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k fnrmmg cells in the spleen was higher m(-eadmlum%fjted mice as

.cadmium on the immune systeh of mice. and\ the -effects ‘? a modergtely

Cadmium is an ubiquitous toxic metal to which everyone is exposed at
low levels. dt is toxic to almost every orgaii system of the body including

the’ xmmune system In this study, the effecls of a relatlvely low dose of

large dost: of ‘zinc on "cadmium-induced re studied. Six-

week ©old C57BL/6 male mice were exposed /tc; 50 ppm ‘c‘ndmium\in dﬁﬁklng
water for 3 weeks, and killed. 0, 3" and 6 wd/ks'n[lcr cessation - of
treatinent. In some groups, 500 ppm zin was added to the drinking water - -

with or after cadmium 'treatment. The number of .IgM and IgG amibody-l\ 3

compared to non‘treated controls at 0 ~week. (Concurrent

"admlnlslmuwpreveniw ~the ‘e’ﬂ}iinoement of  antibody-formi c:ll
respcmsc. Prohfcrauve response “of spleen B\ to the: T cell nyitogens
,‘ h inin and in- A !end to be high'))cad lu =
treated . mice’ anfi zinc’ administration after sure to cadmium tended |o B

.activity " in the spleen was low m cadmium lreatud mme and concurrent

lower it. The number of CD8* cells in the spleen was lower and the ratio
of CD4* to CD8% cells, »reflectihg' the balance  of - immunoregulatory T

lymphocytes, was higher in cadmium  tredted mice. Concurrent zinc

p | the jion of T ‘cell subsets.. Suppreuor cell’”

nctmty lcnded to be Inw in cadmium treated mlce, ‘Natural- klller cell

zne

P the jon. B. cell count in- the sple:

antibody - “production’ -by‘ splenic  lymphocytes ‘on pokeweed milugel/l



s —-'concenmtlom were high in cadmium-treated " mice 'as compared to non-

mmulation was not allcred by cadmium or zinc treatment. Cadmium and
zinc treatment lmd no effect on liver, kidneys, spleen and thymus weights

and Iymphocyte content of spleen, thymus and peripheral blood.. Use of

with anti- “IgG and complement C3 showed no
‘evidence of autoimmune reaction jn. kidney ~sections. On eleclmn-

were seen in proximal

tubular eplthehal cells " of :the cadmium treated mice. Mlmchondna were
mcreued in num and lhe “cisternae were distorted, and .inside several

cells electron. dense mnt’eﬁals were . seen. Liver and Kidney cadmium

lmued ccmtmls Tissue cadmium Icvek"were lcrwer in mice treated with

both zinc and cadmium lhan in lhose lreated wnth \cndmlum alone. The

results suggest that~a relnnvely low” dose of cadmmm expo;ure produces

gmmnne jons_in . mike_ that can_he | ited_by a larg

dose of zinc..

INDEXING KEY WORDS :  cadmium, znc, cellufar jmmunity
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'CHAPTER 1

INTRODUCTION -

—
1.1. TRACE ELEMENTS

The bulk of living matter consists: of five elements, namely, carbon,

. e 5 s
hydrdgen, nitrogen, oxygen and ‘sulfur. They are present in tissues in
" concentrations  of grams per kilogram and their adult human requirements

-are in the range of grams per ddy. The f »mi sodium, ¥

calcium, magnesium, cﬁlorine and ‘phusphoms ‘serve  as structural
tx;ﬁpqn'eﬁt} of tissues or as constituents, of the'body YM[

conc¥ntration in living. tissue and adult human requirements are somewhat

lower than the bulk elements, but still can be expressed as grams per -

kilogram' and grams or fractions of a- gram per day. The bulk elements and

macrominerals are essential for the function of all cells and the .organism A

.as a whole. The. remaining elements of the periodic table that™ occur
naturally in the living fissues are..present in much lower oqncenireliom‘.
Earlier analytical | methods  were .nnable, .to Aetermine their precise
concentration, hence - they - were - often _described as “occurring in "races”
and The term "irace element" arose to denote them. Although _ present-day
techniques’ can virtually estimate all elements in biological material | with
'gwt accuracy: the term "‘lrac& 'el;mem" is still retained in literature

largely because it is hallowed by time and tradition. Nevertheless the ferm

does providé a descriptive - classification for a group of elements Whose
» A % " &

-] [




2
tissue concentrations. are very small and expressed in terms of milligrams
or micrograms per kilogram (Mertz, 1981; Mertz, 1986).

T clements, _w;ﬁch include all the naturally occurring  elements L
except th ok clement and magomineral, can be classified ito two
categories : first, those wnh proven . essentiality; second, those for ‘which
proof of - essentiality does” not exist (Mertz, 1986). The essentiality of a
trace " clesment 4", judged by-_ the criterion  that its  deficiént-) intake

—consistently . results -in impairmeént of a funcllon;wl-n}i‘ch is* prevented or

by t ) with i levels of the particular

clement and not by others, By -this criterion chromium, .cobalt, éopper,
fluorine, ;’oding._ iron, manganese, molybdenum, 'selleninm"and n'nc\‘\“nre
accepted as eslén;iﬂ at prel;nt‘. even dmu. all of these do mot present a
- —practical - -nutritional prdblem to humans. In addition, arsenic, nick‘el,
silicon, lir,:r lnd vanadium are often included in the essential trace elemen;
group as deﬁd‘e}l’t’y‘iympmms\hav\emrely been reported for. them, but um\
site and mode of action of lhese elements are—not_yet clearly defined
(Menz. 1981; Mertz, 1986). . .

Most of the essential trace act primarily as s e
components or catalysts in large molecules, hormones and‘enzymu. ’Fm’ i
exm.nple, iron is an essential ‘component. of the oxygen carrying protein
haemoglobin,  iodine  is essential for 'fnnctionﬂl‘» activity of thyroid

hormones, cobalt is the essential metal. in vitamin B12, chromium acts as a

cofactor for “insulin, zinc. is -an essential cofactor in many metalloenzymes
and copper is a key regulator of lysyl oxidase activity. Trace elements are /,3
B ) “required *in an optimum level for theirfunction, Deficiency will result in ° -




- not precisely known, most ‘act nswarrlen or buffers against excess.

\

\ accumulate a considerable amount of them in the tissues. Toxic heavy

‘metals are brought up from the eaith’s crust for industrial use and usually

b 3
- g | : ; "
suboptimal function, disease |and in extreme cases death. Similarly, ‘excess 5

intake will cause toxicity and‘l can have a fatal outcome. All essential trace
elements thus have a bell- shaped dose responsc curve, the kunnsi: of
which varies. For some, hke‘ selenium, difference between optimum tissue
level and “toxic level is very narm%v while for others, ‘hke zine, it is !
relatively. wide. In (h: blologwa\ syslcm ‘optimum  concentrations of - trace  *

elements - are ° mmmmncd by\ a series. nf regulatory ,mechamsms like

and cxcrellun.‘ Some proteins are. also

involved "in the. ¢ i of tracé - el like in for iron,

ceruloplasmin for copper, and metallothionein ‘for heavy metals cadmium,

zinc, - copper and mhers Althqugh the function of all these pmleins are’

| ‘ E
Among the’ second group (of trace elements, for which no ess¢ntial
B

function - has en described in’ man, some are of importance - due’ to their

proven toxicities. Lca’d,‘cadmiurf‘l'and mercury are ijmportant examples) of

this group. Although all trace ‘ielempnis, including the essential elements)

have inherent pmpenics of lmcidityr'whcn present in excess; lead, cadmium

and mercuxy serve” no  essential )}nologmal function, ~ they are cumulative

"poisons and are toxic evej t‘luw dnses. Their pnmary importance to
biologists ' is due’ to lheuf kmclty Idenlly none of these toxic metals /

should be present in the tissues, but due to'industrial activity afid ‘human

hnbiu,- all organisms are constantly exposed’, to these .clements and .

vergﬂittlc of them are recycled.‘ Thus their level in _the environment is

grad\tally incfmiﬁg, s0 also. are the levels in human and animal: tissues




o < Foaet ) : 3 \’/ 5
-1 .r\
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| f /
! . (National Academy of Sciences, 1978). This is particularly true for lead and .
< cadmium. The potential toxicities of dow levels of these ‘cffnents to' which
the general population - is mndvenpl(dy exposed is thus of considerable /

public bf.aml importance. . i /

/

Amung many functions of trace elements, recent studies have Zso
o nd

their i in -the of immnne

host defeme mechanisms. The |mpetus to lhc nudy cf lrucc c]emem! and

immunity was generated from studies it iSi i '

of immuge functions * in children suffering from gross undemumnan, like
protein-énergy malnutrition, in' which not Gnly supply. of protein age "

calories are deﬂcient‘, but also, body stores -of most vilamins and esscnn’nl -
trace clements are less than adequate (Chandra, 1972; Chowdhury and

Ch-n?m/\)ea, Chandra 1988). : S =

Tbe wpx:\of\tnce elements and unmnm!y haLs been the subject of i
N

fseveral reviews_and monographs (Chandra -and Dayton, 1982;
. Beisel, 1982; Chowdhury and Chandra, 1986b; Chandra, 1987). The essential
trace elements, particularly zinc, iron, ‘copper and selenium are: now
established critical factors. in the i i and i

- of immune -responges. Deficiencies of these elements reduces the cellular

immune function. both in man and laboratory - animals and increases. the
susceptibility to infection *and other immunologically mediated * discases.
Among the rnon-essential trace metnls,, lead, udmium and smereury have

been  shown to be immunolu:nc in nperlmenlu.l aiiimals (Knller, 1980;
Chandra -nd:D-yton, 1982) How_ever, in _mou ~of the stu;ﬁe: on’
immmu‘xiﬁty, veryhlgh ‘doses or the p mode of

, S S

1
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has been used which is of relatively little significance to possible human
!mﬂcntyb,_}levenheless. lhcse studies show that toxic metals also affect

mmunr/ti:slmnses that are of pmemml health significance.

One important aspect that has emerged from recent studies on trace

elements is the existence-.of mteracuons among them. ® Trace elements

interact between themselves d also with other dietary elements. The®

topic ha‘éwbeen reviewed recently (The Task Group on Metal Interaction,

+1978; Levayat;d Cheng, 1980; Abdulla, Nair and Chnndm, 1985; "

Chowdhury -ai andra;. 1987). However -the_ effects and lmpllcq\uons of
this phenomenon on immune functions has not been studied. On _the
premise that essential trace elements have important immunoregulatory

eﬁeg}s, and the known toxic' elements are ‘also toxic to the immune

system,- T i of such i i among these two groups of

elemenu/)éouldibs of basic and applied significane, .

Cadmium and zinc are two important members of the two trace
element groups. They both. belong, (;: group .HB of the periodic table and
thus ‘have many physical afxd chemical s(i;nilarities._'l"hey are usually found
together in natire and also -in biological tissues' where lhcy.competc for
binding sites in ligands like metalloenzymes and the heavy metal _binding
protein memllothmnein. Thus thcy farm an interesting toxm' nnd, :suentml

trace elejlm palr in the biological system. In the subsequént sections of

this chapter, salient features of cadmium and zinc will be discussed with

particular emphasis on 'the immune system effécts. Metallothionein, which

is involved in the metabolism- of both cadmium un}d zinc, will be..briefly




discussed, and the known interactions between cadmium' and zinc will also

= be discussed. =

. 1.2. CADMIUM - A TOXIC HEAVY METAL
. o . T,
,Cadmium is an ubiquitous element to which everyone is - constantly
‘exposed ‘at a low level At birth cadmium is virtually absent' from . tissues,

time an

. but it is gradually acquired from the. ‘environment, so that in a li

uire:age person living in. an industrial *society accumulates _about 15 to 30

mg \Gf cadmitm in_his' body “(Friberg, Piscator, Nordberg and Kjellstrom,

1974) Although lhe acute toxicity of cadmium - on the lung and - »:

gastrointestinal tract hss been, known for over a’ cemury (Wheeler,  1876), ’

[t was only in 1950%. that the’ danger cf chronic exposur: to cadmium was
appreciated. In 1942 Nlcaud Lafitte  and - Gros from France xcpoy}ed an

y o
unusual number of cases of i with" an i of

general _heall an nlkalih—e\‘%anery factory workers and suggested

cadmium to be the causative agent '(Fn‘l;erg et al., 1974); A few years
" later] in' Sweden, Friberg (1948, 1950) conducted” a sulvey Gn workers
exposed to cadmivm-oxide dust in ‘an electrical bauery ﬁlam and found .a

high number of cases of lung - and kn:lney damage chnractcnzcd by * 8

Tow weight. inuria respectively.,Skice then,
many similar | i in several ies havg ne "
the danger of - chronic g- ar;r.l i : ;

mmmnds became recognized as a serious nwnpahomll “health hmrd
(Kolllnl, 1986) .
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| ‘Beral ‘and’ McDowall, 1982). @ v

The greatest concern over cadmium pollution was u-isger;d by repons
from Japan which showed‘ that . chronic  cadmiium poisoning  was - nat

restricted to industrial workers ‘Gnly, but can costitute a health hazard to

the general population as well.. A large population group in Japan was _

exposed to cadmium by contarination of Scod nnd watcr through a mine.
The total daily intake of cadmlum was about tcn-fnld grenter lhnn that in
most parts of the world In some areas :he exposure was high- enough to

cause an epidemic nf severe bone, disease - the Jiai-itai disease, (Friberg et

.~ al, .1974). Another case of cadmium exposure among the general*pSpulation

occurred in a village in England.+The source of contahination was food

gxbwn in an old zinc-mining area. The level of exposure was comparable’ 'm_.

» % -
that of Japan, liver cadmium levels were high in the exposed: population
and some evidence of kidney damage was noted, but none developed the
typical features of [tai-itai disease- (Carruthers and Smith, 1979; Inskip,

3 ’

Cadmium has no essential biclogical funch?n‘ Although bne. preliminary
communu:auon hnx reported a growth supporting.effect of cndmlum xM(s
(Schwarz 'and  Spallholz, 1976), there are ‘o confirmatory reporis
substnnuatmg “this finding. So 'at. present sl evidence indicate that
cadmium is” u‘n'ry‘ a toxic element and its. p}es;nce in €ells mudt be regarded

as something to be minimized.

1.;.1. Sogoe of cadritum exposure )

5 Cadmxum expmure can’ oocur both in the industrial and gencml'

that use cadmium mcludc\nLeclmplntlng,
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fabrication of alloys and solders, manufacture of paints where- cadmium
salts are used as pigments .and plastics where it is used as a staiwiliur,
and in manuficture of cadmium-nickel batteries (Bernard and Iauwerys,

1986). Certain other  industri ° like tion of cad and

its compound:, smelting and refining *of zinc and lead ores, recovery of
scrap melnl, combustion of coal and oil, and disposal of sewage' and sludge
and of waste' plastics produces cadmium s a_byproduct (Webb, 1975).
Workers in both types of industries are at potential danger of inhaling
large amounts of cadmium,, as lhe'prc‘:ccsses involved emit cadmium

particles and increase Its level in the air.

For the gcncml populntlon, cadmium osure occurs mainly through
food. However, :ngarene smoke contains a- signifi cam amount of cadmium,
and thus in heavy smokers this is an important additional source of,
cadmium. Drinking, ;vnlcr and ambient air us;mlly contain very lit;lc
cagmium,' and contribution "m‘toml body burden o‘f cadmium from these _

sources ‘are insignificant.

Volcanic activity and -erosion of land has contaminated the earth’s
environment “and polluted its food supply with cadiium since the beginning
of ]ife; but it is m;ly in the last lhrgev decades that cadmium has been, i

“ given a serious Cconsideration & a ‘food i As ‘the i ial use

of cadmxum increased over the past lhlny yenrs, 50 d|d its level u| the

envxmnmem and <consequently irr the food chain (Fux, 1979' Ryan, Pnhren

d Lucas, 1982). Several studies have been conducted to estimate the
* avehgg daily cadmium intake from food. The values are extremely varinl_:le'

on the region, dietary habit and source ‘' of

N %
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contamination. Some foods like oysters, kidney and liver are known to
contain amounts of .cadmium :onsigemhiy higher than most other foods.

Diets rich in these foods may considerably _increase the cadmium intake

(Mahaffey, Corneliussen, Jelinek .and Fiorino, 1975). The reported daily

intake of cadmium from various countries shows values of 10 - 51 ug/day
-.l'or the United States, 10 - 20 ug/day for the United Kingdom, 111- 18
pg/day for Sweden, 15 pg/day
‘ (Buchet, umwcrys, Vandevgorde and Pycke 1983; Pnge‘ El-Amamy and
‘Chang, 1986) For Canada, } avemge dmly intake has been reported to.
be 67 ug (K:rkpatnck and- Coffin, 1974) Tt has been estimated that
cadmium intake of %00-39(? ug/day far 50 years by a healthy 70 Kg' ‘man

r Belgium and 20 - 70 ug/day for Japan

would result .in_ kidney damage (Fox, 1983). Thus it can be derived that the
current dietary- cadmium content of normal people pmvidesva safety margin
of only 4 to 20 fold.

Various studies have documented the importance of cigarette ‘smoking .

as a sourcé of cadmium. Am'alysis of necropsy material "from smokers show

a higher body burden of cadmium in smokers as comparéd to non-smokers .

" (Lewis, Jusko, Coughlin and Hnn'z, 1972; Hahin, Ewers, Jermann, Fréier,
Bmckhxus and Schllpkuler. 1987). Thc amount of tetained cadmium is also

dwectly proportional to the numbcx’ cf cigarettes - srﬂoked By in vivo

+ measurement, the total body burden of cadmium was seen to be double in

smbkéﬁ as. cﬁmpucd to ncn-smokep (Ellis, Vartsky, Zanzi, Cohn " and
Yasamura,—1979). In pregnant women who smoked, cadmium levels were
" elevated in their blood, as also”in the placenta and fcml;blo:d (Kuhnert,
Knhne_n,,"Botmn'u. and Erhard, 1982). In a recent survey, blood cadmium

level was 'seen to. be increased in smokers with a ‘dose-effect relationship

4

5y g
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to the number of cigarettes smoked per day. Even ex-smokers had higher
blood cadmium levels (Moreau, Lellouch, Juguet, Festy, Orssaud and jCIaudc,
1983). ’

1.2.2. Metabolism of cadmium,

The principal features of cadmium metabolism are its long biological
half-life and interaction with other nutrients, particularly zinc. The long
half-life is due to the ‘]a.ck of any homeostatic control mechanisms that .
can deal with the increasing intake of cadmium \_vith age. ﬁe only
prblectinn the mammalian system offers against cadmium is through the .‘

synthesis of the, intracellular metal-binding protein metallothionein. " .

The main routes of cadmium entry into the body are the * -
gastrointestinal tract and the lung. Viﬁilally the total amount of cadmium

present in the body enters through these two organs. P
B

*Very little quantitative data are. available on thé absorption  of
cadmium in man. Most values are based on the analys|s of human autopsy
mmenals -and " estimates of dietary lmnkc These Im;ued human data and
supportive animal experiments -indicate !hal the gastromteslmal absorption
of cadmium is very low, and is genemlly hetwcen 3 and 8 percent of the
‘intake (Perry, Thind and Perry, 1976). Cadmium is absorbed by a process
of passive diffusion in. the duod‘enum, :jejunum and ileum (Sahagian, -

Harding-Barlow an& Perry 1966; Sahaginn. Harding-Barlow and Perry 1967).

the intestine, i n in'(the epithelial cells and much of

it is subsequently lost when, the cells are shed from  the. vill However, the

observation of enteropathy in Ilwai-itai disease patients (Murata, ;Himnu,




11
Saeki and Nakagawa, 1969) and in experimental animals fed large doses of
cadmium (Richardson, Fox and .Fry, 1974) suggest that when cadmium
concentration in the villi crosses a critical level, the cells are damaged
and a substantial amount of cadmium may enter the body.

Absorption of cadmium.from the lung is much higher as compared to
the gastrointestinal tract. The rate of absorplmn depends on the, size and
molecular form of the rapufnbh particles of cadmium. The form present in
cigarette smoke is usually more completely absorbed than those from
industrial sources. One model baseld “on human autopsy study estimates that :
50 percent of- inhaled cndmi;lm from cigarette smoke is absorbed (Elinder,
Kjellstrom,” Friberg, Lind and Linnman, 1976). In nunqﬁlukem, inhalation
contributes very little. cadmium to the body The absorbed fraction is also
considerably les$ for other respirable sources. Generally about 25 percent .
of ct;dmium inhaléd in ambient air is deposited in the lower respiratory
tract, and about 13 to 19 percent of the inhaled cadm-ium -i: absorbed
(Friberg et al.,, 1974).

