DNA was extenéive.

4.3.6 Validation of the Fluorescence Analysis of

The repafr of DNA strand
tin(II) but this result could

which would occur if the damage

DNA Unwinding

Validation of Technique In Vitro
‘ The effect on DNA of cells treated with
Tables 19 and 20. Somecof these agents are known

3

not damaging under the assay conditions. For all

greater than B8% viable by trypan blue exclusion.
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e TABLE 18
THE EFFECT OF TIN{II) TREATMENT AND COBALT-60

GAMMA RADIATION ON DNA DAMAGE IN HUMAN WHITE
BLOOD CELLS.

) Observed Damage Breaks/Genome. :
o A _(10010qD)

Treatment Tnitial Repair Initial Repair

Tin(11) | o

25 uM 31.3 0.1 3110 8-

Co~60

2 Gy 22.5 3.0 2237 249

Tin{II) an&

Co-60 120.6 17.4  1agd00 1,675

Table 18. THE SYNERGISTIC EFFECT OF TIN(II) AND GAMMA RAYS ON DNA DAMAGE IN HUMAN
WBC. Cells were treated initially with '25uM tin(II) in BSS for 15-20 minutes,
placed on ice and then irradiated with Co-60 gamma rays. Some cells were assayed
immediately for DNA damage by FADU. Other cells were washed 3 times in ice cold
medium and then incubated for for 20 minutes in the presence of 5% autologous
serum’to measure repair. The DNA damage resulting from the combined treatments was
greater than the damage resulting from each treatment alone. The residual damage
after the repair incubation could be due to the inhibition of repair by tin(1I) :
or, more Tikely, from saturation of the repair pathway caused by the massive DNA !
damage of the combined treatments. Tin{II} would be present in the target organs i
of patients simultanzously with mCi quantities of the gamma emitting radionuclide
Tc-99m (140KeV) during the administratiop of diagnostic radiopharmaceuticals. The
combined effects of these could therefore underestimate the dose to the patient by

a factor of about 3-1, if extrapolation can be adequately made into the low dose
range,
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‘ TABLE 19 - '
DAMAGE TO DNA, MEASURED By FADU, FROM EXPOSURE OF
HUMAN WBC TO VARIOUS AGENTS. .

." directly into the DNA of cells were positive by FADU. Cyc

DNA Damage - - .
Agent Concentration 5 (10010gD) Gy-Equivalent
Control | L ’ 0
l.Kpown DNA . .
~damagers
Bleomycin . '0.5ug/m1 2.1 0.2
5.0ug/m1 18.9 1.4 L
50.0ug/m1 88.7 6.4 -
Ethylmethane- '
sulfonate . 1.2x10-5M . -0.2 ' N
1.2x10-4M 0.9 0 a
1.2x10~3M 9.6 0.8 1'
1.2x10-2 - 92.7 6.7 ,
4-Nitroquinoline-N- E
Oxide 2.0x10-8M | -0.8 0 f
| ' 2.0x10-7M 13.2 1.1 - |
2.0x10-6M 89.1 6.4 |
2.0x10~5M - 119.6 8.6 | f
'2.Presumed ndh-damagers. }
' Cyclophosphamide 1.0x10-5M -2.1 0 . é
1.0x10-4M -1.8 0 é
. 1.0x10-3y -1.7 0

- ¥arious agents were tested for their ability to produce DNA damage under the
assay conditions employed by FADU. Agents that are known i

be activated to the DNA damaging species by enzymatic pro
the FADU procedure.
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TABLE 20°
. ‘ - DAMAGE TO DNA FROM EXPOSURE OF HUMAN WBC TO
VARIOUS CARCINOGENIC AND NON-CARCINOGENIC METALS.

) Treatment _ . Observed Damage ‘ .
50uM,Metal ‘  {10070gD) | ‘Gy-Equiva‘Tents. LT
Control - 0 -

U0a(11) 3,1 0.2
- Cr(vI) 9.4 _ 0.8
Cr(III) | 1.3 -0
Co(11) 17.7 . 1.5
As{II1) 2.7 0
Zn{11) 0.6 . 0
£d(11) 1.5 | 0

Pb(II) -0.1 5 _ 0

Mn(11) 0.1 -

Ni(1I) 2.1 01

Sb(I11) ' 1.1 0

Vo, 0.5' 0

Sn(1V) R W 0 .
Sn(11) 104.4 L 7.0 .

TABLE 20. THE EFFECT ON THE DNA OF HUMAN WBC TREATED BY HEAVY METALS. Cells at
2X106/m1 in BSS were treateg at 70C.for 30 minutes with the metals at 50uM, ﬂ
-before being assessed for DNA.gé by FADU. '¥n(11) was found to be the most -
'déwing of all the metals tgs\téd being about 10 times more damdging than Cr(VI),

a known human cdrcinogen , Costa 1980. Uranyl, (UO

2) and nickel (Ni{II)), were
borderline for damage Arsenic{III), a known human carcinogen was negative by FADUY.
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Using the procedure of Arm{tage, 1971, the Chi square = 13.162_ for 3 degrees of

"s1gn1f1cant1y different from the proportion of false pos1t1ves and negat1ves at

"

a 2x2 contingency table and the data from FADU and the literature were tested for

I

goodnesé of fit by the Chi ‘square procedure. The hypothesis tested is that the

proportion of agents that give false positives and false negatives by FADU is the‘:::\j\

X

same as the ﬁroportion that give true positives and negatives for DNA damage. 5/21’
freedom. This means that the proportion of true positives and negatives is

p = 0.005. The correlation coefficient, r = .81, indicates that there is a

reasonably strong association between the results from FADU and the literature.
{

|
The sensitivity of FADU for detecting DNA damaging agents is 78%, which is the }
proportion of known DNA damaging agents that are positive by FADU. No false :

|

positives were found in the limited number of substances tested.

4.3.7 The Effect of Tin(II) and Tin({¥5 Treatmgnt on the DNA

of Chinese Hamster Qvary Cells as Analyzed on Alkaline

Sucrose Gradients '

DNA strand break damage, produced by treatment of CHO cells with
tin(II), tin(IV) and Cr(VI), was assessed by the well established technique of
alkaline sucrose grad¥ents. This method was used to confirm the results obtained
by the FADU technique which used similarly treated human WBC.

14.C-TdR were used as solvent controls while

Cells prelabelled with
those prelabelled with 3H TdR were treated w1th tin{II}, tin(IV) or Cr(V1) for 60
minutes at 37°C in serum-free medium. Control and metal treated cells were added
sequentially to the 1ysis Tayer on top of the alkaline sucrose gradiént and then
processed as previdus1y described. - The calculation of the molecular weight

profiles was carried out using the method of Palcic et al, 1972. Cell survival

was done in parallel with the alkaline sucrose gradient analysis by estimating

131



; - ) | 1 : N N
| TABLE 21 N
*THE DETECTION OF DNA STRAND BREAKS BY ALKALINE SUCROSE
GRADIENT ANALYSIS IN CHINESE HAMSTER OVARY CELLS -
CELLS TREATED WITH TIN(IF), TIN(IV) AND CHROMIUM(VI).

Treat- Breaks/ Breaks/ ‘Gy- |  v o
ments. 108D, Genome Equivalents.
Tin{II),uM - _ .
50 0.18 . 16,80 5.20 - , o
150 0.35 © 12,600 10.10
350 0.66 23,760 ‘\\\\\‘_19.00 | ) o
550 0.80 28,800 23.00 " '
Tin(IV},uM
100 0.0009 2 0.03 !
Cr{VI),mM
10 0.22 7,920 6.34
C0-60,6y
1 0.035 1,19 1.00
-

TABLE 21. THE USE OF ALKALINE SUCROSE GRADIENT ANALYSIS TO DETECT DNA DAMAGE IN
CHO CELLS TREATED WITH TIN. Alkaline sucrose gradient analysis was used to
confirm the DNA damaging properties of tin(II} which were observed by the. FADU
technigue using human WBC. The number of strand breaks/genome observed at 50uM
tin(1I) by alkaline sucrose gradients was similar to the 7,458 (table 13) observed
by FADU. A 7 day survival study was done on the tin(II) and -tin{IV) treated cells
to supplement the data obtained by alkaline sucrose gradient analysis on strand
break damage. There was no loss in cell survival after 7 days, at any of the
concentrations examiped, however the colonies were not comparable either in size
or in capacity for stain. This indicates that all of the DNA damage was repaired
sufficiently in CHO cells to allow DNA to replicate. This could indicate that CHO
cells hgve a greater capacity than lymphaid cells to repair DNA damage. '

-7
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relative colony forming abifity after treafments.

The results of alkaline sucrose gradient analysis for tin(IV), tin(II)
and Cr(VI) are shown in Figures 8, 9 and 10 respectively. Tin{(IV), at the
highest concentratqon tested (550 M) did not cause any perceptible DNA damage.
Tin(II) treatment at 550 1M however caused extensive DNA damage as indicated by
the shift or dlsp1acé:2nt of the treatment ( H) peak towards lower molecular
weight. The Cr(VI) treetment at 10 mM was used as a positive control.

" The effect of ;in(II) on the DNA of CHO ;e]ls is summarized in
Table 19. The treatment of CHO cells with tin{II) at 50 M produced 6,480 sfrand
breaks/genome, which is equivalent to 5.2 Gy. This_ié comparable to the 7;458
breaks/genome (6.2 Gy) found for tin{II) at 50 M by the FADU technique.

;;e colony forming ability of CHO cells was not affected by either tin
treatments at concentrations up to 1 mM. CRO cells rapidly recovéred their
ability to synthesize DNA and undergo cell division éfter tin{II) treatment,
Table 19. This contrasts sharply with mouse and human lymphoid cells which
undergo a dramatic Toss in their ability to synthesize DNA after tin(II}
treatments, Table 10, Figures 3, 4 and 5. The quantity of tin(II) required to
induce observable DNA damage in CHO cells by alkaline sucrose gradient analysis )
is 10 times that required to induce detectable DNA damage in human WBC by FADU.
This indicates that CHO oells may have a greater capacity than lymphoid cells to
repair the lesions induced in DNA by tin{II). ' . Y

4.4.0 The Effect of Tin{II) on the Immune System of Mice

The next stage in the investigation was to determine if the effect on
DNA synthesis observed after tin(II) treatment of cells in vitro had any

consequence in vivo., An agent that induces a prolonged suppression of DNA K

synthesis and blastogenesis has the potential to be immunosuppressive in the
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'\,S\\ Figure 8. The effect of tin{IV) on chinese hamslgr oyafy-cells. *5‘

GCells, labelled with 3H-thymidim:.», were treated with tin{1V), mixed with
I4(3-1:h_ym1'd1'ne labelled solvent treated C&11s, lysed and centrifuged on
alkaline sucrose gradients. Strand breaks were not detected in the cells
after tin(IV) treatment and there was no 1o0ss in cei] survival as

measured by colony forming ability.
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Figure 9. The effect of tin(II} on Chinese Hamster Ovary cells,
The-shift of the 3H-]abe]led peak towards a lower molecular
weight indicated that the treatment of cells with tin(II) at

550 uM produced extensive DNA damage.
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Figure 10. The effect of Chronﬁum(VI) on ch1nese hamster ovary celds.’
Cr(VI) was used as the positive control for DNA damage in the t1n(II)
exper1ments The treatment of cells w1th I0mM Cr(VI) produced about
" 7920 strand breaks per genome which is equivalent to that produced
by 61 uM tin(II).ﬂOn a molar basis therefore, tin(II) is about 164
times rmore potent than Cr(VI) ; 5 known human carcinogen, at '

produciﬁg DNA strand break damage,

»



2

.Perc,ent dpm °H

o — ——

FIGURE 1§ .

Relative distance

| '. ) ) N ‘ 1362 -_
Effect OgLCr (V1) on CHO cells
~ Daltons x 107°
05 27 '75. | |
. e A |
4. = 3H — o8 '
o= |4C ' . . |
| ‘aa 4
.. 12+ " —24
. | :
. .\ / . / 1() |
.- v
84 | 6 £
. | S
n | — |
. . C
6- ./ _ \ . —I2‘ ._g
s . g | oy
. _,4__ ;., . n/D_ o __8
N 4/" /D‘u - T
- 27 s " : - | @ (—'4 .
| o Jfﬂ bo®
J ALl
. ] | | I
0 02 04 06 08, 10 .




intact animal. The.05786/10 mice; usedxin thfs study, have a selectively inbred
sensitivity to the'ef#ect of toxins and is wide1y.u2ed in Federal government
]ébonatorie; for toxic1ty'testing (Dr. J. Nqng, Animal Resour;es Center, private

- communications). This strain was used to define the effect of tin(II} on the
immune system in v%vo and to determine the biokinetics of tin(II)) as it relates
to the observed biological effects.

|

“

-

4.4.1 The Effect of Tin(II) on the Primary Immune Response In Vivo

The primary immune response measures %ng_nnpacity of the to produce
primary antibodies (IQM) to an antigenic challenge by sheep }ed blood ce]!s_
(SRBC). Briefly, SRBC were administered, by intraneritonea1 jnjection, to mice

wo days after being7tr§hted by injections of tin(II). Five days after SRBC were
///””zdm1nistered the mice were sacrificed and their spleen ce]ls assayed for
spec1f1c ant1body forming ce11s by a complement mediated plaque assay (Cunningham
et al). The results are presented in Table 22 indicate that a graded inhibition
of plaque formation was produced by increasing doses of tin(II). Va1ue§.from
each‘treatment“were campared within experiments and then normalized and combined.
- Means were compared by the Duncan's. mu1tiple range test -at p= 0.01 and all were
statistica11y different from control when the normalized va]ues were compared.
This means that tin(II) was able to exert an inhibitory effect on the immune
system in in vivo probably by suppressing DNA synthesis and blastogenesis in tne
1ymph01d ce11s. The possibility that the 1mmunosuppression s caused by a

general or selective cytotox1c effect on lymphoid t1ssu owever, could not be

ruled out,

Very recently, Lawrence 1981, has shown that very dilute solutions of

tin(II}, 1 M, is capable of producing a statistical]y significant iphibition of

plaque forming cells by an in-vitro technique (MistalNet al, 1967). This adds.
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TABLE 22

THE EFFECT OF TIN{II) ON THE PRODUCTION OF

3PLAQUE-F0RMING CELLS (PFC) IN MOUSE SPLEENS. | -

Dose—InjecteH A PFC/2x106

' (mean zsd)
mg kg-1 _ Spleen Cells . % Control.
Céntrol 71 3,184 4102 100
0.6 2,716 407 “ g5
1.0 1,520 415 oo .48
3.0 ‘ 1,080 0 2 ¥
5.0 | " 701* 100 . 22

.. JABLE 22. THE EFFECT OF '_l'IN(II) TREATMENTS ON THE PRODUCTION OF ANTIBODY FORMING

CELLS IN MOUSE SPLEEN. Mice were givgn a single 1ntraperitoﬁea] 1njecpion of
tin(I1) 2 days prior,fo the administration of SRBC. Five days after this injection
mice weré sacrificed and their sp]een§ were ésseesed_for the préﬁcence of
antibody-forming cells. The injections of tin(Il) iarodu_ced a 'si:atisficaﬂy

significant (p=0.01) inhibition of éntibody formation. A1l experiments were

-repeated 3 .times with similar results.

N,
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credibility to the findings reported in this thesis, for fmmunosuppression after

L)

in vivo treatments.

4.4.2 The Effect of Tin(IIj on Mixéd Lymphbcyte Reaction (MLR)

The MLR is another-facet of the immune system and measures the ability
of spleen cells to undergo b1astogene§is-in'response to foreign cells. In this
case, the spleens of-micé~¥reated with tin{II) were removed and made into sinq]e
cell suspensions, enriched for T-cells by treatment with wheat germ agglutinin
and then used as responders for a one-way MLR. Spleen ce]]s,,iso]ated_from
Swiss-webs@er and Balb.C mice were used as stimulators in the MLR after being
treated in vifro.wjth mitomycip.c. The re2P1ts, shown in Table 23 indicate that
some inhibition in the response of cells from tin{II)} treated aniféﬂs occurred
even at the lowest dose tested. The treatrent of stimulator cells with tin{II)

did not affect the MLR (data not shown).

4.4.3 The Effect of Tin(I1) on Incorporation of §H-Thymidine

Into Spleen and Bone Marrow Cells In. Vivo

The effect of tin(II) on DNA synthesis has been docuhented aftér a
brief treatment of cells in vitro. The exposure of cells to tin(II) in vivo
however is different in that the target tissues in the animal are exposed to

ogér concentrétions of tin(II) for longer periods oﬁ time. The ability of

{n(II) to inhibit DNA synthesis in vivo may explain wﬁy tin(II) is
immunoSuppressive but the mechanism of this ﬁmmunosuppression could alsg beé due
to cell death. . |

The effects of single tin(II) intraperitoneal injections on DNA!
syﬂihesis'in vivo are shown in Table 24. The injections caused a

concentration-dependent inhibition of DNA synthesis in spleen and bone marrow.
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I " TABLE 23
f;*_\\;: | THE INHIBITION OF ONE-WAY MIXED LYMPHOCYTE REACTION
(MLR) IN MURINE SPLENOCYTES PRETREATED IN VIVO
FOR 2 DAYS WITH TIN(II).