After absorption cadmium is transported in blood.vThc mode, of
cadmium transport in blood is unknown, but it is thought that cadmium is
transported in plasma bound to' low moletular weight protein(s) and ‘in
£ bound to i B;Id other protein(s) (Nordberg, Piscator

and Nordberg, 1971). Animal studies indicate that freshly absorbed cadmium
is first taken w by lhe liver and into i This

udnnummehllothionem wmplex‘ is then slowly released into blood and
taken up by other tissues, pnmcularly-kidn;y: (Kostial, 1986). In tissues,
cadmium is again bound into metallothionein, which keeps the metal in a
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non-ionic form that is non-toxic. Kidneys. for some unknown_ reason ’
produce the highest amount ofﬁmelallothionein and concentrate the largest
amount of cadmium. Liver also concentrates a considerable amount of
cadmium, but the amount is generally much lower than kidneys. However,
due to its larger weight the liver contains a significant fraction of the
total “body burden. In kidneys, a - cadmium gradient occurs with the
concentration . in the outer: cortex being ‘twice that in the medulla
(Livingston, 1972). '

Cadmium. once stored in tissues, is released very slowly. Its biological |

half-life has been calculated to be, 5-10 years in the liver and 16-33 years | .

in the kidneys (Kjellstrom, 1971; Friberg et al, i974-). Very small amounts |
of cadmium are normally excreted from the bqdy. The principal route of |
excretion is the urine and in normal man the urine cadmium concentration
varies from <. 0.5 to 2 pglliter. The lével is higher in smokers than in
non-!mokén. Also with increasing age, as tissue' cadmium levels increase,
the urinary output of cadmium also increases. Thus normally urinary
cadmium lcvekk\'eﬂect the total body burden of the metal (Kostial, 1986).
However, when renal damage occurs due to very high kidney cadmium load,
the excreilon” increases. dramatically sod may reach valoes over 100 jighlay
(Hallenbeck, 1986). 8 . R '

123. Toxic effects of cadmium

Cudmmm is toxic “to virtually every system of the body. ExlensM \
information exists on the toxic effects of cadmium, however, for obvious !
vyeumw most of the-data are from animal studies. Table 1.1 summarizes the

3
. ) 3
/
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TABLE 1.1

Toxic Effects of Cadmium

Type Effet}:ts Refe&encc <
Nordberg et al,; 1973
/

Acute Gastroenteritis
‘Bronchitls and pulmonary edema

Repmductivejystem effect * -

Chronic Renal dar;éée and proteinuria.
Ttai-itai disease
Chronic obstructive lung disease
‘Essential hypertension ¥
Carcinoma of lung and. prostate *
Teratogenesis *

Immunotoxicity *

©ccasionally - Mild anemia,
R I
Yellow coloration of teeth,
Nasal mucosal uiceration,
a

Anosmia, Liver .damage

Friberg et al, 1974
Parizek, 1956 & 1983

Piscator} 1986
Friberg’ et.al,, 1974
Stanescu et al,, 1977

‘Koop et al, 1982

Thun et al, 1985
Machemer et al.,, 1981

Koller, 1980 .
Borgman et al., 1986

Bernard .et al,, 1986
)

* Inconclusive evidence of occurrence in man




14
manifestations of, acyte and chronic cadmium toxicity. In this section the
major features of dmiumuﬁdqmdkamd,whﬂ:hmen;xtwnhn
(124) the present state of knowledge on the immune system effects of
cadmium is reviewed. :

5_ Acute cadmium Qimm'ng is rare in man- Massive oral and respiratory

cadmium exposure has been, reported” following ingestion of foods

by cadmium-plated utensils (N g, Slorach and Stenstrom

1973) and’ from « of cadmil t fumes _in industries

(Bernard and Lauwerys, 1986). Symplums of ‘dral cadmium exposure were

. mostly referqble' to the upper gastrointestinal tract, and inchided nausea,

vomiting, diarrhoea,” abdominal’ cramps and rarély shock due to dehydration.

_ Inhalation of cadmium fumes, which can occur in industries where’ cadmium
Iy

is heated to & very high temperature resulting in the production of toxic

‘cadmium-oxide fumes, | causes . bronchial | and pulmonary irritation and

fatal /puimonary edema Veritef, Frans, Goneette,
Roels, Lauwerys and Brasseur, 1977). ubont'ory vmima!s exposed to large
doses of cadmium by oral 7 inhalation route also show similar
manifestations, W, for some unknown reasons rodents tolerate large
doses of oral cadmium without gastrointestinal reactions (Kostial, 1986).

ing ! inistration  of large doses of cadmium to
animals,- reproductive -sys(em eﬁm; ! are most -prominent: In"ma!e' rats, a
;lngle. large dose of .cadmium by injection characteristically causes
‘haemorrhagic necrosis of the testis "(Parizek and Zahor, 1956). Y,The' necrosis
is caused by interference with ‘testicular blood supply ‘by cadmiém (Gunn,
Gould and Anderson, 1963a). Testicular necrosis can also be induced by
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relatively low doses that do not damage other organs. In female rats,
cadmium m]ecuon causes hyperemia of the ovary, atresia_oft the follicles

‘and features sumlar to toxemia of pregnancy (Panzek. 1983). The cause of

this i invol of lhe ive organs is not known. In

hu};s}s, no ’ciiccu on reproducuve organs have been reponed but it is

. hypothesized that cadmium may play a- role in the development of

prc_gnnncy induced hypertension (Chisolm and Handorf, 1985).
' .

Unlike acu!s aadmlum !oxxclty. \chromc cadmium toxicity is relatively

. more common. In cadrmum exposure} all tissues acquire the metal, but

kidneys concentrate the highest nmounx and renal damage is the major

feature of cadmivm p ing. Even afte piratory exposh ; kidlg? are '
ultimately _involved, although lung is the first or@ ~affected. ximal

tubular cells. are typically damaged in chml\lc cadmium loxlclly resulting “in

a Fan;om type proteinuria i h?\ loss of | weight
proteins  like pi-nﬁmélobulin, re(inul-bindmg- protein and lysbzym:; and

amino amds, glucose and phosphate (Piscator, \{986) In cadmium axposed

- ‘workers, i urinary ion of high mol weight protems like

albumin, gamma -globulin, and ‘transferrin are oﬂc§ detected as an isolated
finding or in association wnh low molecular weight proteinuria (Bemard
Buchet, Roels, Masson and Lauwerys, 1979; Buchet\, Rn:ls, Bernard and °
Iauwerys, 1980). The loss of high molecular we:h;ht proteins prohably

results fmm an i gl P ility together with decremd

tubular reabsorption (Lauwerys, Bbrnard, Roels,” Buchet and Viau,. 1984).
~.

. Renal dysf\mr;tion‘ typically occurs when the average. cortical concentration

reaches 200 to *300 ug/g wet weight, the amount varies depending on the
type of cadmium compound and .rapidity of administration (Ellis, Morgan,
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Zanzi, Ynsumura,,)/nmky and Cohn, 1981; Roels Lauwerys and Dardennc,
Z'T‘Eca!or. 1986). The precise ism of cad P is

not knr.vwn ly, jionein complex released from the
liver into the "blood is freely filtered- through the glomeruli and

subsequently takeri up by the proximal tubular cells. by pinocytosis. Inside

the tubular cells cadmium is bound to newly formed metallothionein. It has

been suggested “that kidney damage is prevented as long “as tubular cells -
*¥ produce enoughf.metnllo!hionein; beyond that the, cells are damagéd by non-

memllothwnem-bound “cadmium (|on, and low mulemlnr weight proteins. that -

g o
are normally reabsnrbed by proximal tubular cells begin-to appear in urine

V(Fh‘berg. 1984). It has also been proposéd that the- tubular epithelial cell
‘melr!bnrmes may be damagu}l‘ duﬁng\the p}ocess of deum-memllomionein
complex absorption from the ' tubular lumen, and the cadmium-
metallothionein complex itself may damage the tubular cells in Aaddiﬁqn to

free ionic cadl;lium (Kostial, . 1986; Su\zuki and Cherian; 1987). The immune

system. has also been impli in the is -of dmi
nephrotoxicity. . In cadmium treated animals immune complex

- glomerul eﬁﬁﬁﬁs (Joshi, Dwivedi, Pm(ell and Holscher, 1981) and

g ti i (Bernard, :

Lauwe, Gengoux, Mahiéu, Foidart, Dtuet and Weening, 1984) have been
deteced. The Ilealth implications of I inuria, which is

otherwise axymptamatic, isa topic_of debatc Howevcr, tubular dysfunction,
once established, is irrevers‘blc and usually progressive; thus it is usually
accepted as.an enrly ugn of cadmium toxicity (Lauwerys nnd Bernard,
1986). Rcr.ent studies in mdusmally exposed workers show that tubular
dyufuncﬂon even appéhrs at exposure levels that are, currently acceptcd as

S

/
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normal (Verschoor, Herber, Hemmen, Wibowo and Zielhuis, 1987;
Jakubowski, Trojanowska, Kowalska, Gendek, Starzynski, Krajewska and
i
Jajte, 1987).

Bone lesions i by i it and

spontaneous fractures are usually late manifestations of severe cadmium
poisoning. Imi—irt;i disease was an extreme . manifestation of cadmium-
induced osteomalacia. ~Typical features . were bone pain, difficulty in
walking, and spontaneous ir‘}ﬁure. The diseas:i typically uﬂcct-ed -middle-
aged multiparous women (Friberg et al, 1974). Since concentration of
cadmium in the bone does not increase even at a high body burden, and
cadmium is not known to' have any direct effect on boni,'mc effect of

cadmium on bone in ltai-itai disease patients was probably secondary to:

wrcnal tubular _dysfunctijpn with increased wurinary loss of calcium and

phosphate -along with decreased dietary intake of protein and calcium and

increased loss due to pr'cgnanclcs.
.

Cadmium. has also been linked to other diseases like _essential
hypertension and carcinoma of the lung and prostate. "The hypothesis of a

link between cadmium.and hypertension was based on the observation” that

_several anti-hypertensive drugs show increased binding to som'g: transition

elements like cadmium, copper and zinc. Of these, cadmium received most

attention due to its aiﬁnily—fcr the kidneys, the organ recognized {or.iu

mle‘ in mnirqlling blood pressure (Perry, 1972). Rat studies clearly indicate

that cadmium at a dose range of 0.1 to 20 ppm in d:jnkjng water can

produce elevation of systolic - and _dimt_offd blood preuu\rg, while doses

above this range decreases the blood Ppressure (lien'y,“ Brlan'glar and Perry,
& ! % .

F "
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1977; Perry, Erla'ngcr and Pcrry, 1979; Kocp, Glonek; Perry, Erlanger and

Pen'y‘, 1982) In spite of :lear evidence in animals, there is no’ direct proof

"of an usociauon between cadmium and hypertension in humans. In an

.endemic area of high ~cadmium exposure in Japan; examination of a very

large . sample of the population did not reveal any relanonshup of blood
pressure with (hc degree of pollution (Shlgematsu, Minowa, Yoshlda and
Mot 197). L T

. The interest in cadmium as a possible csrcmogen was generated by
soma early epldemmloglcal studies shawmg an _incréased -incidence of
prcmlic and lung cancer in océupatiunally 'gxposed workers (Knplmg,
Wateriouse, 1967; ].zmen, Lee, Wagoner and- BIC]CI’, 1976). But in most of
these studies the number of ol;served cases were too small to permut a
firm con(;luéim11 and ' often the._ possible - effects of cocarcinogens - like
tobacco and other industrial chemicals were ﬁot considered. However, in
rats and mice, cadmium gﬁvgn by injection or at a large nx:al dose for a
long period -produces imcrstitial cell. tumour in the testes or sarcoma .at
the site .of injection (Haddow, Roe, Dukes and Mltchlcy, 1964; . Bomhard,
Vogel and Loser, 1987). Also i of mi " chloridey,

fumes at exposure levels within the current’ occupational limits has been
o

/ demunslrated to cause a dose dependent increase in lung cancer in' rats

“t

(Takenaka, Oldiges, Konig, Hochrainer and Obcrdnmer, 1983). In contrast
to deﬁm?iLVe animal smdms, results from human s‘udies are inconclusive. A
recent report, of a shldy in which a large cohon of industrially exposed
workers were examined, a definite: increase in ‘lung cancer was observed |
(Thun, Schnon. Smith, Halpenn nnd Lemen, 1985). However, m another

similar study- no " association between cadmium and cancer was found
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(Sorahan, 1987). Thus the " jation of cadmil ‘lmd.human

is not yet ~establisheﬁut the evidencev strongly suggests that cadmium is

a carcinogen.

A\

Other toxic effects often attri to cadmium include

and emh’ryotmdcity (Machemer and Lorke, 1981; Machemer and I;A)rke.
1981). Cadmmm has also been reponed to cause mild anemia, yellow
wlornncn of téeth, anusmm, ulceration of nasa? mucosa and signs of liver
damage (Bernard and Lauwerys,” 1986).

1.24. Effect of cadmium on immune responses

The effects of cadmium compounds on the immune system have been
s(udied‘einensh‘mly in different animal species in recent years and the
topic has been reviewed (Koller, 1980; Exon and Koller, 1986). ’Cadmium
has been shown to significantly affect the immune responses, however a
review of the literature. reveals mpny' inconsistencies. The ar;tibody
response and cell-mediated immunity have been shown to be both enhanced

and following The effect varies depending

“on the dose, duration &and route of cadmium treatment, temporal

between cadmi and inistration of antigen and

the species of animal tested: "This is not as

from different sites is known' to vty and the effect of atoxic element on

-an intricately controlled system like the immune system would be expected

to be dose dependent.

Although the results* of different studies are ambiguous, cadmium s

generally immunosuppressive . (Koller, 1980). Primary and secondary immune
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responses against heterologous antigens are suppressed in rats and mice
treated ‘with large oral doses-of 300 ppm cadmium in drinking water for 10
weeks. (Koller, Exon and Roan, 1975) or by cadmium i\nje’c(ion (Boklka,"
Burklmlde): and Chang, '1978; Shippeeﬁ, Burg;u: Ciavarra, DiCapyu -and
Stake, 1983) or inhalation (Graham, Mille‘{ Daniels, Payne and Gm"diler,
1978; Krzystyniak, Fournier, Trottier, Nadén‘l} and" Chevalier, 1987). In
contrast, law‘m-al doses of 25 or 50 ppm cadmium in drinking - water has’
been rep‘oned to have no effect,dnv prhﬁary antibody forming cells (Muller,
Gillert, Krause, Jautzke, Gross ‘and Diamantstejn,- 1979; Wesenberg and

“Wesenberg, (1983), or - to increase (Malave and DeRuffino, 1984) or to ., .« .*
decrease (Blakley, 1985; Borgman, Au and Chandra, 1986) their ‘number, Sl 1

Also” parenteral administration of 015 .mg of cadmium in mice before N
antigen challenge increases IgM and IgG antibody production (Koller, Exon i

and Roan, 1976), but at doses of '18 mgkg body weight suppresses

ki, 1985).'

Cadmium- injection initiated 7 days before antigen, administration suppresses

antibody response due to direct inactivation of B cells (Fuji
- 5 -

antibody synmésis, but it enhances thevrespun/se when initiated ' 14 -days..
carlier (Jones, Williams and Jones, 1971). \

‘Other data suggest that cellular immune functions , are “also affected by

dmif Delayed itivity reaction which is a classical
in vivo test for cell-mediated immunity 'is impaired by cadmium in mice ,
(Muller et al, 1979) However, the in' vitro tests of cell-mediated immunity

g %

do nnt show. \miform effects fc i di ‘ exposure,: L

.tranxfgrmanon in- vum to ‘mitogens  Jike pﬁytohsemngglutmm (PHA),

concanavalin A (Con A) and pokeweed rmlo.ge“ (PWM) is a communly

ploy way of cell-medi ity. The p{am lectins PHA and. Con




‘Macrophages  from cadmium tremcd} animals pmduce less macrophage

21 T
A acu'\?nle T cells; and PWM activates both T and B c;lls. In some stud(es,
lymphocytes from mice and rats exposed to cadmium have beea shown m
have increased rcspunse to % cell mitogens (Mul]:r ot al, 1979; Malav& and,
DeRuffino 1984), whereas in others no change (Wesenberg ard Wesenberg,
-1983; Blak!ex, 19'&'5') or a de;:rease (daw rski and Sharma, 1978) in response.

has been observed. B cell responses dre gcnerally increased in cadmium .

treated animals (Muller - et al 1979 Koller, Roan and Kerkvllet, 1979;
Blakley, 1985) These ccnﬂwmg repo mﬁ?cale that cadmivi can impair

some parameters of_the immune response while nugmenljng others.

Othler immune_ cells hkc the T phages and

leukbcytcs are ‘also advdrsc]y affeclcd by cndmmm Phngocyuc capacity of
these cells is reduced (lnme, ilkworth and Wairington, 1978).’ -

'migration inhibitor . factor, a

Stotzky,
Lﬂdme, Schwartz and chkstem, 1981 are slugglsh in movement and less

to

) . inhibitor  factor (lGrcmldjinn-
Schumacher, -Stotzky, Dickstein and Schwartz, 1981).~Also, cadmitm
trent,x‘ncm inhibits * the 'nbilityr of immune mairophnges to destroy cancer
cells in vitro (Nelson, Kircmi'djia}{ hur‘naéher and Stotzky, 1982). In
addition, -large doses of cadmium  affects. lhe maturation of lymphoid cells

nnd resnlv.s in an increase in large immature cell typcs (Ohsnwa and Kawni‘

}1931 B\lrchlel Hadley, Camercm, Fincher, Lim, Elias and Stewart, 1987). As

a rcsull of, g,enerahzed lmmlmosuppr

ssion, cadmlum treated nnimnlu show
increased susccpﬁi’ilj(y to bacterial,

+ Hoffmann and DiLuzio, 1975; ‘Gninc

vxral and pmtomnl infection (Cook,
1977; an, Patton nnd Koller, 1979;
Exon, Kbller and Kerkvliet, 1979). !ficldence ‘of cancer is also increased in

o v
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a dosc dependent fashion (Takenaka et al, 1983). Development of cancer is

pmbn’bly

but ‘cadmium induced. dlteration of immune function

-may contribute to its pathogenesis.

The of cadmil i icity on human health are

presently unknown. However, animal observations suggest that cadmium

mn’y well be immunotoxic in man. In vitro studies with human blood

far-in excess’qf other cells. When blood is exposed in culture to cadmivml
at levels coi

rable fo blood ' cadmium levels found in cases of

occupational human exposure, the
800-fold more cadmium than red cell '(Hlldebmmi and Cram, 1979). The

cause of such selective uptake of the metal is not known, however, this

" observation provides one possible explanation for the finding of altered

immune response in experimental 3mimals exposed to cadmium, as
lymphocytes - are the key cellular com-p_onems of the immune function. A
similar situation may‘ also exist ‘in lher‘humnn population éxposcd to high
l‘%«els of cidmium in industries or through heavy cigdrette smoking.

. L '

13. ZINC - AN ESS.ENTIAL TRACE F.EE.MENT

Zinc, has long been known.to be an essential trace element for the

growth and of living isi The -first evidence- of its

cssentiality in. biology was the demonstration over a century “ago that zinc

is retiulmd by the fungus Aspergillus niger. Aftgr a lapse of almost sixty

; years, the essentiality of zinc for the higher forms of plant life ‘was

many i revealed the' presence of .zinc
¢ A
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in plants and animals in concentrations. often comparable with those of
iron and usually much greater lhay those of- other trace elements (O'Dell,
1984). ' However, - the essentiality .of~ginc for mammals was not established

until 1934, because of early difficultis in producing a zinc deficient diet

for laboratory animals and the apparent absence of natural zinc deficiency
states. Todd, Elvehjem and Hart (1934) first produced Yinequivocalevidence

that znc is an essential dietary elemént for the rat.' Subscquently other
workers established the essentiality of zinc in other apjmal species

including, rodents, poulfry and ruminants (Luecke, 1984).

Interest in zinc in humun nutrition followed the work ul' Pmsnd and

coworkers (Prasad, - _ Miale, Farid, Sandstead and Schulert 1963 Prasad,
Miale, Farid, Sands(ead Schulert and Darby, 1963) who in early 1960s

provided the frst cvndence for the occurrence of nutritional zinc

the hupfan. ubsequently acrodermatitis enteropathica was

described as i of zinc ion; and it was

that it and iti zine i may I many

disease states in man including steatorrhea and other malabsorption

syndrcrnes, p‘aliems on total nutrition, ici i therapy,
a)coholhm, burns, sicklc cell anemia, Qown’s syndrome and chronlc renal
dlscnsc (Prasad, 1984' Hambidge, Casey and Krebs, 1986). The importance
of sz:\m ‘human- numnon was further highlighted by the observation that
even in \the free-living pnpulmon in an industrialized wunlry, zinc
nutmuw was marginal or deficient in some groups, like the elderly, some
infants, pregnant - institutionali
(Sandstead, 1973).

and the poor

)
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In humans zinc is essential for almost every organ system ;wf the body.
The clinical i i of zinc i include  bullous-pustular
alopecia,  di mental di » male’ i
poor * appetite, decreased taste acuity, abnormal dark adaptation, delayed

¢wound healing and intercurrent infections as a result of disordered cell-
mediated i;nmunily (Hambidge, Casey and Krebs, 1986). “Animal studies also
substantiate these findings. The role- of zinc on immune functions has been
studied extensively in recent years and reviewed (Chandra, 1983; Chandra
and Puri 1985; Fraker, Gershwin, Good and Prasad, 1986; Fraker, Jardieu
and Cook, 1987; Chandral, 1987). I a subsequent sec(inn‘v(m.z), the role of
Zinc in. immum‘!& is discussed- in greater detail. To place the information
into pex;ipeclive, the general hiolo’ginal and cellular functiox;s of zinc are

briefly discussed in the next section.