)

. __é?ﬁéihymidine ‘ Stimulation
Treatment ’:ﬁhco;poration % Cﬁntro] Index.
— _

1. a b 14,12521453 100.0 8.9
~2. aypem 12,592 1120 - 89.0 7.9

3 gy 8,095 160 . 573 ¢ 5.1

4. aghm 6,619 423 47.0 4.2

5. aam . . 1,585 202 - -

~

TABLE 23. THE EFFEET OF TIN(IP) EATMENTS ON ONE-WAY MLR IN MOUSE

SELEEN CELLS. Responder cells were i;o1ated from the sp1eéns of

C5786/10 mice which had been treated with single injections of )
>~ " tin{II) at n=0,1,3 and 5 mgkg-1 for 2 days prior to sacrifice. |

- These cells (20) were enriched for T-cells and then co-cultured,

in a one-way MLR, with mitomycin C inactivated stimulator cells

*

(bm) isolated from the spleens of balb C and Swiss-qustér mice.

result of interaction with stimulator cel]s(bm) was inhibited at

all of the tin(II) concentrations studied.
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140




TABLE 24

A

THE EFFECT OF TIN(II) ON THE INCORPORATION OF 3H-THYMIDINE
INTO THE BONE MARROW AND SPLERN CELLS OF MICE WHICH HAVE .
B%&N TREATED WITH SHEEP RED BLOOD CELL (SRBC) ANTIGEN.

Tin(II) Injection

* CPM/106 Cells ( % Of Controls.)

mg/kg SPLEEN - BONE MARROW
Control 4,284+1,065 7,431 248
0 9,287 130 (100.0) 11,723 1,336 (100.0)
0.3 8,235 270 ( 88.7) 8,794 236 (75.0)
0.6 8,660 195 (93.2) '  n.d. _
1.0 6,352 136 (68.4) 7,080 330 (60.3)
5.0 3,650 370 (39.0) a.d.

TABLE 24 -THE INHIBITION OF 3H-THYMIDINE INCORPORATION IN BONE MARROW AND SPLEQN .

CELLS OF MICE THAT HAVE BEEN TREATED WITH SRBC ANTIGEN. Mice were given

intraperitoneal injections of tin(II) 2 aays before being treated with SRBC

/
antigens. Five days after SRBC were administered, mice were sacrificed, bone

marrow and spleen cells were isolated and cultured for 1 hour in medium containing

3H-thymidine (10uCi/ml) and then the incor

ation of fadioactivity into the cells

was assessed. All of the tin(II) sseatments suppressed DNA synthesis with doses

w :
1 mgkg-1 being .statistically significant at p=0.05. In some gxperiments,,ceils

were labelled in vivo by giving injections of 3H-thymidine (2 uCi/g body weight) 1

hour before sacrifice with similar results being obtained (data not shown). This

indicates that tih(II) treatments have the potential to suppress blastogenesis and

ultimately the immune response in mice,

’,
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About 1 mg kg'1 was needed to inhibit the rate of DNA synthesis by 50% at 5 days
after tin(II) injection.  The wifference between all treétment values and

controls were statistically significant. 'Injections of tin(1V) at 2 and

4 mg kg'1 did not produce any inhibition in splenocytes at 48 hours (data not

. Lo .
shown because of the small sample size). The acute lethal dose of tin(II) by

intraperitoneal injection is about 25 mg kg'1 in 20 g C57B6/10 mice. The

possibility that the effects on DNA synthesis is due to cytotoxicity and the
selective elimination of the responding population cannot be fu1ed out but few

dead cells, by trypan blue exclusion, were detected in the spleens of mice 5 days

"after sensitization with SRBC. Tin also inhibited DNA synthesis in thymus cells

(data not shown).

4.5.0 The Biokinettcs of Tin(II) in Mice

Biokinetics refers to the parameters that describe the tissue

distribution, retention and metabolic fate of tin(II) in m1ce

The t1ssue distribution is important to determine which organ systems
could be affected by the tin{II) and the concentration that would be expected ig
target organs after treatment.

The retention parameters (Al and A, in equation 1 and Figures 11 and
12) and their clearance half-times (T1 and T2 in equation 1) -can be used t&
estimate the potential exposure that a mouse, or a particular tissue, can receive
from a treatment. These values are important in ca]cu]ating the 1ntegrated dose
(equatiog/Z)—and are also useful in explaining cumulative concentration effects.

The metabolic fate describes how the chemical and physical form of the
tin(II} behaves in vivo. In sftu, tin{I1) could be oxidized to inactive tin(1Iv),
complexed to give some inactive form or excreted unchanged. _The metabolic fate

indicates how the cgmu1at1ve'copcentrat10n (C in equation 2) must be modified to

-
b
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Figure 12. The excretion of injected }*tin(II) from mice. The
clearance (excretipn) of radioactive tin(II) from mi';:e after .
injection, can be described by a 2 component exponential equation
(equation '1). The component that is c]éared from the body with

a short‘hal.f-time can be resolved or "stripped" from the initial
curvilinear portion of the composite curve (Q) b; subtr"actin'g the
extrapblated values of the Tong-lived component. The resulting straight
line { O ) indicates that about 46% (retention parameter, Al in |
equation 1) is cleared with a half-time of 12.hours. The .balance of
the injected radiocactivity, 54%, wo Id clear from the body with a
hadf-time of 40 da_y.s . 5 |

. - e e '14.45 :
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reflect the inactivation or elimination of tin(II) from the body or organ,

v

" 4,5.1 _The Clearance Half-Times and Retention Parameters of

<

-

~0.5mg kg™! 1s shown in Table 25. o 113

-

L3713n(11) 4n Black Mice

~_ The clearance of 113tin(II) from mice can be described as the sum of 2

exponentials, as in equation 1 (Cloutier 1976). A(t) represents the amount

remaining at any time t, Al and Az are the retention parameters at time 0 and T

1

and T2 are the biological half-times of the 2 components. Analysis of Figures 11

and 12, indicates that the rapid]y cTearing component has 2 retention parameter

Al of 46% of the injected activity which clears from the body with a biological

half-time of 12 hours. The slow clearing component has a retention parameter A

2
‘of 54% and clears from the mouse with a biological half-time of 40 days.

Injection of nonradioactive tin{II) 8 days after the injection of 113tin(II) did
not increase the rate of excretion of radioactivity from the mouse indicating

that the tin(II) of the slowly clearing component was firmiy bound to cell*

structures.
a»Lh\\*\\\_,

4.5.2 The Tissye Distribution of ll§¢1n(11) in Mice

The tissue distribution studies determine the important target tissues
of tin(II) and also the ‘maximum concentrations that can be found in these
tissues. The tissue distribution of tin(II) 113 given 1ntravenousiy at

tin(II} is rapidly cleared from the

bTood into the Tiver and spleen, with most of the dose being deposited in the ‘
liver. This tissue distribution pattern is characteristic of a coiioidai

preparation. Initia]iy, there is Tittle radtoactivity in the bone and b]ood
The radioactivity is cieared only siowiy from the liver and spleen.

The tissue distribution of 113tin(II) given by intraperitonea]
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TABLE 25

. - . !
. . .

- THE TISSUE®DISTRIBUTION OF LL3TIN(IT) |
AFTER INTRAVENOUS INJECTION INTO MICE. —

- TIME AFTER INJECTION

( % of injected dose/organ-mean(range)

Tissue 10 minutes Day 1 -3 5 ' "

Liver 92,3(0.i4a“ 82.0(2.5) 86.0(3.5)  83.0(2.1) .

Spleen . 3.4(0.8)  3.0(0.9) 3.000.8)  2.6(1.0)

Lung 1.1(0.8) i - _ B

Kidney 0.4(0.0)  0.20.1)  0.20.1)  0.2(0.1) N

Blood i 0.4(0.15‘ . | .
- Gut . 0.3(0.1) o T | - ﬁ,-f e
, Bone Maryow 1.0(1.0) o ‘ - o D

Thymus 0.05(0.02) ", S 2:‘-{/il'

Eg-TABLE 25, THE TISSUE DISTRIBUTION DF 113TIN(II) AFTER INTRAVENOUS INJECTION INTO

MICE A mixture of 113T1n(II) and"carrier tin(1I), 10ug, was injected 1nto the

’ tai} veins .of mice. Mice were then sa ificed in triplicate, at the times
“’1ndicated tissues were iso]ateehgﬂg_rzzaoact1v1ty measured in a gamma Counter,

A
TotaI blood volume was 6.9% of body weight. The distribution of rad1oact1v1ty

- 1ndicates that - t1n(II) is a .colloid -in quut10n1 and would ‘concentrate to a Iarge

N 4
extent in the organs of the ret1culoendothe1ia1 system. This 1nd1cates that after

I

| :‘IV adm1nistrat1on of tin{II) conta1n1ng radiopharmaceuticals to humans, the target

forgan for t1n(II) toxicity would be the: phagocytwc cells of the 11ver and to 2,

]
£ -
’ .
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"“"fmuch 1esser extentqﬁthe spleen and bone marrow o ‘ - -’ .

+

g S LT T -
['r FL R W

I FE T ) R



hd * TABLE 26

THE TISSUE_DISTRIBUTION OF 113TIN(II)
AFTER INTRAPERITONEAL INJECTION INTO MICE.

‘Time After Injection
(% of injected dose/organ-mean(range)

TABLE 26. THE TISSUE DISTRIBUTION OF 113TIN(II) AFTER INTRAPERITONEAL INJECTION

«_.Kehoe et al.1940. Th1s d1str1but1on, uﬁég agaeft, emphas1zes that the «

© Tissue 4 hours Day 1 3 23 . -
Liver . 2.8%0.8; 12 2(7. 8} 6. IE2 2} 0.7(0.1)
Spleen 0.3(0.1 1.3(1.1 1.1(0.8 0.08(0.08)
Femur - 0.1(0.1) 0.2(0.1) 1.2(0.2)
Kidney - 0.8(0. 8; - -
B1ood 2.0(0.4) 0.6(0.1 0.1(0.1) -
Testes 1.4(1.0) - -
Gut 24.0(4.1)
Skeleton _ -8.1(1.1) 9, 6(1 0) 38. 5(3 3)

INTO MICE. A mixture of tin(II}-113 and carr1er tin(1I), 10ug, was adm1n1stered to
mice by intraperitoneal injection. Mice, in twiplicate, were sacrificed at the * .

times indicated, the organs -isolated and the radioacti&?ty'in them was measured ﬁy

gamma counter. Blood volume and skeletal mass were 6.9% and 6.5% of *body wefgﬁt
respectively. The tissue distribution indicates that the liver and spleen
accumulate tin(II), with the concentration in the liver being 6-12 tim?s that in -
the‘spleen The tissue distribution of tin(II) 113 after'intrapéritoneaI injection

is broadIy comparable to that of tin detected in the ongans of human cadavers,

rectlcquendotheI1a1 system 1s probab]y the target of, t1n(II) tox1c1ty

1“9 ‘ -
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Figure 13. The transfer oﬁ/i_uéected.“-stin(ll) from soft tissue
‘{ .to skeleton of mi‘ce.'rlnitiaﬂy, the uptake of radioactivity
» o ) : '
Into the skeleton occurs quickly but after a plateau is reached
increases occur only slowly with time as radioactivity is lost
- 3 ' .
- from the soft tissues (liver and spleen). The rate of this Toss
is 4.03% per day of the radioacti vity retained in the organ.
. . ' | &r . .
- : '
l' -‘ ,-. -
. . . - o
y - - bv—.‘:“ . R P - B ['/ -
' o ' T e .
. l Y ' ' / . | “' .‘ ‘ i * '_ r . »
el i . S ' .
¢ . n s . L. | I - -
» [ ]
' \ .2 ) .




-

injection at 0.5 mg kg™l is shown in Table 26. The distribution of 3tin(11) s

relatively uniform throughout the body and once again, the liver and spleen

113

“retain their actiV1ty for. prolonged periods Tin(II) is slowly lost- from the

Tiver and spleen at 4.03% of the retained organ activity/day, Figure 13.
113Tin(II) accumulates in bone with time, probably as it\is lost from the soft

" tissues of the body. If tin(II) retaineﬂ’its reactivity (electronic

»
_—T )

configuration or valence) in v1vo then the time component in the dose equation

would be an important determinant of the cumuiative dose.

-

————

4.5.3 The Metabolic Fate of Tin(II) In Vivo | U

Rt
"

The metabolic activity of tin(II) in vivo is importéﬁt in determining

o how the time factor in_tRe dose equation should be modified. Tin(II) is a >
fg—

powerful reducing agent nd this property can be used to obtain an estimate of

how reactive- tin(II) remains in v1vo: gngechn tium, Tc(VII), is a gamma
emitting radionuclide that remains chemically unreactive until 15 is\reduced by
tin(II) to highly reactive gngc (III) or (IV). Therefore, when 99m\t‘i.'II) is
injected into tin-free mice, it is distributed uni’ormly throughout the bogy and

N is then rapidly excreted, primarily by the kidneys. If tin(II) has been 1
previously administered to the mouse, the Histribution_and clearance pattern of
L _gngc is dramatically changed by the reduc1ng powgF of tin(II) The 1oss oi this
~ modified distribution pattErn w1th increasing ime after the inJection of - ‘§
W tin(II), indicates how the react1v1ty of the tsue-bound tin(Il) is changed by !

i
i

loss through intrace]]uiar oxidation to tin(IV), by complexation or ‘by excretion?
" The difference in gngc radioactivity in the organs of contro] mice (no
'tin) and mice treated with a single jntraperitoneai injection of tin(II) 96 hours
'before the admimistration of gngc(VII), is shown in Tabie 27. The differenles
n" radioa?fdve uptake of gngc in various tissues fior the 2 groups were‘tested at

.{
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the 98% leve) of s1gn1f1cance by the thhod of Wang, 1969. The differences are

statistically significant if; )'

(A counts) - (B counts) 3‘\]2(A+B » where A and B are radioactive counts
’ from the 2 organs (ttin) being compared. Using this criterion: the distribution

of gngc in the blood, liver, kidney, spleen, muscle, mesentary, testis and

stomach of tin(II)} treated mice were statistically different from controls, while

the distribution in the skeleton, femur, bone marrow, small 1ntest1ne large

.~

The tin{1l) treatment suppressed
the uptake of 99Mrc by the stomach: o e

1ntest1ne sem1na] vesicles and lungs were not.

/ . ,
The in vivo reactivity of tin(1I) given to mice for\§‘ﬁenths in their

drinking water at 100 ppm was monitored in a similar way. Reference to Table.28
shows that t1n(II) is ab%orbed affer aral administration and distributed

. systemically, Although the uptake is small, significant accumulation did occur

- 2
.- 1n bones, boné marrow and spleen. . - _ -

W

prasence - or ‘absence of
tin(II) is mainly a qua]itat1ve test But it does reinforce th

The distribution patterns of 9ngc(VII), in the

idea that. tln(II),

given’ orally or by 1n3ect10n rema1ns reactiie 1n the body. Thi\ uggests that

AT et e e

_the "time“ component of the dose’ equatfon makes a significant co tr1bu 'on 1n the

'calcu1at1on of . dose..
|
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A : : TABLE 27 )
' ' . THE DISTRIBUTION OF QQ"GL—PERTECNETATE-fN MICE -
96 HOURS AFTER THE ADMINISTRATION OF. TIN(II) AT

L3

- 7 MEKG™L Br INTRAPERITONEAL INJECTION. . l

% Of Injected Dose /Organ(mean standard deviation)

s T -

Organ Control Mice Tin(Il) Treated Mice Tin(&)/Control.
Blood ~  4.204.10 . - - 17.70w.50 4.1
Liver 3.30 0.10 ° 20.20 3.00 6.1
Kidney ~ 0.60 0.10 . 2.20 0.10 3.7 -
Spleen--  0.07 0.02 0.45 0.20. 6.9 i
Muscle 2,10 0.10 5.40 3.50 2.6
Skeleton 2,10 0.70 3.20 2.50 1.5
. Femur;
oo ends 0.04 0.02 0.07 0.05 1.4 )
. marrow 0,01 0.00 ’ 0.01 0.00 0.8
Intestine; . '
- siall 13,40 0.90 9.40 0.50 0.7
: large 22.40 6.70 12.70 1.30 0.6
Stomach 12,10 4.20 2.00 0.20 0.2 ¢
Mesentary 0.25.0.05 1.25 0.05 ‘5.0 3
Testes 0.09 0.00° 0.30 0.30 P 3.3 . :
C Seminal, - _ . ’
L. vesiciés 0.65 0.20 . - 1.10 0.60 - 1.7
- ' * ° “Llungs - 0.45 0.10 : 1’39 0.3 2.4 o
: - TABLE 27. THE DISTRIBUTION OF Mre- ERTECHNETATE I MICE 96 QQHRS AFTER THE
L . ADMINISTRATION OF TIN(II}. Mice were injected with carrier-free Te(VII), .
'  sacrificed 2 to 4 hgyrs later and the organs ‘were isolated.and assessed for ~
radioactivity. The Z"Tc(VII) 4s reduce by the tin(1I) and is then fixed to
_tissue components.The concentratfon) of Tc injected is many orders of magnitude
i lower than that of the tin(II) in.the tissues. Therefore, the distribution of the
. Tc-99m in these animals largely reflects the volume and rate of blood flow in the -
tissués.. The study, indicates that the reducing power of tin(II)(ie the valence)
remain$ intact in the tis&ues and is not readily oxidized or complexed to inactive "
forms. This suggests that the time component of the dose equation contributes .
I substantially to the calculation of the total (integrated) dose from the presence }
of tin(II) in tissues. SO _ . ) _ 3
. ' o L : E
s f . ’ &
1 . ) M B
- ‘

e g k e - - iy - T A s e b A e T A IR, . e gt
P B .. . - .