13.1. Blologicalfametions of zine

Zinc has the ability to form stable complexes with the side chain of
proteins, a property that |s relevant to its biological functions. The
invnlvemcr;t of ;zinc in enzyme f'«mc_timﬁ and structures is the best known
function of this metal. Vallee (1983) conjectured that the biologic;l

abundance of zinc, its ability to interact with widely varied coordination

gﬁometﬁu and its to idatit it have

selective evululicﬁary' pressure for it to serve as a biological catalyst.
’(‘Jurbonic'anhydme‘ was the first -zinc metalloenzyme to be identified and
"})urlﬁed.(Kellﬁn and Mann, 1940). Subsequently many other zinc enzymes
vhlve been Idendﬁcd._ And if related enzymes from- different species are
/ lncl\lded. Ilm‘x over 200 zinc' metallocnzymes are now on record (Vallee,

% BRI IR A % -
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1983; Prasad, 1984). Zinc is postulated to have a catalytic, Structural and
regulatory role in "these proteins. Among others, zinc is also needed for

enzymes involved in nucleic acid metabolism like DNA polymerase, RNA

reverse i ‘and leoside  phosphory (Li
Abrams, Hunt and 0{@. 1963; Ballester and Prasad, 1983). Involvement of
these enzymes in zinc deficiency would thus be expected to- have a

profound effect on rapidly proliferating cells like the ‘ells that take part

. in immune responses.

Zinc also has an important stfuctural role at other sites. It is
speculated: that zinc may form mercaptides with the thiol group of

proteins, link the moiety . of phi ipids or- interact with

carboxyl groups of sialic acid or proteins on plasma membrangs resulting in

, a change in fluidity and ilization of plasma (Chvapil, 1976).

Similar effects can also occur at other bi i

of zinc are present in RNA and DNA whéfe

it is thought to stabilize the
structure of ,the molecules (Hambidge, Casey and Krebs, 1986). Some

_ regulatory proteins involved in gene expression also contain the zinc atom

/

which stabilizes the three dimensional structure- of the DNA binding

domain of these proteins (Kadonaga, Cnm?r,lMasinn and Tjian, 1987; Klug,

and Rhodes, 1987). Thus in zinc deficiency, membrane functions arid nucleic
acid metabolism are altered, which partly explain the immurological

seen in zinc

\

p L4
13.2. Zinc and immunity

The effects of zinc deficiency -have been studied extensively in

4

patients with acrodermatitis enteropathica (Chandra, 1980) and other states

IS
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of acquired zinc deficiency (Golden, Jackson and Golden, 1977; Pekarek,
Sandstead, Jacob and Barcome, 197%; Chandra and Puri 1985; Tapazoglou,
Prasad, Hill, Brewer and Kaplan, 1985), and rodents fed zinc deficient diet
(Fernandes, Nair, Onoe, Tanaka, Flgyd and Good, 1979; Fraker, Zwickl and
Leucke, 1982). Zinc deficiency affects various immune responses, but cell-
modiated immunity i affected more than others. Both in man and
laboratory animals, the Iymphoid tissues particularly the thymus, are
atrc;phied. The effect is more prominent in the cortical area of the thymus
and t‘hymus-dependent areas  of peripheral lymphoid tissues. In the
'pcriphernl “blood, abwlute‘ number of jymphncytcs. T cells and CD4*
helper/indiicer T cells are reduced in' number. Furthermore, lymphocytes
from zinc deficient subjects or'a;limnls show reduced blastogenic response
to T cell mitogens PHA and Con A. As & result of altered cellular immune
profile and T cell function, patients with zinc deficiency are usually
anergic to common recall antigens. Sensitivity to chemical sensitizing
agents is also suboptimal. Other cellular functions like the natural-killer
cell activity and antibody 1l-medi icity are also

reduced- in zinc deficiency, but these ﬁndinp’ are not, consistent. The
effects of zinc déﬁckncy on cellular immune functions usually develop
rapidly following depletion, and replenishment with zinc reverses the

effects: ¥

Studies on the: impact of zinc deficiency on antibody pmd'\lctiop and
other aspects of humoml\imm_uniiy show that B ul} (linc'tiun.is‘ also
affected by zing. In zinc deficient animals, both primary .and secondary
Il;ﬁbody responses to Mtembfom antigens are reduced; and - proliferative

response of lymphocytes to the B cell ,specific mitogen, lipopolysaccharide

b i
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is reduced. Zinc deprivation during in utero development in mice severely

affects the immune cells and cause a i state of i

in the offspring that can even be to

suggesting that zinc plays an important role “in— immunologic  ontogeny
(Beach, Gershwin and Hurley, 1982).

Zinc also affects * the function of polymorphonuclear leukacytes
(Westori, Huff, Humben, Hambidge, Neldner and Walravens, 1977). In zmc

deficiency, chemowcuc response of these cells is reduced which is

, corrected after replenishment. However, following excessive zinc intake in -

hyman subjects, polymorphonuclear ‘function _has . been - reported -to -be

reduced along with - reduced blastogénic }asponse of T cells to mitogens.

Altered lipid profile in blood" and I has  been

as an ion for the ion of immune response in
zinc excess (Chandra, 1984a).

As a result of altered immune function, zinc deficient laboratory
animals usually show increased susccpl'bnlxty to common infectious agents,

"’ch defici induced imf ion also .delays lhe onset and slows

the progression of sp i disease in NZB mice resulting

in enhanced ‘rate of survival and increased life span (Beach, Gershwin and

P
Hurley, 1981). Depressed immunity may also be largely responsible for the/

to i ions “and poor wound healing leen 0 oflen

in congenital and acquired zinc deficiency states in human, -~

Various' hypotheses have been put” forward to explain the _effect of
zinc on fr\nmur'\ity and some of these have been proven experimentally,

0
- Serum thymic hormone activity is usually ‘reduced in zinc deficiency and is

¥
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promptly corrected by dietary zinc supplements. Experiments suggest that
zinc is an  essential cofactgr for thymulin, one of the thymic hormones
(Dardenne, Pleau, Nabarra, Lefrancier, Derrien, Choay and Baq:, 1982;
Dardenne, Savino, Wade, Kaiserlian, Lemmonier and Bach, 1984). Reduced
thymic bormono sciivity explains in parf the. immunclogical cffects of zinc
deficiency. Experimental evidence suggests that even in acquired
immunodeficiency syndrome, some of the immunological dzfeq; may be |

. partly “due to eas zinc and T n in
thymulin level (Farbis, Mocchegiani; Galli, Irato, Lazzarin and Moroni,
' 1988). Zinc deficiency s also associated * with an elevated - level of Ireg
cortisol concentration in the blo:;d, which may hgvf‘e a lympholytic effect
(DePasquale-Jarideu and Fraker, 1980).-Zinc being an essential “cofactor of
a variety of metalloenzymes is essential for cellular multiplication. Thus in
cellular multiplication is and the numbers of T and B
cells_ produced during the normal resting phase as well as during antigen
stimulation are reduced. -

Due to jts varied immunological effects zinc. has been tried in various
immunodeficiency wl;didons‘ Elemental zinc' supplementation at’ a-dcse of
50100 mg daily for 4-6 wecks has been shown to have-s beneficial cffect
on depressed. immune responses that are common in the age;:l (Duchateau,
Delepesse, Vrijens and Collet, 1981; ‘Ch‘andn 1984b). At a- dose ‘of 150
mg/day fér one m‘nm’h zinc even stimulates lymphocyte vres‘ppnse‘uf normal
!:ulihy..adum (Duchateau, Delepesse and Véreecké. 1981). From these
studies it appears that zinc. may also exert an immurioregulatory
pharmacological effect. !
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1.4. METALLOTHIONEIN

) was first di as a cadmil and zinc binding
protein in the kidneys of horses (Kagi and Vallee, 1960). Subsequent
studies have characterized the structure, function and distribution of the
prt;bein to a greaty ‘extent, and the topic has been’ reviewed Ttecently
(Hamer, 1986; Dunn, Blalock and Cousins, 1987):

o

"are: low weight i proteins that

selectively bind hea‘}y metal jons such as.the nutritiunaliy “essential trace
v ‘ -

* toxic el ts cadmium and

mercury. Metal free protein ‘is called “hionein" and that bound to one or

more metals is called ‘metallothionein. Sometimes more specific terms like

(cadmium) itiei (zinc) fonein, or  ({ ium,zinc)-
metallothionein are used when the metdl content is known. Vertebrate

tissues contain two forms of in, . jonein-I. . and

metallothionein-I.  Metallothionein-I has further subforms,  like

in-Ip,

predominant form of the protein.

I etc. jonein-II is usually the

1.4.1. Physiology and - biochemistry of metallothionein
5 - '

Metallothioneins ‘are present in a broad range of eukaryotic species in
many different tissues and cell types, with highest concentrations in ' the
liver, kidneys, and xw: The protein has also been .reported to occur

Within cells mctallolhioneim are

(
located mainly m the cyioplmm but the protein I\a& been found “within

hepanc and rcnal nuclei as well. Symhesu of meml[othlnncm is induced by
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various agents like metal ions, hormones, and * other factors. The,
synthesized metallothionein binds to heavy metals and degrades with a
halflife of 12 to 84 hours. The rate of degradation varies, depending on

the metal content. Thionein is most rapxdly degmded, followed by zmo—

A

and Pp! ionein in (hat
order. After degradation, the. bound metal zs released and” the amino acnds

enter the cellular amino acid poal. It is ‘thought that the ~degradation

' process occurs mainly, in the’ lysosome. Metallothionein can also release the

melnl without being degraded and can readﬂy exchange meta‘ls with either

free metal jons in the cytoplasm or’ions bound tp other ligands. -

) in is a low weight (less than 10,000 D) protein .
with a high content of cysteine; and no aromatic amino acids, histidine, or
disulfide bonds. Each molecule contains 4-12 metal atoms. A typical

thionein is a 61 i id peptide aining 20 cystei 7-10 serines,

and 6-8 lysines. The 'ajori(y of cysteine residues are present in Cys-X-
Cys and Cys-Cys sequgnces, where X is an amino acid other than cysteine.
Isoforms of metallothioneins g_encmliy _have amino’ acid ‘replacemcms
outside these séquences Metals are associated with thionein cxclusively
thruugh thiolate bnnds to all .20 cysteine residues. Thc tertiary stmcmrc
of  metallothioneins is charhctenzcd by two dumams, an a-dnmam wnhm

the caﬂ;axyl terminal end extending from amino acid 31 to 61, and an

amino terminal B-domain exlending from: residue 1 to. 30. Both domams are,
globular to glve'the whole molecule an ellipsoid. shape. In both ‘domains, -
the polype:pkide chain makes three’ reverse btums to spiral ‘around metal
ions (Furey, Robl:ins, Clancy, Winge, W;ng and Stout, 1986). The a-domain

contains 11 cysteine residues and binds 4 atoms of zinc or cadmium or 6
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atoms of copper. Th:lﬁ-dumain contains 9 ‘cysteine and binds 3 atoras of
zinc or cadmium or 6 atoms of copper. Zinc and cadmium preferentially fill
the a-domain first and then the Bdomnm, whereas copper saturates the
protein in reverse “order. The affinities of metals for binding to
metallothioneins diﬂcr; that of copper is . 100-fold grcsler than cadmium,

which ip.turn is about lboﬂ-fold greater than zinc. The metal mmposll(on

of native - are even metal induced
metallothioneins do not contain exclusively the metal used jas an inducer;
but it is not -known whether more than one metal type can bind to one

domain, . : 1

1.4.2. Role of in metal ! -

The function of metallothionein has been debated ever since ifs
discovery. Metallothioneins appear to function as detoxifiers, regulators
and ‘to some extent as carriers of heavy metals. In vilro studies show that’

cell lines that do not i thioneins are more ible to

toxic effects of heavy ‘mctals, whereas cells that show- resistance iamduc'e
higher than. normal lévels of metallothioneins (meford. Enger, Griffith,
Griffith, Han‘ners‘. Longmire, , Munk, . Stallings, Tesmer, Walters and
Hildebrand, 1985)._ In intact animals ‘prelrea(mem with cadmium which is
known to" induce metallothionein synthesis also reduces the toxic effects of
cadmium (Min, Hatta, Onosaka, ‘Ohtn, Okada aﬁd‘ Tanaka, 1985)4'

i

induced readily ‘by cadmium, binds cadmium -with high affinity, becomes

Metallothionein - seems to be well suited for, detoxifying cadmium. It

more stable after binding, and degradative release of the metal results in

i!s reassociation with other joneins. ‘This cycle keeps
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cadmium in a relatively non toxic form ‘within cells. Other potential
detoxification functions not directly related to metal include free radical
nging and protecton against ultraviolet and Xeray damage.
Metallothioneins can also act as a storage site for nutritionally essential
métals like copper and zinc and regulate their metabolism by modulating
their movement within cells either directly through donation of these ions

to metal requiring Y or i like

biomembranes, or indirectly by regulating. their, free  or ° available
concentrations. The level of metallothionein varies " in response . to ‘Qdiemry'
and physiological changes. "I'he’invervsg relationship between intestinal
metallothionein and absorption of copper and zinc suggests that the
protein may also regulate intestinal absorption of these metals. A carrier
fnmn.ion of metallothionein is not clearly dunonxlmed. but the -presence
of low concentration nf the pmtem in plasma, urine, .and bile suggests
that the ptm:m may ul.w transport A(Ia in the body (Danielson, Ohi and
Huang, 1982).

The best hmwn regulators of metallothionein synthesis are heavy
mculs like cadmium, copper, znc- and ‘mercury. They induce

metallothionein lynlhexis-lprimarily by - increasing Alhe~ yﬁte of

gene jon. Since the metal jon itself initiates the

transcriptional event, the synthesis of metallothionein is regulated by a

synthesis is ‘also induced by- hormopes
i_nclﬁding giucocah(‘;olds. gluﬂon, and - epinephrine and by ‘a number of
other factors like cyclic:AMP, interferon, and - interleukin-1: They alio
probably mrn( the -metallothionein gene level. Any acute stress also

P e
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induces metallothionein synthesis perhaps through the above humoral
agents (Dunn, Blalock and Cousins, 1987).

1.5. INTERACTIONS BETWEEN CADMIUM AND ZINC

Cadmium and zing‘ have many physical and chemical sjmilarltiés as they
both belong to group IIB of the Periodic. Table. T:huy are usually found
together in the ores and also in mammalian tissues, and compete with each
other for various ligands. Thus interaction between these two elements in .
the biological system is likely. Hill and Matrone. (1970) hypothesized that
elements whose physical and chemical properties are similar *will act-
antagonistically !o each other- biologically. Elements of similar properties
probably compete for the same trahsport and storage sites in the cells, and-

displace each other from reactive enzymatic and receptor proteins,

Parizek (1957) first demonstrated that a large dose of zinc/cuuld
prevent cadmium induced testicular necrosis in rats when given together
with cadmium:. Webb (1971) showed that pretreatment with zinc was also
protective’ against tosticular effects of cadmium. Subssquent studies have
confirmed these findings and , extended the interaction to other toxic
effects of cadmium like mortality (Shippee et al, 1983), growth suppression
(Powell, Millcr, Morton and Clﬁm‘ﬁ,, 1964; Ahokas, bilt: and &Hnyc', 1980),

: A

dcity (! , T i ‘Sugitani and Yamada,
1985), carciiogenicity (Gunrf, Gould and Anderson, 1963b), hypertension
(Perry, Erianger and Perry, *1977), teratogenesis (Warner, Sadler, Tulis and
Smith, 1984; Marlow and Freeman, 1987) and inhibition of DNA‘ replication
and repair (Nocentini, 1987). The bi of i
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interaction is unknown, but various cellular and subcellular processes like

ithe ratio of cadmium to znc, induction and synthesis of metallothionein,
. «

binding istics  of i tion of absorption,  kinetic
parameters, and lissue displacement  of one, metal by another and
competition at_ the level of zinc containing metallnenzymes may be involved

in the interactions. \

In animals, cadmium treatment causes an inm“.(casc in hepatic and renal
Zinc concentration gt the expense of other organs (Petering, Johnson and

Stemmer, 1971; Roberts, - Miller, Stake, Gentry, and |Neathery, 1973). Marcus

(1982; fed “that zinc affects the kinetic parameters . of
cadmium and alters movement of cadmium from-ofie body compartment to
another. Alizrntions of cadmium and zinc &i‘s.;i'ihuli()f!s in the body, which
are probably mediated by metallothioneins, -may be a mechanism for the

interaction between cadmium and zinc.

In in-vitro studies, cadmium has been shown to feduce the activity of

several zinc depéndenl enzymes (Vallee and Ulmer, ‘1972) It is possible

‘ that the ‘toxicity of cddmium is, at least partly, dpe 0 a compemxon

-between cadmium and zinc at cofactor sites in cn;ymes requiring zinc,

Tubular pmlclnuria that ,omn in chronic cadmmq‘: poisoning may be
explained by. decreased activity of certain zinc n?qmnng enzymes like

alkaline ~and leucine i i wlnf:h are Iocq!:d in the
brush border of . proximal tubular epithelial cells dnd spechlated tp be
involved in tubular reabsorption ;of proteins (Wachsmuth and Torhorst,
19_74). In cadmium treated rats’ and pigs reduced activity of these enzymes
has 'been observed (Elindc: nr}d Piscator, 1978).
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Studies in rats show that g low level of cadmium produces severe

of zinc iency when the diet is deficient in zinc, but

not when the ‘diet is adequate (Petering et al, 1971). The ratio of cadmium g
and zinc in the diet and also in the tissues is probably also.a determining

factor” of cadmium toxicity and the interaction.

W .
The implicati of these intel between cadmium and zinc are

unknown, but their o ¢ under tory &

. B suggests: that similar events may also occur in,free-living humans and “ 4

- animals, and thus is of potential health significance. _




CHAPTER 2 -
RATIONALE AND OBJECTIVES

2.1. RATIONALE

Cadmium is an ubiquitous toxic )nelal to which everyone' is exposed at
low levels. It is toxic to every- organ system of the body. Nephrotoxicity is

the characteristic feature of cadmium toxicity and hes been studied

extensively both in man and laboratory ‘animals, Animal :tudics show that

cadmium is also Imdc to the immune system. Huwever, in most of the

studies on cadmi i ici moc{es of cadmil or large
oral doses had been used which bear little resemblaice’ to possible human
cadmium expoﬂ(te.)l&), the results were i i and varied d pending

on the dose, duration amd route of “cadmium treatment. The pmmpa.l
objective. of the present study was to characterize the eﬂects of a

rclnnvely kw dose “of oral mdmmm treatment on lhe immune system of

mice. Mice were. chosen as the experimental model as their immune symm’ -

. 5.
is well and d St

murine immune ':lem is remarkably simitdr to that of, man. Since udmlum
is krown to hnve a long biological half-life, the study pcvnd was extended

after cessation nf cadmium trenlmem to look for any persistént ﬁ?“delayed

) eﬂm of eadmhlm tmdmy.

\ o

: npd 5 i the’
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Zinc and cadmium have many physical and chemical similarities and
they are usually found together in nature and also in mammalian tissues
‘where they compete for binding sites in ligands like enzyme and other
structural proteins. Both also bind to the heavy metal binding protein
metallothionein. Studies have .prcvinnsly shown that many manifestations of '
acute and chronic oadmi;xm toxicity in animals can be prevented by1
increasing the zinc status of the host. Thus it is possible that the

immunological effects of cadmium may also be related to zinc status, and

of a ic dose of zinc. may prevent or correct the
cffects"[‘he other principal ob;ecuve of the study was to chnrncl:nz: the
cffcct of a moderately large dose of zinc on cndmlum induced

D i of such an mlcractmn m the cellular.

level would be of basic ‘and -applied significance.

2.2. OBJECTIVES

The objectives of the present study are summarized as follows -

221, Primary objectives

1. To (sludy the effects of a relatively fow dnsc of .oral cadmium
treatment on the immune system uf mice.

2. To study lhe effect cf a modemlely large dose) of zinc on cadmium-

induced immunopathology. ! /‘

2. 2.2 Sccondlly objectives *

l. To Ionk for an immunological mechanism of renal |ox1cny of cadmium.
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To slludyuthe‘ effect of cadmium ‘on renal morpholoy- and
- =

ultrastructure.

To study the tissue cadmium level and distribution after

To. study the interaction between cadmium and zinc on renal

morphology and tissue cadmium level.




" CHAPTER 3

~

DESIGN OF THE STUDY

A series of four experiments were performed to study the
immunological effects of a relatively low dose of cnqmium, and the
interaction -between cadmium and zinc on the immune system of mice. In
the four experiments, the basic study design was identical, however, the
parameters examinm"l ‘varied. In esfnce, one experiment led to questions
which were addressed in the next experiment. In the followinig sections the
design of the study and the four experiments are outlined. Experimental

procedures are, described in chapter 4.