. -
Tt A N A AW g S

| TABLE 28
THE EFFECT OF ORALLY ADMINISTERED .TIN(II)
" ON THE TISSUE DISTRIBUTION OF 99mTC{VII). - . '

% of Injected Dose/Organ(mean)

Organ .Control Mice _Tin(II)Treated Mice Tin(II)/Control
Blood 0.2000 0.4000 2.0
Liver 0.8000 1.0000 1.3 -
Kidney . 0.0800 .0.3000 3.8 ‘i
Sp(feen 0.0040 0.0300 7.5
Muscle 0.1300 0.5000 3.9
Skeleton 0.1200 - 12.2000 102.0 -
Femur;. _ . '

ends 0.0020 : . 0.2000 *100.0 -

marrow 0.0004 . - 0.0500 125.0 'Y
‘Intestines; '

small 0.9000 0.0600 0.7
_ large 3.0000 - 2.3000 ) 0.8
Stomach 1.3000 1.40Q0 . 1.l

esentary 0.0200 0.0700 3.5 - . :

0.0100 0.0500 - 5.0 Seminal vesicles ©0.0900

2.2 .
28. THE EFFECT OF ORALLY ADMINISTERED .-TIN(II) ON THE TISSUE DISTRIBUTION OF
: IT) PERTECHNETATE. \Mice were .administered tin(II}) in drinking water at 100
ppm. Mice were gjven intra#ﬁritonea] injections of carrier-free Tc99m(VII) 24
hours prior to sacrifice. Me pretreatment of mice with oral tin(II) cHynged the

~distribution pattern of tHe 99mTc and indicates that considerable reducing power

can be retained in th pleen, kidneys, muscle, skeleton, marrow and testes. This

" study shows that tintIL)_remains active in-situ for prolonged periods, and

.suggests that some tin fr N the environment could accumulate at ‘sensitive sites in
the body after being conveEréd,to tin(II) by th$ action of the gastric HCI.
_ 4 > o
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¢ 4-5.4.The Detection of DNA Damage In Vivo by the FADU Technique. e

P

A relevant exten51on of the in vitro exper1ments 1s to see 1f DNA damage can )

R be detected 1n.the organs of mice that hﬂve'ﬁeen treatéd w1th‘t1n(II) One

shortcoming in the use d?tan Sn-vivo system involves tne presence of a large
. number of uncontrojled and interacting 3eriab]es that can give results that are ,
' often ambiguous and diffficult,to interpret. Neverthe]ess, rigorous tox1c1ty
. testzng requires the use of one or more mammalian species 1n some aspects of th
eva]uatxon program. '
Pl ‘

—"
rd ;
~

The DNA damage produced in cells by Co;60 gamma rays was used as the
reference for compar1ng the damage produced in the DNA of ceflis treated with
) -‘ t1n(II) The sp]een was ‘used as the target organ because it accumu1ates tln(II)
;;';:‘ : ) H1]es 1974, and Ham11ton et a] 1972/73, and it is. easy to process ﬁ!? FADU "-
| ;fﬂ”}; '; ana]ys1s. DNA damage from.who]e body exposure to cobalt- 50 gamma has been
'_ detected in sp]een, bone marrow and thymus, McLean et f1 1981. The response, as

&.
measured by FADU_AS linear with respect to doses from 1 to 3 Gy.- '

M

DNA damage can be detected in the sp]eens of mice that have been ihjected_

intreperitoneally with tin(II) at 7mg/kg, figure 14, -The DNA damage is in the

.;ig;;jgé : ra;ES that is produced!gy exposure of the mouse to 2 Gy of Cobalt-60 gamma. rays.
i;;- f'fl -, The uptake of tin(II) by sp]een is est1mated to be, about 1% of the injected dose

which for a 20 g mouse wou]d be about 1.5 ug/spleen. This would be about 0.03"

I ~fM/cell, assuming. there is 400 X106 cel]s/spleen,, The, study by Lawrence, 1981

jf:found a stat1st1cal]y s1gn1ficant 1nh1b1t1on‘pf the mmune résponse in vitro by*

treatment with t1n(II) at less -than 0.1uM. The binding of tin(II)per cell at

i , Y
- p N ; - . -
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. e - . b ’
this concentration, as estimated from my experiments would be abou¥’'0.04 fM.. A
|
.part of the study by Lawrence involving, tin{II), is. severly comprom1sed because
of a procedura] rror and the actual concentration of t1n(II) in the- 1ncubat1on

med1um may be séveral times ]ower than reported. It appears that tin(II)} is very 3

ftent biologically, to some tissues at Tow doses. o e
" The tests on the m1ce described here have to be cons1dered only as
prel1m1nary. The mecheplsm by which tfn(II) exerts 1ts biological effects: in -
T . " vivo is not known but 2 a1tern§t1ve hypothe§es can be proposed. In one, tin(II)
;.I .. would produce direct DNA damage-which could explain tﬁé observed effects on-the
| ~immune system in vivo. - g
. | In the alternative hypothesi;, tin(IN) could be cytotoxic under the co;difions of
‘high cell density found in vivo and the observed effects on the immune system . *q
could be explained on the bas1s of a felec ive loss of cells undergoing DNA
synthes1s. The strand breaks, in th1s case, could be from DNA d1sassemb]y in a

L R dead or dy¥ _.5ubpopu1at1on of cells. This is an obvious area where exten&eq

studies could be undertaken,

L . !~

ase’ '




_. (44) 3UNSOJXI ¥IL4V INIL
b2 -y _

| L : | S 1
| - . .

157

|
.

(Q 00l boj) g

_ ¢ | E o>_> c_ vcc (v). ooo_ 0l
Aoy oEEowuoo 09 . 96 2 40 (o) ,_by bw , AH: ut
szoaxu ‘_mtq I>._ﬂ ul m;ooco_am 9SNOW 0} omcho

. S T D,

<zi—‘;

cZ:) == R




Figure 14. 'DNA damagé in mouse sp]enocytes'éxposed to tin(l1l)
in Jiv@. DNA damage is illustrated in mouse splenocytes exposed to_
tin(11) in vivo ( ) ard to 2 Gy of cobalt-60 gamma rays in vitro ( )
aﬁd in vivo { ). Damage was dete;ted in splenocytes one hour
after the injéction of tin(II) and increased steadily with fime.
Rébair of the damage was not detected. The observed damage could
represent frank breaks‘in:tge DNA chain which would increase as
“tin(11) aécumuiateq in the organ. Alternately, the observed breaks
. could be due to DNA disassembly occurring as a résu]t of cell

death, Williams 1976.
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5.1 THE UPTAKE OF TIN(II)-By CELLS. ' o | - i

" .rapid saturab]e phase (K =18 uM, Vmax=417 fg/cell/min) wh1ch predom1nates at h1gh

. ~ ’
ﬂ | ' < , N

.the cell, Sn(II) could bind to a variety of 1ntrace1]u1ar components, creat1ng a

" the externa] Sn(II) concentration by a simple linear functién. Thére is a

5.0 DISCUSSION AND CONCLUSIONS. } R -

113

The up take of tin(II) by ce1ls suspended 1n BSS occurs in 2 phases, a

tin(II) concentrat1ons »”10uM, and a slow phase of more prolonged uptake which
does not appear to be saturable and wh1ch predomtnates at lew Sn(I1})
concentrat1ons. Only the latter phase wou]d be relevant at the low Sn(II) .
concentrat1ons that oceur under env1ronmenta1 and clinical conditions. Th1s dual

uptake process is character1stic of many substances, 1nc1ud1ng anlgns.