3.1. EXPERIMENTAL GROUPS AND TREATMENT SCHEDULES

Male six week old CS7BL/6 mice were used in the study. They were
divided into six experimental groups, some of which received 50 ppm
cadmium andfor 500 ppm znc indrinking water. bthcr variables such as
diet and housing, ‘were identical for all groups. The design of the
experiment is‘shown in Fig. 3.1. Gmup‘l received o treatment; " group 1
received 50 ppm cadmium (cadmium chloride, No. B 10064-34, BDH
Chemicals, Toromb) in deidniud distilled water for 3 w'cek: and’ no
. ‘treatment for the next 3 or 6 weeks; group III received 50 ppm cadmium
together with 500 ppm zinc (zinc chloride, No. Z-0150, Sigma Chemical
Company, St. Louis, Missouri) for 3 weeks and 500 ppm zinc for next 3 or
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Treatment

None

Cadmium 50 ppm

ek

Zinc 500 ppm

B IR | |
= [LTTrn] I |

o FFEFFRFEEE E 1
SR — —
. ] : ]
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:
Time of killing 0 wk 3 wk ' 6 wk
FIG. 3.1

Design of the Experiment.




41
6 weeks; group IV received 50 ppm cadmium for 3 weeks and 500 ppm zinc
for the next 3 or 6 weeks; groups V and VI received zinc in amounts
equivalent to that given to groups IIl and IV bu{ no additional u‘nium.
The treated waters were analyzed for cadmiuni and zinc content to ensure
that the desired amount of cadmium and zinc was present. The water
consumption of the animals was monitored and was comparable for all ‘the

groups. * '

Animals were killed for examination immcdiately after 3-'weeks of .

cadmium treatment and at 3 and 6 weeks after cessation of treatment. The’

examination periods are termed 0, 3 and 6 week.

In each cxamination\pen‘od there were 8 to 10 mice from each of the
six groups. - However, for 0 week there were fnur'cxpcrime.m_nl groups as

groups II and IV, and groups I and VI were identical at this point.
-
This design allowed study of the effects of a relatively low dose of

cadmium immcdiately after cessation of trénlmcnt and at two time periods

bsequently (gmup ll), and.also the effects of a large dose of zinc given
mlhﬂ with and folkywmg or only following cadmium treatment (group III
and IV). The two groups (group V and VI), which received equivalent

amount of zinc as groups III and IV but no additiem] cadmium were”

included which allowed study of zin¢ per se on the immune system. The ho
treatment group (group I) gave the baseline values in  this experimental

setting.

Low dose of cadmium and the ofal route of exposure were chosen as

they are more relevant from the standpoint of possible human _wdm(u;n
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icity. Since cadmium is known to have a long biological half life, the
spudy periéd was extended after cessation of cadmium treatment. Cadmium

was used at n(dose of 50 as ;;revimu studies have shown that at this
dose the immune system of mice is aﬂ'&ss“l~ but the animals do not show
-any clinical manifestations of toxicity (Borgman, Au'and Gundm, A

largcdoseufzincmusednsnucnkmwnmbemlanvefynontmc

and it was p‘ulnted that a large amount of- zinc, wuulrl be required to
cadmlum i Both cadmil

and_zinc were given in
‘drinking water .as it is an easy and controllable mode of treatment in

experimentak animals. 1
5 ¥ ” o

32. SERIES, OF. EXPERIMENTS

\' A series of four experil were In the first

animals from all groups md observati riods were studied, but in
snbsequen( experiments, groups and observation periods were reduced with
focus laid .on,the groups and time periods in which abnormalities were

expected. tion was based .on the findings from the prcvxrns\
experiments. .

- 3.2.1. Experimept 1

In mis;) experiment mice from A@ and examination periods ‘were
studied. Weight of .the mice and their food consumption was monitored on
a- weekly basis mmuhhoul lha experiment. The liver, kidneys, spleen and
thym\u\ were weighed, Lymp! ; es were. caunted in the blood, spleen and

Direct -plaque-forming/ cell rupmue. which assays ‘IgM antibody

\

i
3
i
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production against heterologous antigens, was measured in the ’splcen.
Proliferative response of spleen cells to T cell mitogens was also assayed

at 0 and 3 week. The kidneys were exn_mi;-ned for IgG and complement C3

position by i staining. At 0 and 6 ‘week, transmission
electron microscopic: examination of kidney sections was performed. and the
@er and kidneys were examined for cadmium content.

S

3.2.2. Experiment 2

C In this experimg¢nt the obwfvxtion period of 6 week and treatment
'

groups IV and were omitted, kn‘g delayed or persisting effect of
cadmium on the immune System was obgerved in cxpcrimpm\l. Weight of

mice and food consumption were recordedjaild the spleen was weighed and

lymphocytes counted. Indirect plaque-forming) cell response, which assays

orf antigen challenge, was measured in spleen

v
o Cos
323. Experiment 3 ' ' J y
/! In experiment '3, the groups svluiitﬁ\werc ‘similar to expericren'l Z,\E)h:t
the observntion period was limited to 0 wc:?k, as in the previous
expenmems xmmunulngcal changcs ?ere seen -only to occur immediately
\ sftcr Ges of

elght of. mice and ‘food
consumption . was recorded. Thc spleen was weighed and -lymphocytes

counted. The number of helper and suppressor, T cellx in the spleen was

mumedf}y i “!“‘B A

U- Q'.. B

J ‘,-[‘
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antibodies. Concanavalin A induced suppressor cell activity in spleen was

also assayed. ¢ B

3.2.4. Experiment 4

In this riment, the groups stpdied were similar to experis
| cxperiment; the

As.in previous experiments, weight of animals and food consumptjbn was

meastred, spleens weighed and the  lymphocytes lc'cumcd. Thg 4fumber of B

cells in the spleen was counted by immunofluorescence’ technique _using
polyclonal purified- antibody. Lymphocytes from the spleen were isolated

an tural-killer cell activity ‘measured by ‘chromium release - assay, and

anijbody ion on mitogen sti it by enzyme-
B y

linked” immunosorbent assay. The was analyzed for trace element

levels.

33. TIME FRAME '

The four - experi were & i one after another.
Since a large number of animals, mng‘ingl from 40 to 160, were involved in
each series; each expériment was spread out over 2 to 4 months. On’ two
or three days a week,' 4 to” 6 anirnals wue”?&ned:om the experimental
protocol. Also or; the day of killing, the same number of animals were

handled simultaneously. At léast one ’-mimal' from each group was included

+ on each day. - . ‘\ =
% ¢

- ) '- )
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4 CHAPTER {\ -

METHODS

4.1. HOUSING AND FEEDING OF MICE

Male CS7BL/6 mice (Charles. River Canada, Montreal, Quebec) were
usedl in the experiments.. They ‘were maintained in the animal care facility
‘of the Faculty of Medicine, Memorial University  of l‘_’ewfound]‘n’nd. The
mice were Y;o_used singly in wire meshed hanging cages( or in plastic cages
with bedding. In experiment 1, 2 and 3 the former type of housing was
used, and in experiment 4 the latter type was used. The change was forced
due to availability of cages, however, this would be of no significance as
i gach expsriment) only sone; type: of Howing was used, The envirqnment oF
the animal rbpms was controlled at 22-24°C temperature, 45-55% relative
humidity, and 0800 to 2000 lighting hours. Standard g\‘l:fdelines for the care
and use of expéﬁmema] animals were followed throughout (Canadian
Council on Animal Care, 1984), and the protocol was approved by the

University Animal Care Committee.

Mice were purchased at ages of either 4 or 5 weeks. They were

acclimatized' for 1 or 2 weeks in the animal care l‘m:ili:y-during\which,lh:y

had free access to ordinary drinking water and food, and then put in one

of the experimental groups at rasdom. All mice were 6 weeks old at the
beginning of the experiment. The mice were fed a npn-pﬁrll‘lcd diet

/
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(Rodent Chow No. 5012,. Ralston Purina, St. Louis, Misst;uri). The food
pellets were analyzed for trace element contents and found to contain 0.09
pg cadmium/g and 433 pg zinc/g. Other constituents as indicated i

label are shown in Table 4.1. The mice also had free access /Hm;
water; wai‘cr.pmvided to some animals contained additional cadmium or
zinc. The treatment schedules aré shown in Fig3.1 (page 40). Throughout
the experiment, the weight and general health of animals and food
* disappearance- was closely monitored and recorded. In experiment 1 the
’measurement was done at wé:kly intervals, bu!/» in the subsequent

;- food i was for“a seven day period

immediately prccc. g the killing.
Lome ’ .
42, KILLING OF MICE AND COLLECTION OF TISSUES
Mice were anesthetized with ether, killed by cervical dislocation and
the abdominal skin was wetted and the cavity opened. Anatomical

gttnchm;hls of the spleen, thymus, liver and kidneys were severed and the

organs removed and to igh i which were

1 P

weighed agdin to obtain, the organ weights. The thymus was suspended in *

normal saline, fatty tissue removed and the organ dried with tissue paper
before weighing. A single electronic balance (Mettler PC 180, Greinfensee,

Zurich, Switzerland) was used throughout the studies.

#

In experiments where spleen ce‘ were used for culture work, spleen

was collected with full w’:plic‘ precautions. The abdominal skin and fur was
cleaned with 70% ethanol, and after reaching the peritoneal membrane a

second set of instruments sterilized with 70% ethanol ‘was used. The

2 v N




TABLE 4.1 .
Constituents of Diet i
Analysis s & s
*  Crude protein not less than 222% °
Crude fat not less than . 40%
Crude fiber not more than ) 50% .

Ash not moré than . i, 30%

Ingredients

Ground extruded yellow corn, soybean meal, fish

molasses, wheat middlings,~ dehydrated alfalfa meal}
oats, brewers’ dried yeast, wheat germ meal, dried beet pulp, \\\\
soybean oil, dicalcium phosphate, calcium carbonate, salt,

vitamin _B-12 calcium ~ pan choline

chloride, riboflavin supplement, thiamin, niacin supplement, DL

vitamin A D activated animal sterol
(source of vitamin D-3), vitamin E supplement, calcium iodate,
manganous oxide, ferrous carbonate, cobalt carbonate, copper

sulfate, zinc sulfate.
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43,1, Lymphocyte count in blood

. 'Ohlnrlo) with a ‘mesh size 50 and o

48

spleen was immediately removed and

to a tube,

sterile culture medium, Subsequent handling of the organ was dunc in a

Level A Iminar flow hood (anur¢

Mexlw)

Bio-dynamics Inc., Albuqucrque, New
-~

In experiments where kidney sections were prepared for electron

mxcroswplc examination, the ‘kidney iwas the first orgam removed. Thls was

done to maintain ultrastructural intej

ty of the organ.

43. LYMPHOCYTE COUNTS IN BL(?OD, THYMUS AND SPLEEN

1

Immediately aft

opened and 10

killing the mouse, the right atrium of the heart’ was
g s g e

f(‘;{ blood couect‘Fd .and diluted in- 190 gl of Turk's

solution (0.1 g gentian violet, 1.0 ml 195% ethanol and 0.5 ml acetic acid in

transferred to a Neubauer colnting

"985 ml distilled water). A small\;

with a

aliquot of the diluted blood ‘was
hamber, and the Iymphocytes cadmcd

with a  light © Lymp
morphological criteria and diffes nliatéJ

-7

were by * their-

from other leukocyte types.

43.2, Isolation and count of thymic’ Iymphocytes

fhyrnus cells were’ obtained by
(}ssue pestle on E-C. Cellector Tissue

the" glnnd passed - through leaving t

coll:cled in a known volume of norm

ently homogenizing !he organ

Sieve (Mandel Sclennf ic, Rockwood,

)emng size 0.28 mm, The contents of(

e capsuie behind. The product was

al saline in a petri-dish. Largs debris
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were broken down by gentle agitation with a Pasteur pipette and a single
cell suspension was obtained by passing . the material through graded

N
Redles (21G and 26G). Ten microliter sliquot of cell- suspension was |

diluted in 190 ul Turk’s solution and the number of lymphocytes counted in’

. chamber. L were  identi by their
criterid and differentiated from other leukocyte types. The results were

.. . expressed as total lymphocyte count in .the. thymus.

. .
. 433, Isolation and count of splenic lymphocytes i >

To  obtain .spleen “cells, the organ was gently teasii with two curved
\' need.lc; on a petri-dish containing RPMI 1640 will"l L-glutamine withou
. sodium bicarb'opat: (No. 1060120, Flow Laboratories, McLean, Virginia)
(termed RPMI  164Q_ henceforth). With this mancuver it was possible to
‘squeezg out the contents from the capsule. Large cellular clumps wer’e %
broken down by gentle agitation with Pasteuy pipette and debris removed
by sedimentation for 10 minutes. The supernatant was collectéd and a
single’ cell suspension obtained by passing the material through graded
needles~¢21G and 26G). The procedure was carried out in a known volume’
of cu]tu‘m medium. The lymphocytes were counted in Neubauer chamber °.

i and the result expressed as total count in spleen. Lympliocytes were

by their i criteria and differentiated from other
leukocyte types, This cell suspension was later used for other

immunological assays. ‘

In experiments where the cells were used for culture ‘work, the entire DR
v i . 7 )
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- .
procedure was carried out in a laminar flow hood with total aseptic

precautions.

4A.’DIREC1" AND INDIRECT SPLENIC PLAQUE-FORMING CELL RESPONSE

: Plaque-forming cell (PFC) response in spleen was assayed by a
microwell liquid matrix modification (Kappler, 1974) of the Jerne plaque-;
- assay (Jerne, Henry, Nordin, Fuji, Koros and Lefkovits, 1974).

4.4.1. Immunizationof mice

Sheep red blood cells stored in Alsever solution (Woodlyn Laboratories,
Guelph, Ontario) were washed three times in hurmnl saline at :150 x g 10
minutes each, removing the buffy coat after each wash, and resuspended to
20% '('vollvol) “in normal saline. Mice were restrained and injected
lmrnpenmneally with "0.2 ml of the (red blood cell suspension. lmmumnuan
was done 4 or 8 days before klllmg for estimation of dxrect (IgM) or
mdxrecl (IgG) plaque-forming cells respectwel‘

4.42. Preparation of spleen cells
. .
Spleen cells obtained as described above (Section 4.3.3) were washed

* three times in Hank's balanced salt solution (No. 18104, Flow Laboratories,
3 McLean, Virginia) (BSS). For washlng, the cell suspension was centrifuged

at 200 x g for 10 minutes, i and cells d in

the remaining media by gentle tapping. Then BSS was -added to bring up
the vulumq and the process repeated: After the final wash, cells were
resuspended in' BSS containing 5% (voWol) heat inactivated (57°C ‘for 30
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minutes) fetal calf serum, counted and adjusted to 2 x 106 lymphocytes/ml.

This stock was used for the plaque assay.

4.43. Preparation of sheep red blood cell solution

Sheep red blood cells were washed three times in normal saline at ‘450
x g 10 minutes each. The buffy coat was removed after each wash. A 15%
(volivol) solution of sheep red blood cells was made in BSS and checked
by haematocrit. Forty microliter of the solution was added to 1 ml BSS to

make a 0.57% (volivol) solution. At this dilution, red cells were found to

. 2 >
form a monolayer on the wells of microculture plates in the plaque assay.

This stock was used as the target fo‘r Iysis in the plague assay.

4.4.4. Absorption of guinea-pig complement and anti-mouse-IgG
‘ e s

Guinea-pig L “(Gibeo L ies, Grand Island, New York)

and rabbit antimouse-IgG = (Miles Scientific, Rexdale, Ontario) were

absorbed over sheep fed blood cells to prevent nnn-sbeciﬁc binding, The

sheep red cells were washed three times at 450 x g 10 minutes each,

removing the buffy coat each time. Ten milliliters glinca-pig complement
or pnli-mOl;sc-IgG was then added to 2 ml packed sheep red cells and
incubated . for 30 minutes at 4°C with continuous  rotation &t 10
cycles/minute. After incubatn the cells were packed -by centrifugation at
450 x g for 10 :'ninutcs, supgmatants removed and incubafed with the

sheep red bidod cells again. The process wwas repeated three times. After’

the absorption, S00 ul volume of the guinea-pig complement or anti-mouse-
IgG was aliquoted and stored at -70°C. For the plaque assay, 1/10 dilution
¢
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(volivol in BSS) of guinea-pig complement and 1/40 dilution (volivol in

BSS) of anti-mouse-IgG was used.

4.4.5. Assay Yor IgM antibody forming cells

The assay was p in flat-b i plates  (Flow
Laboratories, McLean, Virginia). In each well of the plate, 20, 10 or 5 pul
of a suspension of 4, 2 or 1 x 106 lymphocytes along with 50 ul of 0.57%
(volivol in BSS) sh:c‘p red blood cells and SO ul of 1/10 dilution (v]ul/vol
in BSS) gninci; pig complement were delivered. The final volume iﬁ each
well was brought up to 190, ul by adding appropriate amount of BSS.
Constituents of each ‘well are shown. in Table 4.2. The assay was set up in
triplicate for cach sample and cell dil‘n(\ion. The plates were centrifuged at
55 x g for 3 minutes to obtain A\mnnclny:r and incubated for 2 hours at
37°C with 5% CO; il |n air. Then the number of plaques was determined with
an inverted mlcmscope Wells for all lhr:e dilutions of lymphocytes were
scanned and the triplicate samples containing the optimum number
(bcme;n 15 and 25) of plaques werc counted. A clear zone of red cell
lysis with a lymphocyte in the centre was counted as positlivc (Fig. 4.1).
Results are expressed as plnques/l()6 spleen cells énd plaques/spleen.

4.4.6. Assay for 1gG antibody forming cells

For the indirect plaque assay a similar ;Irot(x:ol was followed, but an
additional 50 pl of 1/40 rabbit anti-mouse I | added to each well (Table
4.2).\Direct PFC number was also calculated |and subtracted from indirect

|

PFC number to give IgG producing cell count.
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TABLE 4.2

Constituents of Culture-wells in Plaque Assay

‘ Lympl <~y Lymp
4106 2106 1x105  4x106 2106 1x108
pliwell
Direct (IgM) Plaque Indirect,(IgG) Plaque
Spleen cell - suspension éﬂ B 10 - 20" 10 5
E)Z x 1(%/@)

Sheep Red Blood Cells 50 50 50 50 50 50
(057%)

Guinea-pig complement 50 50 50 50 50 50
(1/10)
Mouse anti-IgG - . - 50 50 50
(1/40)
Culture medium 70 80 85 20 30 35
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HAEMOLYTIC PLAQUES WITH ANTIBODY PRODUCING CELLS

FIG. 4.1

Two antibody producing cells. A clear area of red cell lysis surrounding
each lymphocyte is counted as a plaque. (x 300).
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4.5. IN VITRO STIMULATION OF SPLEEN CELLS WITH MITOGENS

.

c

4.5.1. Preparation of spleen cells ;

Spleen cell suspension was prepared as described before (Section 4.33.)
and washed three times in RPMI 1640 (Flow Laboratories, McLean,
Virginia) at 200 x g for 10 minutes each. After the final wash, cells were
c;)unled and resuspended to 1 x 105 lymphocytes/ml in RPMI 1640
supplemented with sodium bicarbonate, 100 U/ml of penicillin, loﬁ‘ug/ml of
streptomycin, 250 ug/ml of fungizone (all from Gibco Laboratories, Chagrin
Falls, Ohiul) and 5% (yolivol) heat inactivated (57°C for 30 minutes) feu;l
calf serum (Bocknek Org'aﬁlc Material, Rextlale, Ontario) (complete culture
meédium). Preparation of spleen cells and subsequent culture was carried

out with full aseptic precautions. - /

4.5.2. Mitogen stimulation

For setting up the stimulation culture, 200 ploof a suspensir;n of 2 x’

105 lymphocytes and an optimum amount of mitogen [18 pg of
phytohaemagglutinin (PHA) (Weéllcome Di;zgnos(ics, Dartford, England) or 1
ng concanavalin A (Con A) (Sigma Chemical Company, St, Louis, Missouri)]

" diluted in 20 gl of normal salinf was delivered into each well of a flat-
« bottom microculture ' plate (Flow Laboratories, .McLean, Virginia). ~The,

optifium amount of mitogen was ina y d p

titration and the same stock was used throughout the experiment. In
;mmml cultures; 20 ul of saline was added in place of mitogen. Cultures
were set up in triplicate for each mitogen and sample. The culture plates
were’ then incubated for 72 hours at 37°C.in a humldll"‘d atmosphere .

" .
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~containing 5% CO2 (:t\ air, To\ asseds DNA synthesis, 0.5 uCi of
[BH}thymidine with a spécific activity of 2 Ci/mM '
Boston, Massachussets) was added to each well for

England Nuclear,
al 4 hours of

incubatjon. Cells were then harvested on glass fiber filters (Mandel
N

Scientif Rockwood, Ontario) with /@ multiple automated cell harvester
— (Titertek, Flow I i ). The filter papers were
) dricd and discs put in ;cmullm( vials with 8 ml of liquid scintillation

n (BDH Chemicals, Toronto, Ontario) counted for radioactivity
by liquid scintillation spectr ( 3 Ls-330

Liquid ~Scintillatiori , System, Fullerton, California). ' “The results were

ssed as stimulation index as follows :

mean counts per minute ct}\

- triplicate stimulated ‘culture
e \ u,
Stimulation index T N .
Mean counts per minute of ——

triplicate mycl culture

4.6. ASSAY OF SUPRRESSOR CELL ACTIVITY

Suppressor cell activity was assayed by coculturing concanavalin A
(Con A) slﬂimu'lawd spleen :elllrf(:ﬁn:ressur ce}l)»with autologous spleen’

cells (responder cell) and ing t s of the
) . cell to p inin (PHA) (C,;.Jm, Ratliff and McCool
} 1980; Grzelak, Olszewski and Engeset, 1983). Asepsis was maintained in all
) stages of the assay. ’
ges . \ g

e
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4.6.1. Activation Of suppressor- cells

Spleen cells were prepared as described before (Section 4.5.1.) and
r:lsuspended to 2 x 105 lymphocytes/ml ? comlv culture medium. Three
of the jon (6 x 105 " was i with 60

ul of 0.5 mg/ml (10 pg/ml final dilution) ‘Con A (Sigma Chemical Company,
St, Louis, Missouri) for 18 hours at 37°C in an atmosphere containing 5%
COj in air. After incuby/axs were wishgd “wice at 250 ng 15
minutes each and treated with 100 pl/ml mitomycin C (Sigma Chemdcal

Company, St Louls, Missour) for 1 hour at 37°C to stop further

imultiplication. The cells were then washed Nwice with 0.3 .M. methyl-a-

mannopyranoside (Sigma Chemical Corﬁpﬂny, {. Louis, Missouri) and thrice
with RPMI 1640 ‘at 250 x g for 15 minutes” €ach and resuspended to 1 %
106 lymphocytes/ml in cm{.;me culture medium, Cells thus activated were

used as suppressor cells (SC) in the assay.

Another\bmch/oﬁdis were treated identically except that they were
not stimulated with However, Con A Was added to the unstimulated
cells -after the 18 hour incubation to control for the effects of the Con A
itself being carried over with the cells in the subsequent steps. These: cells

were used as contyols and are called natural suppressor, cells (NSC).

4.6.2. Responder|celld e /

4
A{ltulogous spleen cells (prepared as d:s@ in . Section 4.5.1)
suspended to 1 x 106 lymphocytes/ml in tomplet

- used as responder cells (RC) Kn‘the ”j'““"“ -
S 3

culture medium were S
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4.63. Suppressor cell activity

In each well of a flat-bottom microculture plate (Flow Laboratories,
McLean, Virginia) 100 ul (containing } x 105 lymphocytes) of RC QQAOO
#l (containing 1 x 105 lymphocytes) of SC or NSC was added and cultured

* with or without 18 pgiwell PHA (Wellcome Diagllostiés, Dartford, England)
for 72 hours at 37°C in a humidified atmosphere containing 5% CO3 in air.
Triplicate culture was set up for each of the four combinations (RC + SC
+ PHA, RC + SC - PHA, RC + NSC + PHA and.RC + N8C - ) and
samples. To assess DNA synthesis, 0.5 uCi of [3H]lhymidine’§'lh a $pecific
m:tivit-y of 2 Ci/mM (New England Nuclear, Boston, Massachussets) was
added to each well for the final 4 hours of incubation. Cells were then
harvested. on glass. fiber filters '(Mandel Scientific, Rockwood, Ontario) with
a multiple automated cell harvester (Titertek, Flow Laboratories, Rockville,

" Maryland). The, filter papers were dried and discs put in scintillation vials
with 8 ml of }iquifi scintillation solition (BDH Chemicals, Toronto, Ontario)
and counted for radioactivity by liquid scintillation ~spectrophotometry
(Beckrglan Instrumients  LS-330 liquid  scintillation  system, Fu]lenun,
Calilt;mia). Suppressor cell activity [(SCA) was ulated using lhc mean
counts per minute of the triplicate leres and xpressed o5 a percemage

as follows:
(RC + SC + PHA) - (RC + SC - PHA)

SCA =|1- x 100
(RC + NSC + PHA) - (RC + Nsc\- PHA)

¢ ‘ A
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4 7. ENUMERATION OF B LYMPHOCYTES AND T LYMPHOCYTE SUBSETS
IN SPLEEN

tion of B ly and T , p subsets in the spleen
was done by immunofluorescénce staining using appropriate  specific
\
or ies. The ibodies used- were -

isothiocyanate  (FITC)-conjugated  affinity purified goat anti-mouse .lg for
staining B cells, and purified monoclonal anti-L3T4 and FITC-conjugated
monoclonalv t;nti-Lyt-Z for the T cell subsets (all from Becton Dickinson
y Sy‘slems, » View; California). Anti-L3T4 and anti-
Lyt-2 idem‘ify the murine differentiation glycoproteins. CD4 and CD8 which

are” markers of i and oxic T celis ivel

* (Adkins, Mueller, Okadn,r Reichert, V{eissmnn‘ and Spangrude, .1987).

2 "
B cells and Lyt-2+ cells were stdined by -direct immunofluorescence

technique and L3T4+ cells by indirect technique (Mishell and 'Shiigi, 1980).

411 Dire;:t immunofluorescence staining ¢

14

Spleen cell jion was as described before (Section

433.), washed thrice at 200 x g for 10 minutes ecach and adjusted to 2 x
107 cells/ml in RPMI 1640. Fifty microliters (1 x 105 cells) of the stock -
was incubated with 1 ug of FITC conjugated anti-Lyt-2 or goat anti-mouse

S

Ig for 30 mim@:s‘ at room temperatufe in dark. After’ incubation, the cells

were  was] twice with Dulbecco-phosphate-buffered saline (PBS) (No.
450-1£—h:bc0 Lnbomones, Grand Island, New York) containing 0.1%
(voncll) sodium’ nzldc at 200 x g for 5 minutes each and resuspended in a
drop of‘monnﬁn@ﬂedmm (10% glycerol in PBS). A drop of the cell
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(

suspension was ph}ad on a glass sli coded and the number of

0

fluorescent and total cells werc ‘counted with a Leitz fluorescent”
microscope (Ernst Leitz Wetzlar, West Germany). Monocytes were excluded
by morphological criteria with phase ocnm;‘micmscopy. One hundred
fluorescent cells were counted- and the results expressed as a percentage
-of total cells.

4.7?-6.:«1 immunofiuorescence staining .
The sple.en cells were first tagged with purified anti-L3T4 and washed

as for direct staining method. Then the -cells were incubated with 1 ug of
: i rat ti ‘Kappa light-chain- antibody.
(Becton Dickinson Systems, M in View, California)

for 30 minutes @&t room temperature. After incubation, the cells were

washed, resuspended in mounting medium and counted as for the direct

staining’ method. /\

NATURAL KILLER CELL ACTIVITY

Natural killer cell activity of splenic Iymphocytes were performed by a
_microwell modification of the chromium release assay described by
Kiessling, Klein and Wigzell (1975), and Kiessling, Klein, Pross and Wigzell
(1975).

43.1. P of splenic .

Spleen -cells were obtaiped as described above (Section 4.3.3.) and the
lymphocytes isolated by density gradient centrifugation. The suspension of
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spleen cells was layered over Ficoll-Hypaque (Sigma Chemical Company, St.
Louis, Missouri) with a specific gravity of 1.09 and centrifuged at 400 x g
for 30 minutes at room temperature. The lymphocytes which formed a
visible interface were collected, washeg three times in RPMI-1640 at 200 x
g for 10 minutes each, counted and adjusted to a concentration of 20 x

106 celis/ml in RPMI-1640 with sodium bi , 100 U/ml

of penicillin, 100 ug/ml of p in, 250. ug/ml of i (all from
Gibco uboramncs, Chagrifi~Falls, Ohio) and 10% (vol/val) heat mnc!wmcd

(57°C for 30 minutes) fetal caTE serum (Bocknek Organic Material, Rexdale, |

Ontario) (complete culture medium). This stock was used as the effector

cells in the natural killer cell assay. .

4.8.2. Labelling of target cells

Moloney virus induced mouse lymphomﬁ cell line " YAC-1 (American

Type Tissue Culture, Rockville, y )‘ i in i culture
in complete Culture medium was used as target cell. Fm“ labelling, 200 ;;Ci
51Cr as sodium chromate was added to 5 x 106 tumour cells in 0.5 ml of
culture medium and incubated for 60 minutes at 37°C with continuous
rotation at 10 cycles/minute.. The cells were then washed twice at 200 x g
for 10 minutes each at room temperature, counted, um‘! rcsuspcndcd to the
final concentration of 0.8 x }06 cells/ml. »

}
4.83. Chromium release assay

For setting up the assay, 50 ul labelled target cell suspension (4 x 104 .

cells) and 100 pl effector cell suspension (2 x 108 cells) was delivered into

\ 7.
" '/.
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cach well of a V-bottom mi plate (Flo\'w L ies, McLean,

Virginia). This corresponded to an effector target ratio of 50:1.
Spontaneous 51Cr release from target cells was measured in.the absence of
effector cells, and the total release was determined by treating the target
cells with 100 plwell of 1% (weight/volume) Nonidet P40 (Sigma Chemical
Company, St.: Louis, Missouri). The volume in each well was' maintained at
200 y.,l by adding’ appropriate amount of cultupé }nedinm, Final constituents
of the culture wells are shown ,in Table 43. The plates weré .lhcn
incubated at 37°C in 5% CO in air for 4 and 12 hours. Two séts of
culture, each in quadruplicate, were set up for -the two time periods. After
..incui)alion, the plates were,ce'mrifugcd at 400 x g for 5 minutes and 100
pul o of xupcm;atank was  collected froi'li‘ -each well and counted for
radioactivify in a Beckman 310 systern gamma cuunlér_ (Beckman®
_Instruments,  Fullerton, California). -The results were expressed as

percentage lysis as follows :

mean counts per minute _ mean counts per minute
of experimental release- of spontaneous release

% lysis = s x 100
mean counts per minute _ mean counts per minute
,of total release . of spontaneous reledse

Spontaneous release was less than 10 percent of total release.in 4

hour culture and varied between 20 and 30 percent in 12 hour culture.
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N TABLE 4.3
s
Constituents of Culture, Wells in Natural-killer Cell Assay
50:1 target/effector Total Spontaneous .
. ratio 4 release releasen
1 plfwell pliwell uliwell
‘Effector %ll N 100 o -
(20 x 10%/mI)
Target cel T 50 50
(o~§ x lOk/m]) 4
Culture medium 50 50 150
1-0% Nonidet P40 - 100, -
K
e ~ & /’ \
)
- B
~
1 A
! ' "
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'4.9. POKEWEED MITOGEN STIMULATED IgG PRODUCTION

49.1.  Pokewéed mitogen stimulation of lymphocytes

Lymphocytes were scparated by density gradient cemrifugminﬁ as
described before’ (Séctlon 48.1) and resusperided to 1 x 105 celly/ml in
mmplclc culture medlum. Two milliliters of the stock (2 x 106 cells) was
incubated-* with 200 pl of 1720 dilution of pokeweced mitogen (Gibco
Laboratories, Chagrin Fnlls, Ohm) for 7 days at 37°C in a humidified

. atmosphere containing 5% CO2 in air. The cells’ were then packed by

centrifugation at 450 x g for 10 minutes and the supernatants collected
2 2

and stored at -20°C. The samples were later tested for IgG level by

enzyme linked immunosorbent assay. None of the sampl:s were stored for

Ionger than 3 months when tested for IgG level.

492, Enx,yme-l’lnlwd immunosorbent assay

The*! enzymc-llnkcd immunosorbent assay (ELISA) was based on the
méthod described by Voller and Bidwell (1986), For leudmg, calculation and
expression of ELISA data a modification of the computer assisted method
described by Ritchie, Nickerson and Fuller (1981) was used.

Optimum concentrations of reagerifs and analytes were first determined
by standard titrations. Then the samples were assayed in one’ batch. The
analytes ‘were measured over |he ‘concentration range in which the ELISA

had steep dou-rellponu charnclemﬂu ' v

Individual wells ol‘ a 96-well polyllyrcne E.IA. microtitration plates
(No. 7638104, Flow Laboratories, McLean, Virginia) were first sensitized by
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passive absorption with anti-mouse IgG. For the coating* 200 ul of affinity
purified goat anti-mouse IgG (Jackson Immunorescarch Laboratories, West
Grove, Pennsylvania) diluted 1/500 (volvol in bicarbonate buffer, pH 9.6)
was added to ecach well of the plate and incubated overnight (16 hours) at
4°C. The plates were then washed once with 200 ul phz;sphme-buﬁcud
saline  containing  0.05% (vol;lvvnl) Tween-20 (PBS-T) (Sigma Chemical
Company, St. Louis, Missouri). For washing, the contents of the wells were

flicked off and the plale'dricd on a tissue paper, then PBS-T was added to

thé wells and the contents flicked. off and the plates dried again. ‘Tween- *

20 (p sorbitan ) is a wetting agent and prevents
non-specific  binding of Vimmunoglohulins to the plastic surface. The
uncoated surface of the wells was further blocked by adding 200 ul of
blocking buffer (0.1 mUml heat inactivated goat serum, 0.01 émlml bavine
serum albumin and 0.003 gm/ml gelatin in PBS) to each well for -1 houf at
room temperature. The plates were then washed once with PBS-T. The first
well in ecach row was nbt coated to get the background reading of the

plate.

4 L 4
Chromatographically ~ purified mouse 1gG  (No. 7176, Jackson

Immunorescarch Laboratories, West Grove, Pennsylvania) was used os the
standard. Serial dilutions of the standard werc made in PBS-T to give
concentrations of 400, 200, 100, 50, 12.5, 625 and 3.125 ng IgG/ml,In
different. wells of the clnnu:d E.LA. plates, 200 ul of the standards or
supernatant samples were added and incubated overnight (16 hours) at 4°C.
Each standard and l;mple was run in quadruplicate. The plates were then
washed four “times with PBS-T to remove unreacted Immur{n‘l;lobullm.
Subu‘:quemly 200 @l of '11100.000 dilution (volivol ‘in PBS, containing 5%

ve
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goat serum) affinity . purified goat anti-mouse IgG conjugated with the
enzyme i d (Jackson L jes, Wést

Grove, Pennsylvania) was added to each well and incubated at room
temperature for 2 hours. This conjugate reacts with the antibody captured

bi' the it plate. After i ion, the plates were washed six times

with PBS-T to remove unreactive conjugate. Then 200 ul freshly prepared
orthophenylenediamine '[0.4 mg/ml in phosphate citrate buffer (pH 5)
containing 04 ul. 30% Hz02/ml] was added to each well and the plate
incubaxég at_room temperature in the dark. The substrate reacts with the
enzyme to produce a yellow coloured product. Tl;c o‘olour muc;inn was

stopped at 20 minutes by adding 50 ul of 25 N HS04 to aaa‘ well. Acid

treatment further changed the colour to a -stable orangmbrm?m proa’u'clv

which was then read photoelectrically by a Titertek Mulliscan ELISA
reader (Eflab Oy, Helsinki, leand) with wave ll:nglh set*at’ 492 nm. The

reading was given as op(lcal density.

The concentrations of snmplés were calculated from the standard curve
(Fig." 42) using a :umbulcr pmgram\ mn in lh’ Memorial Uaivctsity
mainframe VAX/VMS  computer. The program subtracts the bacl;gmur@
readings from test readings and uses this corrected optical dcnsit& in

calculations. Absorbances that' fall within 5 to 95 percent of the maximum
"

observed absorbance are only (ncluded_in the . analyses. The results were

expressed as ng/ml.

)
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erve showing the ah rbance value for serial two fold dilutions of 1gG
dtandard. Data are give as means x SJ
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Slanda}d Curve for/BLISA
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4.10. AUTOIMMUNE RESPONSE IN KIDNEY
’

4.10.1, Preparation of kidney sections

Kidneys were placed on blocks and covered with OCT embedding
compound (Miles .Scicmiﬁc,' Naperville, Illinois). The block was placed ‘in,
petroleum ether for 5 minutes which was cooled with COp in acetone. The
frozén tissues were sectione‘d to a thicknéss of 5 pm in a cryoélal and
mounted on a glass sligé, Kidney sections were prepared on the day of
killing. The séctions were then stored at -20°C and examined later on the

same week.

4.10.2, Staining and examination of the sections.

The sections were incubated» at room temperature  with 1/20 dilution
(volivol) of i (FITC)-conj ti 1gG .or
complement C3  (Cappel, Division of Cooper  Diagnostic, Cochranville,

Pennsylvania) far 30 minutes, rinsed in"a PBS bath for 3 hours, changin,
£\ changing

the PBS Severy inutes, dried and examined with fluorescent " light

e for ion of antil and !

4.11. ELECTRON MICROSCOPY OF KIDNEY

Kidney" sections were i by ission electron ‘at

+ 0 and 6 weeks of observation. At least four animals from each group were
‘The 4 was by the' Electron M(cmicm.

D Faculty of M University of Newfoundlng\d.
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Kidneys  were collected immediately after kiiling the animal and
processed. for electron microsm;;ic examination. The tissue was diced ‘into
small pieces (1 cubic mm approx.) and, immersed for 20 minutes in a
mixture luf and in 02M sodium cacodylate
buffer (pH. 74) for fixation (Karnovsky, .1965). After fixation the tissues -

| were washed |horbughly with 0.IM sodium cacodylate buffer and postfixed
for 10 minutes in 1% (volivol) osmium tetroxide in 0.2M sodium cacodylate
buffer. Then Ihéy.wcrc washed with' 0.1M sodium .cacodylute buffer and
dehydrated by passing through serfal concentrations (70%, 95% and 100%)
of ethanol,, The exposure was for 3 minutes in each concentration with two
changes, and 10 minutes for absolute ethanol with two changes, ‘After
dehydration, the tissucs were immersed in absolute acetone for 10 minutes
with two changes, and then lransfened\fo* a 50:50 (vokvol) mixture of
absolute acetone and Epon 812 embedding resin for 10 minutes, and finally
to 100% resin for 10 minutes with two changes. All these steps were
carried out in a fume hood at room temperature and the tiss;es were
placed on a rotator. Then the tissues were embedded with resin in capsules

and polymerized at 70°C for 16 hours in a Rechert KT-100 aven,

Subsequ‘emly 0.5 pm setitjons were gut with : LKB Huxley ultra-
microtome and  ultra-thin :}lver secllon: lere ‘prepnrcd with a Reichert
OMUS3 ultratome. Thy_kections were poststained with lead citrate and
uranyl acetate and med_ under a Phillips 30(; transmission ~electron

_ microscope.

Sections %th stained whh‘l% toluidine blve in 1% sodium
.
al

l?orataere ohrrvcd under a light microscope.
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4.12. TRACE ELEMENT ANALYSIS

‘Punlnm of liver and kldne'y were weighed, freeze. dried for 24 hours
and stored at 4°C for cadmium analyses. The. analyses were done in the .
laboratory of Dr. James K. Fri:l; Department of Biochemistry, Memorial |
University of Newfoundland. The tissues were ashed at 500°C for- 16 hours
in porcelain crucibles. The ash was dissolved for 30 minutes in 0.5 ml pure
HNO3 and 4.5 le 1 N HCI and the resylting solutiofr was rﬁndc up to 10 ml’
‘with deionized distilled water. Acid v:&:hed .containers were used im~all

stiges of the procedure. The samples were afhalyged by atomic absorption
. Vspcnmswpy (Perkin Elmer, Norwalk, Connecticut) (Beaty, '.'J,:978)‘ Cadmium
in the control mice tissucs were analyzed with a HGA-300 graphi(c/ ’

atomizer with ! arc oy, s the. remaining
samples were nnal;ud by flame with a single slot ‘i-inch burner head.
Standards' (Bovir)e leell,_ No# 1577a, National Bureau of Standards, ‘
Gaithersburg, Maryland) were -also analyzed simullancousfy 40  assure
aceutacy of the assay.. All ‘results are reported as nyg wet weight of

organ analyzed.

A second batch of ligs samples’ (Experiment 4) were analyzed for
mumple. trace clements through the courtesy of Dr. Victor- Conti, “Lifeline
Clinical Laboratory, BALCO. San Mateu, California. The analysis was done
by ‘Inductively Coupled Plasma S /. In"this p the

samples were prepared by ashing in perchloric acid:nitric ‘acld and the |
o volume made up in deionized distilled water. The samples were injected

into an argon stream of plasma, heated to 10,000 K by inductibn coils, and




n

the 1 1t i si ] on the basis of induced nlumlc ¢

emxsslon Results are expressed -as uglg of wet weight of tissue.