- The uptake of Sn{II1) by cells suspended in BSS,. is ]arge]y by passive ,.<, ‘

o

. diffusion. This is supported by the 010 value of }]. .03 and. by the fact that L
Sn(II) and many of its chelates are rapidly taken upﬁby cells at 0 C Once 1ns1de

per515tent diffusion gradient that would insure a steady 1nf1ux of Sn([I) Small .
part1c]es of Sn(II) can‘also be quickty taken up by the cel]s creatIng depots

which can be a constamt source of 1ntrace11u1ar Sn(II) SR

" -
v oA o' = L}
RN -
-

i - * -l

Throughout th1s study, 1t has been cons1stent1y found that, the uptake of

-~

Sn{Il) in vutro and all of the related responses or effects, égnnot be related to

"cooperat1ve 1ike" effect where uptake and the resulting responses become L)
exaggerated at concentrations >10uM t1n(II) This effect may be due to a chem1ca1'_f
or physical effect Ioca]ized at- the membrane. Many tin(II) che?ates, 1n aqueous ma;f

_soTutions, read11y Form. mo]ecu]ar and co]lo1da1 sized aggregates at pH 7 (Ne]p, -

sy
vy .
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d 1oca11zed areas which could perturb the phys1ca1 integrity of,the 11pxghgn1ayerh f

proport1onate1y larger localized perturbat10ns re5u1t1ng in even greater influxgs '

~of the smaller aggregates of Sn(II) Such an uptake has been observed for CdO

bartlfact of'the,chemical react1v1ty of Sn(II) -in d11ute so]utions. At h1gh
- Sn(II) concentrat1ons. saturat1on of the numerous externa1 nen- spec1f1c b1nd1ng
sites (glass and p1ast1c Surfaces and. t1ssue fragments) would occur w1th Tittle

_l1oss in the Sn(rI) availabﬂe for cell uptake These external b1nd1ng s1tes K

3 ; rate at which the Sn(II) comp1ex penetrate the cell membrang 1s 1arge]y

o

1969) The size d1str1but1on of the aggregates depends on’the concentrat1o o

Sn(II) in the extrace]lular med1um The presence of these particles, near o

‘the membrane Surface could create 1oca11zed areas of Sn(1I) ac1t1v1ty. ThesJ

or the functional capac1ty of membrane bound enzymeF ‘may be the phys1calkor - f
chemical channels that allow the rapid, 1nf1ux of smaIl{part1cTe and mo]ecu]ar |
aggregates. The size of the perturbed area in the membrane would vary as a. |
funct1on of the vo]ume (rad1us ) or Surface area. (nad1us )} of the part1c1e. The
resu]t.of these 1oca11zed membrane perturbations would be a “cooperative-1ike"

-

effect in which progressively higher concentrations of tin would produce

part1c1es (Hadley, 1980) and curium dioxide pi{t1c1es (Strad11ng, 1979 and
Cooper 1980). -

Alternate]y, the cooperat1ve-41ke effect may be noth1ng more than an

e iaaid ot

T -

direct1 pete with ce11u1ar sites for Sn(II) and woqu become limiting as the :

Sn(II) concentration in the extracellular medium progre551ve1y déscreased : R

‘.- ‘ . "“ . . ) - m‘.-. "1‘ ¥ -

: The uptake of SnIII) by the cell can be modlfled by the presence of a ... .
_ " o
variety of compounds that can form coordination comp]exes with the Sn(II) The‘:-

determined br the l1pophi11c and charg character1st1cs of‘!he 1igand

.. 159



Tin(II)- EDTA does not penetrate the cell whereas, complexes of F2, phosphate,
c1trate, phytate, C12, CDTA MDP and PyP readily penetrate the cell membrane at
both 0°¢ and 37°C ( MOP penetrates at 37°C only). Sn(II) phytate and Sn(II) F,
_form co]]oids at pH7 with particle sizes rahging up to 10 nm. (Persona]
commun&catlon Amersham, Ltd), The fact that they are rapidly taken up by cells

/
argues against uptake by pinocytosis or phagocytos1s Tin(II) binds strongly to
-

HSA and the comp1ex can be precipitated with'S% TCA. The uptake of Sn(II) in the

presence of prote1n is. slow suggest1ng that uptake is mediated by pinocytosis.
The Sn-HSA comp]ex would be taken up into lysosomes and subsequent digestion of
the protein would release Sn{II) into the intracellilar space. In some

experiments, damagé from Sn{II) in the presence of 6% FCS was detectable in cells

after‘l2 hours 3f incubation at 37°C.

5.2 THE EFFECT OF TIN(II) UPTAKE ON DNA DAMAGE IN VITRO.

.

The observations that' Sn(II), directly damages DNA 1in cell lysates, in cells
at 0° and 37°C, and damages céTlu]ar ONA in the presence of 2-D0G, indicates that
éhe action of Sn(fI) against DNA is direct and is noé a manefestaiion of enzyme
controlled DNA disassembly or cytotoxicity mediated through neutréphil excretion

of H202 in response to the presence of particles.

The ability of Sn(II) complexes to damage ONA depends on the egtent to which
the complex can penetrate fhe;cell'with at Teast 2 reactive orbitals of the
Sn(II) 0ccup1ed by weak]y bonded groups, such as chlorine., fhe Sn(II) complexes‘
of phosphate, c1trate, c1” CDT’A,'F2 and phytate can penetrate the cell at 0°¢
and 37°C and can react with DNA to cause extensive damage. Tin(II) MDP and CDTA

are very efficient at producing DNA damage, relative to Sn alone, being ab]e\;o

" 160
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produce 57,706 and 3,517 breaks/fM in re]ation to 979 for tin(II) complexed to
Lo C1™ The complex of Sn(II) Pyropho{ghate2 penetrates the cell but does not cause
L DNA damage because all bohding orb1taTs of Sn(II) would'be pccupied by a ligand

with.a large b1nd1ng constant. ’

-
- ’

b T

Tﬁe DNA damage observed at High Sn(ll) concentrations, however is not
* .+ Tinearly related to the uptake process because Sn(II), whén present in the éell,
aftf?alissuppresses the repair of strand breaks. The, evidence for a graded - '

- -~ ‘inhibition of repair by Increasing Sn(II) uptake is derived data from table 13.

¢

. .. —
s -r - -
»
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The difference in breaks/genome at 0°C and 37°C is skown in tables 12 and

- .7 13, The observed differences could be due to: 2
/ﬂ 1) the breakswcaused from tC;f;ncreased $n({IT) uptake at 0°C (if it is
. N :
1
real), and '
- ) *2) strand break repair which would occur simultaneously with the-generation

of strand breaks at 37°C but not at 0°C where }ejoining,js inhibited.

. A .
The increase in uptake of Sn(II) at 0°C over that at 37°C is 0.76 and 0.04
fM/ce1l from solutions containing 50 and 25 uM Sn{II) respectively. The number

of strand breaks generated from this uptake can be calculated by the formula:

strand breaks = Breaks/genome/fM x fM/cel

Taking the data from tables 12 and 13, thif comes to 959 and 35 strand breaks for

0.76 and 0.04 fM/cell respectively. This Meaves 1634 and 274 respectively
(2593-959 and 309-35) that cannot be explained on the basis of differences in
Sn{II) uptake at the 2 temperaturgs. The differences however can Be explained on
the basis of strand break repair which would be occurring at 37%C but not at 0°c.
The differences between expected values 959 and 35 and the cobserved values 2593
and 309 can be.formulated iqfo g@ null hypothesis and tested by the Chi statistic.
The difference by X2 at p= 0.001 is highly significant and an a1tenat{ve
hypothesis, that the observed differences are due to repair should be accepted at

least as a plausible area for further exploration. Further evidence that tin

inhibits strand break repair comes from the generation of breaks/fM, table 13.
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“break damage cannot be distinguished from secondary breaks induced in DNA by

e

o R B o~ E:

The number of breaks generated /fM decreases rapid]y as the Sn(II) concentration ?g
decreases indicating that there is a greater rate of strand reJo1n1ng at low jf
a

_Sn(II) concentrat10ns From table 12 all of the strand breaks are repa1red 3
Fs

w1th1n 20 minutes after Sn(II) at 5 -.50uM is thorough]y washed from -the ce]]s

This means that the 7458 breaks observed in the presence of Sn(I1) at 50uM w111

be repaired within 20 m1nutes at an average re301n1ng rate of 371 breaks/mln
This is considerably faster than 86 breaks/m1n occurring during the 30 minute
treatment period with the Sn(II) present The actual break and reJo1n1ng wouid be