4.13. DATA HANDLING AND' STATISTICAL ANALYSIS

s Data were smred on EDT file in |he VAX/VMS mnlnframe eampuler
' system ﬁ the Memogal University of Newfcundlund (EDT Editor Manual,

. 1980) and analyfed by the statistical packages MINITAB (Ryan, Joiner and =~
nd~SAS (Cody und Smith,

nsional matrix suitable for handling

L Ryan, 1985a; Ryan, Joiner ‘and Ryan,/19

19"85). Data were stored in a .two-di
by the statistical packages. Me-ﬁy analysis cbvnriun’cg was performed 4
to compare the groups. When difference was found to be present at P<0.05,
trealmcn(: :ﬁectt)ns inferred "nnd Duncan's ‘multiple-range test wa;
'performed to make multiple comparison between the means. Significance
levels ‘used were 0.05 or less. When analysis of variance did not reveal any
significant * di((erénce, no further aﬁ;ﬂysis was done. All results are

reported as mean '+ SD. -




5.1. EXPERIMENT 1 ’

5.1.1. General health.of mice
A
Mice wgre examined at least once a week for obvious manifestations
of foxicity, failure to gain weight, altered food inthke and death. No
outward manifestations of any toxic effect was seen in any animal and
none of the animals died on the Also on

after killing no gross patHological lesions were scen in any organs. The
animals thus appeared lo.lol.:rnc the treatment well.

.

Weights of the animals measured weekly are shown for four time

pcrlz.t in Table 5.1. There were no statistically significant differences
betweén the treatment groups, also the weight gain was similar in all
groups. .

" Food disappearance data are shown in Table 5.2 Food pellets were
weighed weekly at the ‘same time as the animals and the results were

averaged for the preceding 3 weeks. The rather large amount of food

pelleul disappearing was due to ‘the nature of housing. In. wire-meshed
hanging - cages, a onuldanbh amount of food is wasted by the animals,
since p’elleu_' of smaller size tend to dm‘p off. So the measurements i

I
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TABLE 5.1

Weight of Mice

, Treatment Group

Before 0 week
treatment

6 week

None 1

Cd for 3 wk n
and none for
next 3 or 6 wk

Cd_with Zn for III *

3k ffnd Zn
for pext 3 or 6 wk

Cd for 3 wk v
and Zn for
next 3 or 6 wk

Znfor3, 6 [V
or 9 wk

None for 3 wk VI
and Zn for ¢
next 3 or 6 wk '

186 = 114 206 = 14

188 = 1-8 216 + 16
182 = 114 208 = 19

186 = 13 210 = 16

187 = 114 210 = 1-4-

18

16 -

17

12

15

‘Results are eéxpressed as mean + SD. Before treatment and at 0 week,
there were 30 animals in Groups I, II, Iil and V, nng 20 in Groups IV

and VI. At 3 and 6 week, there were 20 and 10 animals in each group.
. 2

There are no

(P>005) between
treatment groups by one-way analysis of varlarice,
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TABLE 5.2

Food Disappe:amnoe

A
. \
Treatment Group 0 week 3 week *. 6 week
gm/day
. None 1 esxi12 6911 6115
Cd for 3 wk n 61 + 08 68 = 13 63 + 12
and none for *
next 3 or 6 wk . .
Cd with Zn for hiig 63 = 1-0 64 = 10 65 = 09
3 wk and Zn
. for.next 3 or 6 wk
Cd for 3 wk v 64x09 66 + 08 64 = 14
~and Zn for ° .
s next 3 or 6 wk
" 2
, Zn for 3, 6 v 60 = 13 67 £ 12 62 = 12
d or 9 wk !
None for 3 wk VI 66 x 15 64 = 08 63 £ 111
and Zn for =
next 3 or 6 wk
Food PP of ged mice were measured weekly,

" Results " are expnssed as mean + SD food d:snppcnmnce for the
" preceding 3 weeks. At 0 week, there were 30 animals in Gmups LI,

Il and V, and 20 in Groups IV and VI. At 3 and 6 week, there were

20 and 10 animals in ‘cach group. o - g wd

o

There are no smlsﬂcaﬂy llgniﬁeum differences  (P>0:05) hetween the‘
treatment groups by one-way anelyah of variance.
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presented in Table 5.2 reflect the efforts of mice on food procurement,
rather than true food consumption. The results did not differ between the

six treatment groups and three observations periods.

5.1.2, Weight of different organs
G

Liver, kidneys, thymus and spleen from all_ animals were weighed
immediately 'after killing. Res;xlu are shown in Tables 5.3, 54, 5.5 and 5.6.
There were no significant differences between the treatment gtoups at any
observation times, although the Iiv‘er and kidneys tended to be heavier at
the 6 week observation period (ie. 6 weeks after cessation of cadmium
treatment) in animals rcccivingg cadmium alone or with zinc as compared to
animals receiving no treatment or zinc (Tables 53 and 5.4). However, the
difference did not reach the level of stalis"cai'signiricunce. The thymus

~ ‘(cndcd to decrease in weight with incre.asing age of mice (Table 5.5).

5.13. Lymphocyte counts I;I blood, thymus and spleen

- v
Lymphocytes were counted in blood collected from the right atrium of

 the heart and in cell suspension prepared from homogenized thymus and

spleen. The results are shown in Tables 5.7, 58 and 5.9. The counts “did

not differ between the treatment groups 'at any dbservation time. However,”

the lymphocyle content of (hymus tended to decrense with increasing age
of mxce and that of spleen tended to increase. Thus cadmium and zine, at
the doses used in this experiment did not alter the total lymphocyte

content in these organs.

-

g
@
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i . T o s TABLE 5.3
¢ s
: "o Weight of Liver
Treatment 0 week 3 week + 6 week
mg ]
S None 13336 + 1608 13960 + 1493 13855 = 1081
Cd for 3 wk 14168 + 163-1 12831 % 23i-7 14972 = 1607
and none for .
next 3.or 6 wk
Il Cd with Zn for 13836 = 1178 13807 + 1909 15736 = 1605
3 wk and Zn for .
next 3 or 6 wk
Cd for 3 wk and ) - 1341-7 = 1879 15510 = 1927
Zn for next ; il
3 or 6 wk 2 -
k Zn for 3, 6 . 1403-8 + 1324 14873 = 976 14044 = 1567 !
or 9 wk 1
None for 3 wk ! - 1430-0 = 1258 14325 = 1747
and Zn for / " j
next 3 or 6 wk - 7
Values are expressed as mean + SD of 10 observations. ' . ’ o B
B
There arc ‘no statistically | significant differences . (P>005) between the fe
treatment gréup; 'by .one-way analysis of variance. ' - ®
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LS ] TABLE 5.4
. 3 , : _t
% Weight of Kidneys
§ N
Treatment 0 week 3 week © .6 week
. emg ° 3
None , . 2863 % 360. 3399 = 200  3542°% 220 4
Cd for 3 wk 3129 = 372 3268 + 356 3969 + 686
and-none for R - 5 P .
next 3 or 6 wk
Cd with Zn for S2971 % 2584 3436 = 288 3897 + 355
3 wk and Zn for
next 3 or 6 wk i\ ™
Cd for 3 wk and 5§ w9 xas ©3876.% 310
Zn for next ; : - '
3 or 6 wk s « ¥
Zn for 3, 6 3054 = 305 3562 x 348 3741 % 440
or 9 wk
None for 3'wk . . 355 £ 294 3675 + 426
and Zn for N .
next 3 or 6 wk ’ ¥

| $ - '

There are no ‘slntistlcally significant  differences ' (P>0:05) belwcen‘/ the

Values are expressed a5 mean = SD of 10 o!;scpvuﬂum
. : [}

* treatment groups by one-way analysis of variance.
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next 3 or 6 wk

4
TABLE 5.5 ™ B
- " Weight of Thymus ) i
g . {
. N
Treatment 0 week 3 week 6 week \ 5
v il . <
x mg
Ncne‘ ' 485 = 48  ~435 = 123 357 = 96 ~ -7
Cd for 3 wk ' 524 £ 171 393 = 132 395 % 72 ¥R
and_none for ) o~ ]
next 3 or 6 wk . > 3
Cd with Zn forr 455 £'85 .~ 397 x 56 397 x 42
3 wk and Zn for - N i o
next 3 or 6 wk . . “
Cdfor 3wkand - 464 £ 115 355 % 52,
Zn for next . b = \
3or 6 wk . g SN
Zn for 3, 6 . 437 + 83 428 = 54 392 = 46 _
or 9 wk
None for 3 wk - 453 = 47 363 = 27
and Zn:for ! g

Values a;é\cxpres.sed as mean f\\ SD of 10 observations.
% e N A

¥ Thcrc‘are no su;tistimlly significant  differences 7(P>0'05) between  the

treatment groups by one-way analysis of varSanceﬁ
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TABLE 5.6

Weight of Spleen

Treatment. - . 0 week _ 3 week 6 week ~
§ mg

None .106‘2 * 202 992 + 124 93‘4 + 90

Cd for 3 wk 112:6 + 42:8 1030 + 218 1072 = 87 = \\

and. none for ) " %

next 3 or 6 wk : -
~Cd with Zn for 970 £ 96 99986 1078 144 @

3wk and Zn for / . -

next 3or 6wk - > s N
. Cd for 3 wkand. - - 1036 + 163 10&6 127

Zn for next .

3 or 6 wk o

Zn for 3 6 " . 925 + 110 1081 = 173 1098 = 172

or 9 ]
- None for 3 wk - 1001 = 103 108-8 + 222

-and Zn' for : < %

néxt 3 or 6 wk

Ll
Values are expressed as mean = SD of 10 observations. /\)
. » \
e E .

There are no s(atisncally significant dnfferences (P>0-05) between the *

treatment groups hy one-way analysis of variance.




TABLE 5.7

Lymphocyte Counts in Blao‘d

Treatment -0 week 3 week 6 week o ‘ :
x 106/ml

None 225 = 091 299 % 0‘73 245 % 070

Cd for 3 wk 90+ 121 301 = 083 289 = 051
and-none for .
next 3 or 6 wk N \ ,

‘Cd with Zn _for 302+ 117 281 £ 082 © 322+ 077 ’

. 3 wk and Zn for '
next 3 or 6 wk . .

Cd for 3.wk and . 283 = 117 245 = 078

< Zn for next + . .
3 or 6 wk - ¢ e 5
Znfor 3, 6 252+ 106 232 % 104 293 x 066
or 9 wk .

None for 3 wk - 243 = 090 285+ 079
and Zn for 3
next 3 or 6 wk — ‘

" Values are expressed as mean * SD- of 10 observations. —
- «
There "are no (P>0-05) . between the

treatment groups by one-way ar;alysis of variance.




R : TR TABLE 58

Lymyhocyle Counts in' Thymus

' Treatment 0 week 3 week 6 week o
N x 106
. : . . *
* None 96 = 434 1107 x 353 sm + 321
Cd for 3 wk ~ 1043 =638 826 + 518 - 925 + 179 =
and none for e | I G
riext 3 or 6 wk ) 2
v ) | - -
Cd with Z . 874 = 467 832 % 269 800 = 128 ;
: . ’3wkandannr -\ x .
R next.3 or 6 ,"’k \ P i * 5
Cd for 3 wk and . . 1048 + 460 775 = 173
-Zn for next .
H 3 or 6 wk ¥ e
Zn for 3,6 . 1186 * 532 990 = 337 758 x 187 “gs
or 9 wk. - B i
s
y None for 3:wk . 961 + 303 797 % 136 -
\ and Zn for " =

_mext 3 or 6 wk

'Values are expressed as mean .+ SD of 10 cbservations.

o .- e B
Thnxu aré—no’ isti  signi i (P>005). between the
treatment gronps by one-way analysis- of variance. - -

. B




82
g

" TABLE 5.9

Lymphocyte Counts in Spleen

Treatment

next 3 or 6 wk

0 week - 3-week 6 week
. x 106 Ul
None 19’8-\: 532. 2053 317, 2161 % 166
Cd for 3 wk 1929 * 961 2161 x 481 2243 £ 246 2
and none for e F
* next 3 or 6 wk . i .
Cdwith Zn for ' 1747 % 480. 2154 £ 285 2198 % 289
3 wk and Zn for | . L *
next 3 or 6 wk 2 ( ¥
Cd for 3 wk and _ - 2005 = 317 2227 & 351
:Zn for next ) .
3 or 6 wk - P T
Zn for 3, 6 1580 = 246 | 2129 t,37‘-7' -222:3 + 254
,or 9wk T .
‘None for 3 wk - - 2125 + 364 2198 = 297
and Zn for < 8

Values are expressed as me:

an x SD of 10 observations.

Thére are no stntisticall_ydigniﬁc‘am differefces (P>0:05) t;qlwcen the’ .

treatment groups by. one-way analysis of variance.

.




. ’-5.1.4. Direct phqwhnnlu‘edl response

~

m&wpmfmﬂmWMOENMummwdw
injecting ;heep red blood cells (SRBC) 4 days prior to ln’l]mg and wunung Y
the - -number of ~splenic’ )ympbocylu producihg M um'body against the :

respectively.

cnmpnbd to those receiving cadmijum with -zinc, zinc or nc treatment. Thus

Mice treuled with cadrmllrn for 3 weeks (week 0 ghsamnon) hud :

,SRBC antigen in a plaque-assay. Results expressed as plaques/106 spleen ‘.',
" lymphocytes and plaques/spleen are shown in Fig. 5.1 ‘and Table 5.10

significantly increased “number of splamc M plaqua-formmg cell (PFC) as T

ufzmc the cadmium-induced increase

in IgM PFC tesponse. Thise yeeki e’ afion of cadmiy el

. (week -3 _ observation), me:nnmber of IgM - antibody-forming ~ cells Sdht

tended to be high in_ ud@im—ueaﬂcnnimnlg and the antagonistic ‘effect

of

statistically not significant. Even:zinc given afidr cessation of cadmium
treatment _ tended to lower _the catminmninduced increase * in IgM PFC
number (Fig. 51 and lele 510). ‘After 6 weeks of eesnwn of cadmium
treatment (week 6 dﬂmuon) no -significant 'difference in M anu'body-
forming cells’ between the groups - were observed (Table 5.10).

zinc on

Spleén cell cultures were stimulated with the T cell mitogens PHA and
Con ‘A for 72 hours and
'4hqnnofihcnﬂmnwmmmtiobemmu|emymidine

- 5,15, Proliferative response of spleen cglll o

i during the last




. IgM‘ plaques/105 spleen cells

IgM PLAQUES

.

500

450

350 D)

300 |, T

250

I o m v 1 I m I -V
0 week 3 week -
5 . > N
)
P E FIG. 5.1
Direict plaque-forming (IgM) cells response in mice treated with cadmium
with or without zinc. Group I received no treatment; group II,-cadmium for
3°weeks ‘and no treatment for next 3 weeks; group 1II, cadmiug: with.zinc: -

for 3 weeks and zinc for next-3; weeks; gmllpwki:m for 3 weeks
and zinc for next 3.weeks; and ‘group V, zinc for 6 weeksBars represent.

. mean_and SD of 10 observations. At 0 week, cadmium treatcd_nnih’g‘ls -had

higher number of plaque-forming cells.. than -the other three groups
("P<0.05). Simul of cadmium and zinc did not result ina
greater number of - plaqu&-forminé cells:;' At 3 .week, there’ were 'no
significant diferences between the groups. ’ : L

; "




3 wk and Zn for.
next 3 or 6 wi\

Cd for 3 wk and
*Zn for next

3 or 6 wk

Zn for 3, 6

or 9 wk .,

_None for-3 wk
and Zn for

next 3 or 6'wk -

a

57276 = 12161

e 85
. v 4
TABLE 5.10 ~~._
.
S Direc!»Plnque-f?‘ing Cell Response
Treatment 0 week 3 week ' 6 week
- . IgM Plaques/spleen

" None - 63364 + 11235 67125 = 14262 ° 75432 = 10494
" Cd for 3 wk 89466 = 13104" 81793 = 10331 81432 = 12923

and none for * . . p

next 3 or 6 wk . -

Cd with Zn for 56683 = 11147 71958 % 10026 77450 = 11428°

.

67315 = 13803 77728 % 11980

68483 + 9206 79912 x 12498

68380 + 12222 76137 = 10424

Values are expressed as mean = SD of 10 observations.

‘Signiﬁcandy different at, P<0-05 from other values in the~same column by

Duncan’s' multiple-range test.




uptake of sti and imulated cells was exp as

index. Results are shown in Table 5.11. There was a large spread of values

obtained from the different groups. Differences between the groups were
not statistically | significant, however, the mean stimuldtion index tended to

be higher in animals receiﬁng cadmium as compared to the non-treated

controls, both at 0 and 3 week of observation. Animals .receiving cadmium

and zinc mgemer had values similar fto those r:cewmg cadmjum alone, but
zinc ‘tended to reduce the response when given after cessation of cndmium

treatment. None of these dlfferences reached the” level of slnusncnl
5 ‘ \\ . LU, .
sxgruﬁcance‘ ‘ \ o . § Yy

Al \ .

5.1.6. Autoimmune rgspunu in kidneys S

ke

‘Whole lddney sectiuns were examined ‘for IgG and C3 deposition by

T ‘ using in tagged anti: 18G and [}
Six to eigﬁt mice from each group were i at the th.rce ,\

-periods. No levidence of autoimmune reaction involving' IgG ‘and C3

deposition wa$ seen " in ry animal. Fluorescence was noted around the

glomerulis a'nﬁ thé convoluted tubules, but the amount of fixed antibodies

followed the same pattern and appeared to be equal in all treatment
L pa pp eqf

groups.
5.17. Electron imicroscopy of kidney N
. \ ) ‘\
Kidney sections were for ..by
e{ectmn i Four animals from each group “_vere

examined ‘at 0' arid 6 week of observation. ‘Whole,_s€phron and interstitial




i 87 )
P~
-
" TABLE 5.11
}rnlifemlive Response of Spleen Cells
- e
. ' 0 week 3 week
Treatment PHA '~ Con A PHA Con A
= 7 e -
None 77229 159.:66 87 £'62 158 = 137
"Cd for 3 wk ) 122 :;4‘4 266 =154 6 + 249 276 £ 402
and none for -
neit 3 wk

Cdwith Zn for © 111 % 81 259 = 269 120

*= 96 274 = 278
- 3'wk and Zn for -

next 3 wk ’ K - e
Cd for 3 wk and - S 72 %37 211 % 218
Zn for next . )

3 wk :
Zn for 3 or 96 + 43 177 £ 124 69 188 = 194
6 wk 3 3

vl’mhferatlnn response _is expressed as stmlatlon inflex wlnch represents

the ratio -between mean ‘counts per minute of mphcate cultures
stimulated - with ‘mitogen dlvnded by the mean counts per minute of

triplicate control cultures. The results are expressed as means + SD of
‘10 obsemuons

There are*ho

Atreatment groups by one-way analysis of ‘Qriancc.

@>005) “between the-

TR Vg




tissues were examined. Abnormalities were \obs;rved in the proximal (ubl;inr
epithelial ‘cells in animals treated with cadmium for 3 weeks. As compared
-to the non-treated animals, the- mitochondria were increased in number,
.\'swollcn.and the cisterna distorted. Inside several cells, electron dense
bodies were observed (Fig. 5.2). Similar changes were’ also seen 6 weeks
after cessmizlm of o‘admium treatment, and in"animals receiving cndmiurﬁ
together with zinc. Other areas .of- Kidney,~ including the glomerulus X
.appenre'd normal: in all groups. Thus cadmium altered the structure of
proximal - tubular cells” which pem&éd afters cessation “of treatment and
‘zinc had no efféct on this asi;ect of cadmium  toxicity. »
S . : -

/-
4  5.18. Tissu¢' cadmium concentration . :

Kidney and liver samples from mice killed at 0 and 6 week observation
were freeze dried and later analyzed for cadmium  content by atomic
£ .
- absorption spectroscopy. Results are shown in Tables 5,12 and 5.13. Kidney
. / i

and liver cad was significantly higher in cadmium

Areated mice at 0 and 6 week than untreated. mice. In*cndmium treated

& /- mice, kidney i between 0 y

also , i

and 6 weeks, while a trend for decrease in liver cadmium concentration

was observed at the same time period. Mice receiving cadmium and ' zin¢

together had significantly lower kidney and liver cadmium concentration
than animals “receiving ‘cadmium alone. Zinc given after cessation of
cadmi‘urg_ucalmem algp tended to decrease cadmium- concentration in both

the organs, ¥ . .
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ELECTRON MICROSCOPY OF KIDNEY SECTIONS

FIG. 5.2

Electron mi pic app of proxi tubular cell from a control
mouse (left) and cadmium treated (50 ppm cadmium in drinking water for 3
weeks) mouse (right). In the treated animal, mitochondria are increased in
number, swollen and the cisternae are distorted. Electron dense materials

are present inside the cell. (x 12,000).
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TABLE 5.12 -
Cadmium Concentration in the Kidneys- . * %k
~, ., .
Treatment 0 week 6 week .
- welg
None "098 = 0842 SON1U 0408
y ’ N R a
Cd for 3 wke 857 065 - 4215 = 3300
and none for s / ¥ o ‘
next 6 wk R .
Cd with Zn for 542 # 0754 . 729 £ 1570
3 wk and Zn for » o )
next 6 wk - . G

Cd for 3 wk and
Zn for next 6 wk

996 . 211b¢

Values are expressed as mean
I ¢ ‘ '

£ SD of eight obseryations.

» 2

In vemcal columns values not - shurmg a commioni supcrﬁnp( letter are -

ﬂgruﬁcandy differerit at P<0-01 by. Duncan's mulnp]e range test L

In horizontal rows values not sharing a ‘common super

ript letter are

significantly different at P<0:05 by Duncan’s (mulliplc-'rﬂng test. . %
e E . & -
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TABLE 5.13

Cadmium Concentration in the Liver,

Treatment 0 week ~ 6 week
=
) Helg

None . 061 + 0212 041 = 0142
Cd for 3 wk’ 730 £ 0710 ¢ 665+ 1180
.and. none for * g L

next 6 wk N

" Cdywith 'Zn for - - 457 £ 099¢ 435 £ 19¢ 7

3 wk and Zn for v

next 6 wk 4 «
Cd for 3 wk and O ' S : * 572 + 1.96b¢
Zn for nekt 6 wk -3 -

Values are expressed as.mean x SD df eight observations.
v i
+ In vertical columns and horizontal mws values not sharing a common g

superscript letter are mgmfcamly different at P<0-05 by Duncan’s

multiple-range tes(,




52. EXPERIMENT 2

52.1. General health of mice

As in experiment 1 (Section 5.1.1), mice were examined at least once
a week for external signs of toxicity, weight gain, food dis:_nppenrance and
death. No sign of toxicity was scen in any mice and none died while on
treatment. on dissection after Kkilling, all organs appeared healthy on

gross examination.

Weight of mice was monitored weekly. Results for three time periods
-are shown in Table 5.14. There were no 'sta(isticnlly significant differences
between the groups’ and also mice from all four groups gained weight

equally. =,

. Food disapp.zarance was ' checked for one wcek‘immedinlely prior to”
A'killing. Results are ;uwn in ;Table 5.15. As in the previqus experiment
(Se‘ction 5.1.1. and Table 5.2, page 74), large amounts of food disappeared
from' the cages and the amount of food pellets disappcnrin‘g was . equal in

Call groups.

5.2.2. Weight and lymphocyte counts in spleen

Spleen was collecled‘ at 0 x;nd 3 wee}cs, weighed and lymphocytes
countedon standard Neubauer chamber. Results* are-shown in Table 516,
There were n‘c statistically ~ significant  differences  between the 'EI'D\I)"II. -
Thus _weight Vandr.lympho'cyte content of spleen “was' ot altered .by ‘e:

cadmium and zinc treatment at the dosage used in this experiment.

Wit iy
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TABLE 514"

‘Weight of Mice

) .
Treatment Group Before 0 week " 3 week
treatment
0 gm
None I . 187 £ 13 204 = 12 224 = 17
Cd for 3/wk )i 126 = 15 203 %13 224 x=
and norne for
next 3 wk- ~ ¢
Cd with Zn.for,” 11 - 189 + 10 208 = 12 224
3.wk and Zn for . . .
next 3 wk. *
Zn for-3 ‘v 19072 13 205 * 13 28 =

or 6 wk

v .,
Results "are expressed as mean + SD of 20 observations before treatment

and at 0 week, and 10 at 3 week. -
. .

There are no_ statistically significant differences (P>005) between the
treatment groups by one—wﬁy analysis of variance. .
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TABLE 5.15
Food Disappearance
—

\ T

Treatment Group 0 week 3 week
4 2t
- gm/day
None 1 64 £ 10 68 * 13
——Cd for 3 wk I x 63 £ 08 64 x 11

and none for ) N ¥

next 3 wk 1
Cd with Zn_for it i 60 %12 64 13 |
3 wk and Zn for 2 t
fext 3 wk |
Zn for 3 v 63 = 11 65 = I'1 ‘
' dr 6 wk . |
Food di of individ ged mice was for one week

prior_to_killing. Results are expressed as mean + SD of 20 observations

at 0 week, and 10 at 3 week.

There are no statistically significant differences (P>005) between the -

treatment .groups by one-way analysis of variance.
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- TABUE)S.M

- ., Weight and Lymphocyte Counts in Spleen

= . Weight Lymphocyte count

Treatment 0 week 3 week © 0 week 3 week

. “mg . x 106 %

" None 736 £ 50 784 £ 95 1516 * 402 150-4 = 388 -
ST Cdtor3wk 760 = 145 7515 87 ) Y28 373 1539 = 309
i - ~—and none for “ ) S
) B i '3 wk . < ' Ty
€d with Zn for 724 = 78 776+ 136  Jis34 = 432 1594 = 461
ik = 3 wk and Zn wa s . e
: - -for next 3 wk ©. | . _— ¢ - " . !
S0 zmfrse w650 711% 88 1638 £ 379 . 498 = 423 - - ;
o wl .. .
i Values are expressed as mean = SD of 10 observations. _

3 . B . g ~ ¥ ‘ - !

There are no statisti - signif if (P>005) between the

treatment .groups by imc-w’ay analysis .of variance,

T
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5.23. Indirect plague-forming cell response

Indirect plaque-forming cell (PFC) response was assayed immediately
aft;:r cessation of cadm.ium_lreatmem (0 week) -and 3 weeks later (3 week).
Mice were injected with sheep red -blood cells (SRBC) 8 days prior to
killing and the number of spleen cells prodiicing IgG antibody against the
SRBC antigen was counted in a plaque-asiay. Resull.s expresied as IgG
plaqnes/l()6 spleen. lymphocyl:s nnd p]aques/splcen “are shown in Fig. 5.3
and ,Table ‘517 respectwcly The findings followed the same pattern as for

IgM plaque-assay (Fig 5.1, page 84; .Table 5.10, page 85). At 0 week of .

obseivation, cadmium__n‘em'd “mice had significantly -higher IgG - PFC
nu;'nb;r than the other three groups, including that receiving cadmium and
zinc . togethet. The nu‘mhe\j»of PFC in the iuntreated group ‘and those
treated \xlilh cadmium _and zinc together .orAunly zinc was not différem
from “each- other. Thus zinc prevented the cadmiuminduced increase in 1gG
PFC. r@ponse when gwen along with cadmium. Three weeks after cessation

of cadmi (€] week ion), i treated ammals still

tended to have high IgG PFC number than- other three groups and zinc

the

but the dil e wefe _stati not
significant.

e
53. EXPERIMENT 3

53.1 General health.of mice -

examined at least once a week for external. manifestgtions of toxicity,




1gG PLAQUES
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=

IgG plaques/106 spleen cells

&

§

u
3 week

it

0 week

FIG. 53

¢

}J‘ndirecl plaque-forming (IgG) cells sesponse in mice treated -with or

without zinc.¢Group 1 received no treatment; group II, cadmium for 3
weeks and no treatment for next 3 weeks; group 1II, cadmium With zinc
for 3 weeks and zinc for next 3 weeks; and .group V, zinc for 6 weéks.
Bnrg' répresent mean and SD .of 10 observations. At 0- week, cadmium
treated unifnnls'hud higher number of blnque-forming cells than the other
three . groups (-P<005) of cadmium and zinc did
not result in a greater number of: platjue-forming cells. A( 3 week, there
. were no algnimm differences ‘between the groups.”

Wil

e




TABLE 5.17

1n7=ct Plaque-forming Cell Response

3

Treatment 0 week 3 week
IgG Plaques/spleen
None ~ 242378 "+ 47632 ' 269728 * 66672
Cd for 3 wk 353412 = 66444" 293382 + 54312°
and none for
next 3 wk )
. !
Cd with Zn for 279664 + 51852 279091 x 67875
3wk and Zn for -
.mext 3 or 6 wk -
' Zn for 3 or 281798 = 56483 259596 = 75414
6 wk \ :

Values are expressed as mean ' SD of 10 observations.

“Significantly different at P<0-05 from other values in the same column by

Duncan’s multiple-range test.
<




weight gain, food dixappeérancc and death. No *yms of toxicity, both

during the treatment and on dissection after killing were seen in any mice.

Weight of the mice at two time periods and food disappearance data
for a 7 day period immediately pn"or to killing are shown in Table 5.18. As
in_previous two experiments” (Table 5.1 page 73, Table 5.2 page 74, Table -
514 page 93 and Table 5.15 page 94‘) no statistically* significant differences
between ihe .gxoixps were observed.

- "t el

#
53.2. Welglll lnd lymphocyu counts’ ln splee-

Immedmcly nfter 3 wcck treatment period, mice were k\lled, spleens
- collected, weighed and the lymphncyles counted. Weight * of -spieen and
Iymphocyte"'bontenl for. the  four yéups are shown in Table 5.19. No

A

Although in the previous two experiments no °differences in spleen

e between the groups werel\"‘

weight and lymphocyte content were observed, the procedure was repeated
and the dnts prescnted as a backgmund, since the -other immunological

assays were performed on spleen cells.

533, T l_ymphocyl‘«aubuu in spleen . . /

Splenic T .lympﬁocyte subsefs were countéd by immunuﬂumv'cscencc‘
staining . using - monoclonal . ami‘-L’iTA‘ and _ anti-Lyt-2 smibod_ics.‘ These
antibodies identify the mun'ng Ilymphocyte differentiatign antigens CD4 and
' CD8, whichi are markers of helper/ind and y oxic T’ cells

_ respectively (Scollny, ‘Bartlett  and Shortman, 1984; Lewis . and Cahalan




TABLE 5.18
Wciéill of Mice and Food»Dis‘appeamﬁce -
]
Treatment Group »~  Weight Food
e Before 0 week: disappearance
treatment s .
e N
T v s 5
. ; gm - gm/day L
None B 196+ 14 230 = 14 64 = 12 :
o -
- |
Cd for 3 wk \‘H 194 = 14 231 % 15 62 £ 10
. | Vs . ’
Cdwith Zn . I = 196 = 12 29 = 14 65 + 111
for.3 wk y .
Zn for 3 wk v 197 = 12 229 % 14 63 £ 10

Weight of mice resu]ls expressed as mean + SD of eight obscrvmmns

before treatment and at 0 week.

Food dit of indivi g d mlce was for one week

pncr to lul!mg. ‘Results are expressed as mean’ % SD of -eight

observations.

There are no statistically significant differences (P>0-05) between lhs\L

treatment groups by one-way analysis of variance.




- TABLE 5.19
Wejght and Lymphocyte coullin Spleen
Treatment Weight ' ‘Lymj
/ count
~ mg . / x 106
r

None }37 +194 1413 = 255
Cd for 3 wk . 823 + 203 | 1398 = 25
Cd with Zn 6 = 125 M8 = 25
for 3 wk ) . :
Za for 3 wk : 759 = 141 132% = 317

-

Values are expressed as mean % SD of cight observations. «

- There are no statistically significant differences (P>005) between the
treatment groups by -one-way analysis of variance.

r
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1988). Results are shown in Table 5.20. Percentage of CD4+ cells was
similar in all 'groups of mice, but that of CDB4s cells was significantly
/ lower in the cadmium treated group than in the other three groups,
:i/@dndmg that treated with cadmium and zifc together. Concurrent
“{dministration of zinc thus prevented the cadmium induced selective
reduction of CD8+ cell number in the spleen. The ratio of C[;4+ and CD8+
cells, which reflects the balance of immunoregulatory T-Iymphoqlels, was
higher in cadmium treated animals than in all other groups. Zinc preve.med
this increase.

53.4. Suppressor cell activity b s N

The capacity of Cod A induced spleen cells to inhibit the mitogenic

response of autologous spleen cells to PHA in coculture was measured and

the p ge of suppressi as the supp: cell “activity.
Rﬁlll':t are shown in Fig. 5.4. There was a large sl':read of results and also |
some values were in the negl?ve/‘rangc, making interpretation of assay
results, complex. However; mean suppressor cell activity tended to be lowef
in.* mice treated with cadmium than in untreated controls, but the
difference was statistically not significant.
7z
5.4. EXPERIMENT 4
5.4.1. General health of mice
v

As in the previous three experiments (Section 5.1.1., 52:1 and 53.1)
mice were examined at least once a week for external signs of toxicity,
weight gain, food disappearance and death. All apimals  were healthy

04
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[y
TABLE 5.20
. bt
; ~T-lymphocyte Subsets in the Spleen at 0 week
. .CD4+ cells CD8+ celis ’ -
Treatment . (L3T4* helper) ~ (Lyt-2% suppressor) helper/suppressor
¢ ¥ .
% .
None . 3490 + 663 24:96 + 355 140 + 021
v S b : ' .
& { © Cd for 3 wk 3235 = 598 17:24 = 274" 189 =032"  ©
& 3 - & .-
Cd with Zn 3199 = 600 22119 * 279 144 =019
for 3 wk o . .
Znfor3wk 3340 = 628 2337 + 2:04 140 = 021

Values are_expressed as mean % SD of eight observations. -

*Significantly different at P<0-01 from other values in the same column by
Duncan’s multiple-range test.




% suppression

-40

Suppressor eell. activity (% 0
Each point represents one animal and the bars represent the mean value in

each group. There were no* significant differenges * (P>0.05) between the

oo

Cd,

. EG. sd
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throughout the experimental period and also on dissection after killing no
“gross “pathological Jesions were seen in any organs. Weight of mice. at two
time periods and food disappearance for a 7 day period immediately pfior
‘to killing is shown in Table 521. As in previous cxperiments (Table 5.1
page 73, Table 52 page 74, Table 5.14 page 93, Table 5.15 page 94 and
Table_ 5.18 page 100) rio statistically significant differences between the
groups were observed. Howeves, the food disappearance was . considerably
lower than before, as ‘mice in this eyperiment were housed in plastic cages
. with bedding and as such less food pellets were wasted by the animals. '

5.4.2. Weight, lymphocyte and B.cell count in spleen /

After -three weelé treatment  periods; mlcevwere ;(illed spleens
mllected, welghed nnd lympho*es counted. B cells from spleen. ~cell
!lupenslon were stained with FITC—conjugaled punfed anti-mouse IgG and
counted using- a fluorescence microscope. Spleen weight, lymphocyte. count
and B cell count Tesultf are shown in Table 5.22. There were no
statistically ngnlﬁu:l differences between the groups, however, _total B
cell count in the spleen leM lc; be higher in cadmium mx;d animals
than in the other three groups. B

» .

5.43. Natural-killer cell activity .

Nlllltl.l killer cell u:tivity was measured. in n- 4, and 12 hour chromium

release may using the Molone}; virus induced lymphnma celt line YAC1 -

. Iabelled” with 51Cr "as targets. Results are shown in Fig 5.5. The natural-

killer cell activity was lower in cadmium treated animals as compared to .
+ . - '




Weight of mice results expressed.as mean + SD of 10 observations before

TABLE 5.21

Weight of Mice and Food Disappearance

Treatment Group eight . Foo

. Before © 0 week disappearance

treatment / 5

. em gm/day ?
None 1 203 = 15 234 = 15 39 £ 06 i
9 .

Cdfor 3 wk- I 202+ 13 ° 247+ 16 37 %04 .
Cd with Zn - Til 206 = 12 343 = 17 38 £ 05
for.3 wk LR .
Zn for 3wk V 0416 . 243 =11 F6x05

treatment and at 0 week. .

Food

e

prior to killing. Results are expressed as ‘mean + SD of elght

observations.

There are no

treatment groups by one-way analysis of.variance.

of individually-caged mice were for one week

> 2

(P>005) between the
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B
TABLE 5.22
=~ Weight, Lymphocyte and B Cell Count in Spleen .

= +
Treatment Weight Lymphocyte B cell B cell
count . B

mg . X106 % X106
Norne 674 x 68 1195 = 469 377 £ 35 442 = 152

Cd for 3 wk 729 = 91 1371 £ 493 368 + 38 506 = 193

Cd with Zn 674 = 92 1217 = 302 374 = 33 455 = 119
for 3 wk

Zn for 3 wk' 22 x 48 1233 =+ 367 353 * 44 434 =127

The rrcslrlrlt's ;rc expressed as means * of 10 observations.

There are no statistically xlgmfcam differences (P>005) between the

treatment groups by one-wny analysis of variance.
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FIG. 55

Natural-killer (NK) cell activity (% lysis) in different  treatment groups
after 4 and 12 hours of incubation of effector lymphocytes with labelled
target cells in a ratio of 50:1. Each point_ represents one animal and the
bars"represem the mean vglue in gach group. In the 12 hour assay,
cadmium treated animals had. lower NK cell activity than other three
groups ("P<005). NK cell - activity of groups receiving cadmium with zinc
or zinc was not different from control. In 4 hour assay, a similar trend
was observed (P>D'05) Between the 4 and 12 hour assay, the mean
percemage of ~target cell’ lysis increased in the control “and .zinc - treated
groups (TP<0 05), but not in those receiving cadmium alone or with zinc.




untreated controls ' at both time periods; however it was statistically
significant at the 12 hour assay. The_activity in groups receiving cadmium
with zinc or zinc alone was not different from controls in either time
period. Zinc thus prevented the cadmium induced reduction in NK cell

activity,
4

In - the: culture examined at 12 hours, the mean target cell lysis
_increased significantly over the 4 hour value in control and zinc treated
groups. Cadmium thus prevented the time dependent increase in target ceil
lysis. Concurrent administration ~of zinc tended to offset .the cadmium
induced suppressibn. 7

5.4.4. Pokeweed mitogen stimulated IgG production

\\.Pure: jons B were sti with _the B cell

mitogén pokeweed mitogen for 7 ‘days and the level of IgG in.the chiture .
supernatant measured by ELISA. Results are shown in Table 5.23. There
were no statistically significant differences between- the treatment groups. .

«

54,5, Liver trace element levels

Liver sa'mples were frozen at -20°C and later analyzed for multiple’
trace elements’ by inductively coupled plasma spectrophotometry: Results

are shown 'in Table 5.24. ,l.vjver dmit ion was

i ) %
. higher in cadmium treated mice as ‘compared to non treated controls. -Mice-
receiving cadmium and  zinc together had - lower liver cadmium
concentrations  as compared to those receiving cadmium alone. Tc level

was slightly t{ut significantly elevated in ‘mice .treated with cadmivm and
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TABLE 5.23
Antibody P ion by P itogen Sti Lymphge
Treatment . IgG
-
Lo ng/ml
None - 787 x 144
- ’ .
N ) o
Cd for 3 wk : 762 = 164
~Cd with Zn for.3 wk _ ' 820 = 156
Zn for 3 wk: 821 % 113

" Values are expressed as mean * S]i of .10 observations.

There are no statistically ugmﬁcam differences (P>005) b:twecn

treatment groups by one-way analysis of variance.

the
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TABLE 5.24

Trace Element Concentrations in Liver at 0 week

)

Trace e@ngnu (ng/8)

Treatment groups

None cadmium

cadmium + zinc

_ Cadmium
Zinc .
Tron -

C o
Copper
“Selenjum
A!umim;m
Mnngsnesa E

Chromium

.

06 + 0:042 564 = 1.54b
255 £ 088 .. 279 = 090

631 £ 48 414 = 30b

641 x 0478 635 + 0328
356 £.0938 236 = 117°
222 + 0612 ; 110 = 069
114 + 0088 125 = 008b

016 = 0182 011 = 0032 ~

383 x 0-63¢
283 = 120
390 = 250
‘619 + 0308
137 = 0618,
049 = 0370
123 + 0-06°
010 = 0028

=

.
Values are expressed as means + SD of six observations.