T e

a dynamic on-going process with a constant ‘number of breaks being generated per

) poT
minute once the maximum level of Sn(11) had been reached; the rate of reJo1ang f

would concomitantly drop to somé&constant inhitrited value. The rates of these ‘
processes would slowly reverse as Sn(II)-diffused,out of the_ce]1 or was oxidized =
to inactive Sn{IV) or was complexed to some inactive form. The Sn(!I) level at
which the rate of breakage equa]led the rate of strand rejoining would be the

n{I1} concentration for which damage would not be detectab]e at 37 C At Tow f‘

levels of Sn(1I), uptake into the cell would be small and s1ow enough that the -
repair process would not be saturated and strand breakstg\u '

0¥ 1d be generated

without being detected. Some estimate of the rate of repair can be,obtained by . E
studying damage which is not fully repaired. In table 18, the sequentijal insult
of DNA by Sn{II) at 25uM and 2 Gy Co-60 prgduced and additive damage of ﬂ (100 - . i
log D} = ‘121 or 8989 strand breaks/genome The residual damage remaining after a .
20 minutes incubation at 37°C was 4 (100 Tog D) '= 17.6 or 1307 residual strand

breaks per genome. The rate of repadr therefore was in the erder_of 384 #

' i
" breaks/min which is close to the rates discussed previously.

~—

The FADU and ASG use an alkaline denaturation step and so primary strand

C/I 163
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repaar endonuc]eases or by a1ka11ne cleavage at sites of base damagéi Therefore, -
Sn(II) could produee a var1ety of damages 1n DNA.  Tin(1I), 11ke Fe(II)/Fe(IIi)‘

and Cu(I)/Cu(II), cpuld genen__e H202 or the superoxide anion in the 1ncubat1on

_ med1um or cata]yze the convers1on of H 02 to the more damaging hydroxyl rad1ca1
T1n(II) can comb1ne w1th Fe(III) or Cu(lIl) using its 592 electrons to form a

- regenerating redox coup]e of the type Sn(III)/Fe(II) (B1nder 1979).  Tin(1D)

e it 2

-d1ch1or1de has a conflgurat1on very c]ose to that of c1s-plat1num - The weak1;‘ L

bonded ch]or1nes can be readily d1sp]aced by more strong1y bond1ng 06 and N7

pos1t1ons of guanosine and the pyrophosphate\backbone and - the deoxyribvse .sugars j
mj “ .
likely sites for Sn(Il) bonding.. This type of bonding, which would be partly E

covalent in character would produce a distortion or bulky lesion in the DNA that | '

'wou1d.a]so be capable of inhibiting ONA synthesis. . , .

-

~ -7

5:3 THE EFFECT OF TIN(II) ON ONA SYNTHESIS. LT

The inhibition of DNA synthesis by Sn{1I) is rapid in onset and pro]onged
The repair of strand breaks is 1nh1b1ted by the presence of high concentrat1ons
~of Sn(1I). but occurs read11y when the concentrat1on of extracellular Sn{1l) is
reduced by rigorous wash1ng procedures or as it is converted to the inactive
Sn{IV) by intracellular 0x1dation. Persistent 1esions, capable of blocking DNA
synthesis by inhibiting chain initiation and cha:n elongation, could arise in
several ways. First; bulky lesions arising from the cove1ent binding of Sn(Il)
to the bases and backbone of DNA could theoretically occur. Second, unrepaired

-
strand breaks could occur due to contifuous presence of active.intracellular

Sn(II).

Blastogenesis .in vitro, is innibited 50% by treatment of resting HPBL and
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mouse splenocytes with- 20 :pd'aﬂhuﬂ’én(ll]. This represents binding. of about 3.0

Fa N : .
fM/cell for about 0.5 - 1.0-hours before concanavilin A is added to the cultures.

This would introduce about 3210 strand breads/genome into the cells. According |
to ?ainter 1980; about -3600 randcm breaks per genoﬁe is ‘'sufficient to cdmp1etely
iphibit DNA synthesis in mammalian cells. The presenéé of intracellular gﬁ(II)
particles (Af colloidal or molecular size) would allow fhese breaks to persist by
inhib%ting répair and by supplying fresh Sn{II) to generate new breaks. In:
addition, Butzow %975,lhas shown that single sfrahded DNA and RNA are many times
more susceptible fb\gleavage by metal ions than is double stranded DNA. Wong et

-

al., 1974 has shown that the Cu(1)/Cu(II) couple rapidly cleaves phage RNA in

-

. situ, probably through the intermediary of the hydroxyl radical. Therefore,

Sn{II) may have the capability of converting the persistent single strand breaks

to double strand breaks and cleaving RNA; both effects would have long-term

implications for the repair and synthesis of DNA.

-

. _ ,_.__.'..___‘ i s

.
Sk i s v eI
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About 1 uM Sn(11) is sufficient to.inhibit ONA synthesis by 507 in maus:fQif;?

EL-4 cells. These transformed cells appear to be 20 fold mbre sensitive to
Sn(I1) than resting eells. This observed effect, Tike the high efficiency of

strand'brgaking produced by Sn{Il) MDP and CDTA, are areas of potential practical

interest that will be explored in the future.

5.4 THE EFFECT OF TIN(II) IN VIVO. % _

’/'

_The observed effects of Sn(II) on cells in vitro, occur -at relatively high
) . ' Y

concentrations and under conditions of cell density‘which would never be found at

environmental or clinical exposures. In order to show relevance, it is necessary

to demonstrate that these effects occur in vivo under conditions where the

-
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exposure to Sn(II) is much lower. Four effects have béen demonstrated in this

- thesis after in vive exposure of mice to Sn{II). Three of these effects are ' i

related to the suppress1on of immune funct1on and the fourth involves detection. !

r

.of DNA damage in spleens of Sn(II} treated mice.The objective of this stupy was

to show that the inhibition of 1mmunologica1 function can be é;p]ajned on the = !

. — o
basis of the fourth effect, that of DNA damage. to thase cells that are essential f
for the development and functioning of immune systen.

Tin(II)'_L administered by intravenous or by int?aberﬁtoneaJ injectton, is-

retained in the tissues of the body for a prolonged peribd of time and on]y 1
slowly eliminated vi; the urine and feces (Furchner, 1976) and in figures 25 and'_’
26.'The Sn{I1) that is taken up by ‘the oral route (approx1mate1y 1-3% of . o
administered dose) is also reta1ned in the body. After I.V. adm1n1strat1on,- f
Sn(1I) accumulates 90% of the injection in the RES (liver and spleen).” The '
initiaT tissue distribution after I.P. administration is more unifgrm,-beipg :
ewenly distributed throughout the body, with a noticeéb]é accumulation ip some -
tissues of. the RES.: The distribution of Sn(I1) by the I.P. route, js“similar"c't)_,/E
but an exaggeration of, the distribution obtained from als%ng1e dral'dosé (Hiles,

1974 and Furchner,.1976) and therefore may be used as a first }pproximatTon‘éf R

the distribution that might be obtained from chronﬁc oral exposufg to SniII).

Inittally, 1ittle Sn(II) is found.in the skeleton, but with time, it is

transferred at a rate estimated to be about 4% of the tota) organ quden per day.

The Sn(I1) that accumulates in the bone remains active with a half-life of more !

than 13 weeks (McRae, 1976) and figures 11 and 12. Tin(II),that is taken up in

organs after .oral adm1n1strat1on retains its reactivity and valency.This can he

demonstrated hy the'change in the tissue distribution pattern of gngconin mnice !

that have been treated with oral Sn(II). . !

-
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The:excretion of tfh in the urine, represents 1ntrace]]u1ar Sn{II) that has
been oxidized to Sn(IV) and that in the bile, Sn(I1) that has been bound to heme‘
degradation products. The overall excret10n rate, after the initial 12 hour
robid phase, is 1% of the tota] body burden per day or 0.5% of the injected dose.:
The observat1on that Sn(II) rema1ns reactive in the body. for a prolonged period
, Was demonstrated by McRae, 1976 and confirmed and extended in the tables 27 and

-

28. The assumption that Sn(II) remains active 1n the body and is only slowly
) metabo11zed te 1nact1ve Sn(IV) or Sn-heme comp]exeg, permits the use of the
1ntegrated (or cumu]at1ve dose concept) (Cloutier, fb?s) to explain the

observat1ons of DNA synthes1s 1nh1b1t10n and DNA damage at the Tow Sn\II)

concentrat1ons found in v1vo, In using thlS concept, several assymptions must he

stated o

1)  the rate of elimination of'Sn(fI) from the mouse
. spleen is 4.03% of the organ burden per day, {fiqurel?,
that s, it has a hiological half-life in
the spleen of 17.1 days.
v
"1 the rate of coaversion of Sn{1l} to dnactive Sn(IVY) in the
sploen s Tow because the overall elimination of “in

(presumably Sn(IV)) in the urine’is small.
3) “uptake of Sn(I1) in the spleen is instantanecous:

4)  the rapid elimimation phase, which occurs during the first

24 hours after injection is not included in the calculations.

#

“
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| 5) the uptake of Sn(II) into the spleen is 1.4% of the

intrapéritoneal_dose, table 26;
\

\ -

6) the spleen of a 20g mouse contains 400 X 10%hucteated :

cells; ) ) . )

7} *the injection of Sn(II) does not cause any physislogical

changes,, such as cell Fenewa], granuTopoesis etc.

" The cumulative Sn(II) concentation in ug-day /spleen is given by equation 2.

‘ Briefly, the ‘cumulative concentration can be described as the initial
concentration in the targef tissue x time, with an .adjustment for biological
elimination or inactiviation of Sn(IT) by metabelism to Sn(IV). The integrated
dose however must be adjusted to reflect treatment times. In vitro assays for
strand breaks were done at 0°c to determine the total number produced after Q.5
hours of. incubation. About 1,262 breaks/fi/0.5 hours are produced, table 13 and
this must be huit1p1ied-by 48 to get tﬁé total damage, in terms of strand breaks,

e .

for a 24 hour period.




Table 29

-

(ug ~days/whole. 5p1een)

-

? Dose” = €(0) Initial _
- mg/kg. T,0.5 = Ustake DO Dl . D2 - D3
; . . C : _
_ '1.0 . 5.13 0.3 21 .81 57 .77
3.0 1368 0.8 56 11 18 2.1
- ”5;0 23.94 1.4 1.0 1.9 3.1 3.6
7.0 34.20 2.8 1.4 2.7 44 5.

b

Integrated dose calculated according. to equation 2.
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Intregrated concentration of tin(II) at end of D days.

D5

.92

. 2.5
4,3 °

6.2

07

1.23
3.3
5.8



. - 8
e : In the 1mmuno]og1ca1 in vivo exper1ments Sn(II) was 1n3ected'2 days before

l_SRBC and assays for DNA synthes1§ and PFC's-werd done at day 7. The cumulative

.I

doses are shown in tab1e 30. - N

ty -
b4 .

. - : ot '57
' TABLE 30 .
INTEGRATED DOSE. -EXPRESSED AS TOTAL

DAMAGE (STRAND BREAK DAYS/GENOME) -

‘e «.

Integrated '.6‘ " Total Breaks/Genome
Dose,mg/kg.  Dose,fg/cell - Time(D) After<Fin'"
Day-2 Day-7 Day-2° Day-7
- 1.0 1.7 3.1 824 10,520
3.0 ° 4.4 4.2 2,618 27,827
5.0 7.8 14.4 - 7,563 48,868
7.0 1.1 20.5 10,763 69,569

According to Painter, 1975,one strand break per 109-da1tons is sufficient to
‘prevent replicon initiation (3600 breaks/genome) by 100%. Therefore, the total
damage induced, disregarding repair, can explain the suppression of DNA
_synthesis, The strand break damage could represent frénk single strand breaks,
base damage and double strand breaks; The greater the number of single strand
breaks produced the greater the probability that double strand breaks will occur.
Double strand breaks are much.s1ower to repair and they_can produce a prolonged

inhibition in DNA synthesis, Leenhouts, 1978.
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The DNA'dadage obsefved't?fer-én(ll) {njection may be due to strand'bréqks,
T#;e the in vitro:eitdation‘or it could represent cell death and DNA dis;assernh]e’.‘1
The spleen cells of rodep(;’ere extremely sensitive to Tow doses of radiation
(Geraci, 1975} {Jackson et aL.,19693. This problem remains to be-?eso]ved, but
the effect, whateder its negure is prolonged, figure 14. S
= | ) | '

- . Ty
5.5 THE DOSE AND RISK ESTIMATES IN HUMANS FROM ENVIRONMENTAL €XPOSURE TO TIN(II). -

FS

Fl

There is little factual 1nformat1on on the concentrat1on of 35 (11) in _
humans. Data comp11ed By Schroeder et al., 1964, is based on a 1940 ana1y51s
(Kehoe, 1940) of tin in the organs of cadavers. No d1st1nct10n was made between
Sn{o), Sn(II) or.Sn(IV)? indeed it has been only recently that a sensitive and.
reliable assay for Sn{II) has been developed, S11va et al., 1980. ‘Itrls ’
jnterescing to note that tin was taken uc.very rapidly in infants. Analysis by
Hodge et al., 1979 on tin in drill cores taken from marine sediments ic the , ;
U.S.A. indicate thatttin rapidly accumulated in the environment after the 1940's
correlating with;its expanded use in the production of plastics, toothpastes,
radiopharmaceuticals and as a preservative in foods and beverages. Drill core
samples estimate that tin increased in the environment at an annual rate of 1 ppm
between 1962-1972, reaching 20 ppm. There areino estimates beyond this date.

The concentrat1on of tin in cadavers analyzed in 1940 occurred largely when there
was 11tt1e tin pollution (10 ppm). 1In 1940, tin was found in all organs
surveyed. The J1yeg accumulation was. highly variable but a figure of 25 ppm
{ash) appears to be representative. This concentration will be used as the base

for estimating current doses in the human spleen, In mice, the amount of Sn(11)

_accumulated per ‘gram of tissue is about equal for spleen and iiver . The 25 ppm

spleen would have accumulated as a result of‘exposure to env1r0nmenta] tin (used

- \
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in its widest meanipg) at about 1-13 ppm during the pre-1900's to Tate 1930's.

This exposure moreAthan doubled by 1972 and using the best estimates from

1967 - 1972 the increase can be pro;ected at about 1 ppm[year until 1981 to give

about 30 ppm. If 13 ppm-~ (max imum’ estimate) by 1940 gave a spleen accumulation of

¢5 ppm, then the increased environmental exposure would give a current sp]éeﬁ

“ burden of 58 ppm (ash) or (using the Schroeder conversioﬁ factor,1.64/150) about
™. '

. d - -
0.63 ppm wet weight. If one gram of human spleen contained 1010te115 then the

cancentration wou1d be 0.063 fg/cell., Data from 1n vitro studies 1nd1cate that
lfg tin(Il) introduced 10.1 strand breaks in 0.5 hr then 0.063 fg/cell would
generate 10995 stra?S_EEFak—year/ce1l assuming equi]ibrium between uptake and
inactivation. An exposure of '0.01 rads/day (0. 0001 Gy/day) whole body is 5

“R/year, the upper limit for occupational exposure to radiation workers, gives

0.01 rads/day x 1196 x 360. = 4306 break-year/cell. The exposure to the spleen
then is équiva1ent to about 12.8 rads/year {0.128 Gy/year).l Chronic exposure
from natural background radiation i§ about 0.001 rads/day or ab0ur5431 '
break-year/cell. (Biological Databook,1965). The assumpt1on that ail t1n in the
cell is Sn(II) is an obv1ous overestimate but is not unrealistic since only
Sn{Il) appears to readily get into the cell and Sn(II) is much more readily _
absorbed orally than is Sn(IV), Hi]e;, 1974. There is also evidence‘showing that
tin metal, Sn{0) is siow]y converted to Sn(II) in acidic soiutions, (Bailer,
1974) such as the gastric HCI. Nothing is known about fhe r;te at which Sn(I})

is inactivated to Sn(fﬁ) in the cell or whether Sn(II), sequestered in the

skeleton, can be redistributed to the rest of the body under pressure of hormonai

changes.
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5.6 Future Directions ¥ . . :
ol . o‘ o T R _\’

following:

. ¢ Preliminary results that have been obtained, but not reported include the
~\ <§

1) a smal but statistically significant rise in sister chromatidkgxchangg

/ﬁ\l\ " rates in CHO cells treated in vitro with Sn(II) concentrations less than’
R . 10wM.
- o 2) observation of spermhead anomalies in mice treated in vivo with Sn(II)
in the range of/ﬁ{7 mg kg'l. L . "

. ! - .
- These observations, the apparent in vivo DNA damage, and the effect of

Sn{II) on RNA will-be investigated in the future.

~
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