N . .
-horizontal rows values not sharing a common superscripts letter are

significantly different at P<0-05 by Duncan’s 'mullipll:-runge test.
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zinc as compared to non treated controls. Concentrations of iron, selenium *
and aluminum were low in mice treated with cadmiom or cadmium with
u'nc'as'wmpuedm untreated controls. The manganese level was slightly
but significantly ‘clevated in mice receiving cadmium alone “or with zinc.
Other trace element levels, including copper, were not different in the '
three troatment groups.  #
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CHAPTER 6

2 DISCUSSION

ln. this study the effect of a relatively low dose of oral andmiwn
treatment on the ifymune system and the interaction between cadmium and
zinc on sthe immuﬁe cells- were ined in mice. The dose of cadmiun;

- used was apprmuma‘tcly mmpamhlc to possible human exposwse. The
“general  health - of, anlmnls, yveight gain gnd food consnmpliﬁ\ was not -

affected by the cadmi and zmc a Also, no ities were

seen- on " gross examination of ‘any orpm and np ‘animals died'. during the
experiment, In other studies also where similar doses of cadmium were
‘used (Muller et al, 1979; Knller, Roan and Kerkvliet, 1979; Wcsenh!% mld
Wesenberg, 1983; Blakley, 1985; Blakley and.Tomar, 1986; Borgman, Au and
Chandra; 1986) no gcn\nil _health effects were reported. h;IaIavc and
D‘eilufﬁno (1984) reported a slight reduction in body weight of mice by
cadmium (rnntmunt‘ at a dose of 50 ppm; however the reduction was more
discernible beyond 3 weeks of treatment, the time at which cadmil;m
ﬁument was stopped in the present expeﬁl:nlent. Zinc at the dose of 500
ppm also did not affect thé .g‘encml health of the mice when given alone
or. together. with cadmium. Thus’ the animals _appeared to have lolem\s@ihe .

treatment ‘well. B X ‘
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* 1. EFFECT OF CADMIUM ON IMMUNE RESPONSES

Cadmium at the oral dose of S0 ppm for 3 weeks did not alter the
weight of the primary lymphoid organs - the spleen and thymus; nor the
lymphocyte counls in the blood, spleen and thymus. Also no effect after 3
and 6 weeks of oessanun of cadmium treatment was observed. This finding
is in agreement with those of Borgman, Au and Chandra (1986) and Malave
and: DeRuffino (1984) who also used similar dose of oral cadmium
treatment. However, Yamada, Shimizu, Kawamura and Kubota <i981), and
Suzuki, Yamada apd Shm\izu (1?81) réponed atrophy of the ‘thymus and
enlargement of d spleen following cadmium inject_ihn. Bozelka, Burk};olcrv
and Chang (1978) also reported increase in spleen size following cadm‘lurn"
injection. The difference is probably due to the amount of cadmium
delivcllcd to thé imm\;ns organs depending on“the mode of treatment. In

ing oral cadmi a smaller

contrast to jum  injection,
-

amount~5f jum would be absorbed and deli to the spléen and

thymus. The smount of cadmium was probably less than that required to

. * . - .
cause gross and in the immune organs,

As a first step to characterize the effect of cadmium on the cellylar -
immune function, IgM and IgG -antibody producing cell response to sheep
red blood cells, a T ccll depcndcm antigen, was esnmaled in a plaque
assay; -and proliferative rexponses of spleen cells to ‘the T cell mitogens
phytohaeimagglutinin (PHA)- and concanavalin A (Con A) were studied in a
72 hour culture. Assay of anlibody production following stimulation with
shr.cp red “blood cells is a cluslcal test of immune function in an imm

animal. In. this test, the functional integrity of the anligen prelenllng




cells, B cells and the regulatory helper and suppressor T cells are assayed.
‘hedn'wPFCuuylemdumon,whﬂelheuﬂmPFCwyufor
IgG production (Jerne et al, 1974 Mishell and Shiigi, 1980). Lymphocyte
unns(mmﬁon(h vitro to mitogens is a useful test to assess cell-mediated
ihmnlﬁly..ﬂ; mitogens PHA and Con A :re.polyclnnal activators of T
cells and stimulate the cells to undergo blast transformation without
antigen c:mmct. The assay is believed to mimic the in vivo immune

response (Maluish and Strong, 1986). ’ & e
3 N ) y . 3

In this study, cadmiun‘l at'a dose of 50 ppm in drinking water for 3,
weeks caused a lignlﬁcam increase in IgM andv]gG nnuhody forming cell
lnumber Even 3 weeks after cessafien of cadmium !reatment the_ response *
tended to be lngl,\er. thfernuve resﬁnu of spleen /eells to T cell
mitogens also tended .w be Iughfr in gndminm treated animals, both .
immediately after 3 weeks, of cadmium treatment- and 3 weeks * after

cessation of _These ions are in agr with those of

Malave and DeRuffino (1984) who also used 50 ppm cadmivm in drinking

water and reported an increase in IgM antibody forming cell response and

lymphocyte stimulation response to T. cell mitogens. Enhancement of

mitogen responsiveness of T cells from animals treated with 50 ppm oral

cadmium has also been' reported by others (Muller et al, 1979; Blakley, L *
? 1985).

In contrast to low dose oral u;d:'lgium treatment, cadmium given by
Injecton. (Bozelke, Burkholder and Cang, 1978; Fujiiiaki, 1985), inhalation
(Graham- et al, 1978; Krz et al,- 1987), or in a large oral dose of
300 ppm for 10 weeks (Koller, Exon and Roan, 1975) reduces the number
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of antibody forming cells in the spleen and transformation response of -
spleen cells to mitogens. Cadmium given by injection causes an immediate
" and proseuriced rise in tissue level, and absorption of cadmium from the
lung is more complete than from the gut. Also following parenteral
administration, cadmium bypasses the portal circulation - and .the liver-

where cadmium is i to ionein and rendered

relatively non-toxic before release in the general circulation. Thus in those

where i was init by pare routes, a larger
smnunt of cadmium, and pmbably a more toxic form, was delivered to theL
immune cells than in the present study. From these studies, it thus nppenn‘
that a small ‘dose‘ of cadmium incre;ases the nL!r;xber of antibody forming

cells “and * lymphocyte  transformation rcspunse,’ whereas a ‘large "dose

these Di ion of ion of in vitro IgM
antibody -response by 4 and 8 uM cadmium and its suppression® at
concentrations of -20 and 4‘0 #M (Fujimaki, Murakami and Kubotp, 1982)
further supports this - concept. Failure to obtain any effect on antibody
forming cell number (Mullcr .et al, 1979) or demonstration of reduced

number (Blakley, 1985; Borgrnnn, Au and Chandra, 1986) using low doses of

cadmium may be due to strain as the expressiqn of
heavy metal toxicity is known to vary in different species and strains of
laboratory animals (Malave, 1981; Balter, Nieder and Gray, 1982), In the
present study and also in the study of Malave and DeRuffino (1984),
. C57BL/6 mice were used, which is different to the strains used by Muller

et al,, (1979), Blakley (1985) and Borgman, Au and Qhandra (1986).

To further characterize the effects of cadmium on the immune system

and to find a possiblé explanation of the observed increase in IgM and 1gG -
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antibody-forming cells by cadmi i were peri to study

the effect”of cadmium ‘on the B cell, helper T cell and suppressor T cell”

numbers and suppressor cell activity. Antibody production by lymphocytes
stimulated in vio by the helper T cell dependem B cell mitogen-
pokeweed mitogen (PWM) was also assayed. Al(hnugh antibody is pmdueed
by the terminally dlffercmuted"}} cells :~the plasma cells, the process is

* under the control of an intricate system of regulatory T cells. It is

possible that the effect ‘of cadmium on these distinct cell types are dose

dependent,
T cells are i ivided into two 1cti types - the
p r  and Y T cells, ldemlﬁed hy the
P of surface gh in markers CD4 and CD8 respecnvely In_

the -murine system CDQ"]und CD8* T cells can-be identified by the
monoclonal antibodies against L3T4 and Lyt-2 antigens respectively (Adkin

et al, 1987; Lewis and Sahalan, 1988). Expression of L3T4 and Lyt-2

antigens by t {l:umw T cells is mutually exclusive both with respect to
functional T /cell{ clones and with respect to spleniu"r cells (Dialynas,
Wilde, Ma}nck, Pierres, Wall, Havran, Otten, Lnken, Pierres, Kappler and
Fitch, 1983). In this study, it was found that 50 ppm cadmmm treatment
for 3 weeks selectively. reduced the number of CD8* T eells in v.lle spleen.
CD8¥ cells are known to include two distinct functional cell types, the
suppressor T cells which nre~ invo.lvcd in immunoregl'xlation and the
cytotoxic T cells which are’ the effectors of T cell mediated nntigeﬁ-
specific cytolysis. Reduction in CD8* cells may be due’ to reduction, of
either or both cell types, however, ‘it is more likely that the suppressor T

'oells were affected by cadmium as in the cadmium treated uumal:slhe

v

i

~
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suppressor ;;cll ‘ﬂplivily tended fo be lower. Malave and DeRuffino (1984)
also - reponed reduction of suppressor cell activity by oral 50 ppm cadmium
treatment in mice.: The effect of cadmium on suppréss@' T cells was
possibly a direct selemvp eg'cct of cadmium on l_hls subset and 'not an
indirect effect on the cr_:!ire lymphoid 'system‘due to 'stress with incredsed
secretion °‘of o;)nicfm'sternids.'me number of sl;ppressor 4 cclis was only
rec!uccd in cadmium treated mice and not in those f_e}:eiving cadmivm with
zinc. . v , N
B' o’cll function may -also 'be" influenced™ by cadmiun}. Fajimaki (1985)
rep:»ll:ted dircct inactivation nfb B cells resulting in reduction of IgM

antibody _Tesponse following .-a . single large _dose -cadmiumy injection. At

' lower paremeral doses, cadmlum is (epon;,d to cause slight splenomegaly '

and increase in B ccll numbers in the: splecn (Bozelka, Burkholer and
Chang, 1978); whlle nt oral doses" ranging (mm 50 to 300 ppm in dnnkmg

ylalcr cadmium  increases~ lymphocyte* pmhfcmnun tesponse to B cell

- mitogens (Mul]er et al, 1979, Koller, Ronn and Kerkvhet, 1979; Blakley,

1985), fol}xcular hyperplasla of Iymphold l)ssucs with marked B cell

'proleerauon associated’ with antibody excess (Powel'l, Joshi, - Dwjvede and

" Green, 1§79) ‘and deposition of IgG in renal g]cvﬁéruli"cnusihg diffuse

membranous nephropathy (Joshi et al, 1981). kt has been postulated on the

basis of the latter findings that cadmium may act as a polyclonal B’ cell
stimulant or act synergisiicaily with other B cell. stimulants, Fowever, - in
'

the present study, the number of B cells in”the spleen was not -alteved by

"Also on sti i wuh PWM lymphocytes from

Areated mice ibodies in amounu comparable to thase

observed in ‘the untreated mice. Thus at the dose of 50 ppm for 3 weeks,
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cadmium  did not. alter the l‘!‘ cell number or functional Activity of the B
“cell itself. So it ‘mags-bq derived that the apparent increase in immune
response obs'erve‘d; foll?wing (cadmiumwrealmcn‘l‘ was probably due to a
selective reduction of cells carrying CD8 surface antigen which identifies a
subset of cells with suppressor “activity, and not due to any direct effect

of cadmium on the B tells.

On the basis of ﬁndings of this sﬂ.;dy and those af others, and taking

% into consideration that cadmium is a cellular toxic element, it can be

Pprop that cadmis hag imp effects on il moreg; y T cell

r * ‘
number and function;"at a relatively low dose cadmium affects the cpst T
cells with suppressor function and; thereby augments measurable immune

against 0 antigens and

‘Eum:t(nns ~like  antibody
.. lymphocyte lrax{sfonnqtion response .to _ mitogens, wﬁsrcas at a high dose
all cell types are ‘a;feeted, resulting in general impai@en; of jmmune .
responses. This model explains most of the ‘experimental findings on
cadmium immlinotoxici!y and resolves - the ambiguity of the findings

reported by different investigators.

VThe effect of cadmium on ‘natuml-killer cell activity was also studied.
Natural-killer  cells are an important effector mechanism of non-specific
immunity, The.y can Tecognize surface chnngcs,' in virus-infected” or
malignant cells and lyse them. Naturalkiller cells do not require prior
sensitization to  become cytotoxic “and their activity is  not restricted by
major histocompatibility complex (MHC), antigens. Ndrmnlly fhc immune

cells recognize antigens only when presented in conjunction with an MHC

W ) T cells re ize foreign

'moi;cule; for example the CD4+
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antigens when presented with self MHC class II molecule, «while -CD8+

pp ic) T celis ize antigens p in
with class I molecules. In contrast, the natural-killer cells do not require
either class I or II molecules for recognition of antigens. Thus in vivo
they functiqn as an effective surveillance mechanism against infection,
particularly viral, and emergence of tumour cells. Natural-killer cells lyse
the target cells by a complex mcchanism. They first attach to the target
by a receptor, then lyse the cell in a Ca*+.dependent mechanism- by

orienting the granules, Gélgi and

complex toward' the targ?t and rclc{asigg the lethal pore-formihg \g:mtein
perforin and other cytotoxic factors. The killer cells- themselves survive
lliw encounter with target ceil and go on to kill again (Marx, 1‘;986: Young
and Cohn, 1988). ) '

In this study it was demonstrated that cadmium at the oral dose of S0

ppm for 3 weeks teduces ‘the natural-killer cell activity in mice. At 12

hours, the ion was isti ignil but a similar trend was
obséwcd also at 4 hours. It is possible that the low natural-killer cell
activity was due to a ‘reduction in Vthe- total number of natural-killer cells
by cadmium. However, it seems that more than a simple numerical
redq’stion of natural-killer cells occurred, as cadmium treated animals not
only khid a low natural-killer activity but ilso failed to show an .increase

in  activil with time. In contrast to other treatment groups, the

percentage of target cell, lysis was. essentially the same in cadmium treated.

animals at 4 and 12 hours. It is known that one natural-killer cell can lyse

many targets by lysing them successively one after another, “Thus in in ’

vitro culture the percentage of target cell lysis increases with time

a
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(Kicssling, Klein and Wigzell, 1975). The results of this study show that

cadmium P! such i and as a whole reduced the

efficiency of the ki'lling process. .

6.2. POSSIBLE MECHANISMS OF CADMIUM IMMUNOTOXICITY

In this study it was demonstrated that a relatively low. dose of
cadmium selectively affects the suppressor T cells and natural-killer cells
resulting in increased IgM ‘and IgG plaque-forming cell number and reduced
natural-killer cell activity. The cause or mechanism of the selective effects
of cadmium on these two cell types were ~m:n investigated, but several

mechanisms may be postulated to explain the observation.

~—Tt—is- known that lymphocytes cultured in vitro take] up a larger
amount of cadmium as compared to other formed elesflents of blood

(Hildebrand and Cram, 1979). But in ) the inducible i

metal binding protein metallothionein is probably mot induced to the extent
as seen in other tissues like the kidneys and liver ?ﬁanneﬁee, Onosaka and
Cherian, 1982). Metallothionein is known to bind free imracelllular cadmium
with high affinity and keeps it in a non-ionic form which is non-toxic. It

is possible that the suppressor T cells and the natural-killer cells either
.

" take up larger amounts * of °cadmium compared to ~ other | types of ’

or the ionein gene in. these cells is not induced to

the same extent as in other cells. As a result, large amounts of the toxic

ionic form of cadmium may accumulate inside these cells resulting in their

i the Ri

loss  of
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unique to suppressor .and nm;lral-kill:r cells may be more susceptible to

cadmium toxicity than others.

At the subcellular level, cadmium may interfere with the function of
enzymes and structural proteins. Cadmium may displace zinc from certain
enzymes essential for cellular function and render them inactive. DNA

RNA and

zinc-dependent  enzymes that are  crucial catalysts involved in the
replication and transcription of DNA  durij cell division, . and thus are
important at various stages of immune res] s (Liberman et al, 1963;
Ballester and Prasad, 1983). Due to mutual antagonism, displacement of

zinc by cadmium from the catalytic part of these enzymes is possible.

Zinc is known to be essential for the structural integrity of nucleic
acids (Hﬂmbidge. Cascy‘ and Krebs, v1986), some regulj;lmy proteing involved
in gene, expression (Klug and Rhodes, 1987), plasma membranés and
y lements - mi and  mi (Chvapil, 1976).

Nucleic acids and' the regulatory pmte‘ins are of obvious importance in all

aspects of cellular functions including those of the immune cells.

and- microf s are essential for many cell membrane

associated phenomena including antigen processing. and multiplication. They

are also required for movement of the cells and their orgnn‘cllu. It is
pcssible" that due to the physical and chemical similarity between cadmium
and zine, ‘cadmium may displace zinc from thesc sitcs and afféct’ their
structural integrity and furictions.
v
Large amounts of intracellular c:dmium may also cause a relative zinc

deficiency in the cells. Cadmium is known to be a strong inducer of

‘

! are some of the




123
metallothionein symthesis, ‘dnd metallothionein is known to bind va;ious
heavy metals particularly cadmium, zinc and copper with high affinity
(Hamer, 1986; Dunn, Blalock and Cousins, 1987). Normally, the small
amount of metallothionein' that is present inside the cells is thought to
regulate the ‘movement of zinc and copper to active sites, like enzymes,

where they are required. “Nature has devised such a mechanism as zinc arl

. copper ions are toxic. It is possible that following cadmium entry into the

lymphocytes, the newly formed metallothionein binds zinc in addition to

cadmium and thus sequesters it from sites where it is required.

Cadmium may inhibit the synthesis of interleukins, which are involved

s : .
in immune R ion_ of i in synthesis is possible as

-cadmium is. known to adversely. affect enzyme functions and protein

synthesis in various tissues (Kostial, 1986), and cadmium- induced reduction

in .synthesis of one lymphokine - phag igration inhibitory factor
has been reported (Kiremidjian-Schumacher et al., 1981). - l’\

Cadmium may also interfere with ?alcium metabolism in the affected
‘Iymphocytes. Many cellular functions including those involved in immune
response “are triggered by transmembrane movement of calcium, For the

natural-killer cells,” target cell lysis is known to’ bé associated with a

" massive increase in calcium in the killer cell (Young and Cohn, 1988f

Cadmium is known to inhibit fum uptake by epithelial cells (Verbost,
Fli, Lotk and Bonga, 1987). A similar effect .may  occur in the

lymphox with ion in the i pool of available calcium.
u P )
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63. EFFECT OF ZINC ON C INDUCED TUNOPATHOLOGY

Cadmium and zinc have many physical and chemical similarities. Both
the metals are found together in nature and also in biological tissues
where they are thought to compete for common ligands. Many toxic effects

of cadmium have been related to altered zinc metabolism and zinc is often

to be a bolic ist "of cadmit In this study, one™®
major objective was to charnctenu the effects of a relatively large .dose
of zinc on jum-induced i J gy: Thus in some animal groups,

500 ppm zinc was given in' drinking water together with or followmg

cadmium treatment.

The results demonstrate ‘that zinc prevents the cidmium-induced
alterations in immune functions. It was s_}\éwn that' enhancement of IgM
and IgG antibody’_formin’g' cell number induced by cadmium’ was prevented ®

by- concurrent treatment of zng. In animals given zinc aftér cadmium -

the i i response to T-cell mitogens
also tended to be lower than in other treatment groups. These findings are

in agreement with those of Malave and DeRuffino (19M) who also

p ion  of cadmium-induced increase in lgM -antibody
response by zinc injection. However, . Shippee et al, (1983) using large
doses of cadmium and znc by injectiqn in mice failed to show any
protective 'effect of zinc on cadmium-irduced alteration ct; immune
responses. It is likely that in acute toxicity studies” in whicl'ynrfc
parenteral doses of cadmium are used, the amount delivered m/lhe/ immune
'cdﬁ is+very large which- results in irreversible alterations of immune. cells,
But }'n’ small oral doses, the immune functions are altered for a ll{?ﬂ time




s
period and recover after cessation of i 3 in
the same study Shippee et al, (1983) found that zinc completely prevented
the cadmium induced mortality’when given together with cadmium.
, .

It was also demonstrated in the present study tQa( the antagonism
between cadmium and zinc. occurred at the level of CD8* T cells. Whereas
animals receiving only ‘cadmi bad a sign jon of CDS* T cell
number, those receiving cadmium and zinc together had CD8*+ T cell counts

comparable to the animals receiving mo treatment. Also, the CD4+ICDB'*
rmlo, which denotes the balance between the lmmunoregulamry helper and
suppressor T cells, -was not altered in animals receiving cadm)um with zine,
- while the rado was increased by cadmiur treatment alone. This effect was
. probably the re:ult of a specific._interaction between cadmxum and zinc, as 1
zinc treatment alone did not cause uny nllenmuns of T cell subset number.
" The B cell count and antibody production by lymphocytes' on PWM
stimulation was not altered by zinc treatment alone or with cadmium.

Snppressjon of natural-killer aniﬁty by )ﬁdmium was also prevented
by concurrent administration of zinc and reached statistical sig;ﬁﬁmnce in
the 12 hour assay. In the 4 hour assay, although the suppression of

naturak-killer. . cell activity by cadmi was - not

zi;n: therapy did .ereate some antagonism. Also the increase in mean target
cell lysis between 4 and. 12 hour assay tended to be higher in- animals
receiving cadmium with zinc as compared to those ‘refeiving only-cadmium.
The p of cadmi induced supp of_naturalkiller cell

activity by zinc \reflects a specific interaction - between the two _elements
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and not a pecific  sti ion of natural-killer cell activity by zinc, as

zinc treatment alone did not increase the natural-killer ccll'ae(ivhy.
= K75 4

6.4. POSSIBLE MECHANISMS OF CADMIUM-ZINC INTERACTION

Various mechanisms may be postulated to explnin the inleruclim:é

between cadmium and zinc on the immune cells. It is possible that the

selective ‘effect of dadmium on suppresspr T cells and .natural-killer cells
was due to uptake of cadmium by these cells in amounts larger than other

cell types of the immune system If that is the case, then large dmounts

. of zinc may have ized this selective cadmil ion. Such an-

occurrence s likely as 'in vitro sfndies have shown that the uptake and
t(:)xicity of cadmium to cultured cell lines are reduced by large doses of,
zinc (Meshitsuka, Ishizawa and Nose, 1987).

At the subcellular level also cadmium and zinc may antagonize ench

other at various sites and steps. lyls possible that cadminm dlsplnces zmc .

from certain enzymes or cellular structural components crucial -to immyune
functions and a large dose of zinc prevents or reverses the phenomenon,
Pretreatijent with n',nc Es known to prevent cadmium-induced _alterations in
some enzyme activities (Watanabe et al., 1985; Suzuki and' Cherian, 1987),
and both cadmium and zinc have a strong affinity for the cytoskeleta)
elements (Chvapil, 1976). It is possible that the cytotoxic. effect of
cadmium was due to a conditional zinc deficiency inside the cells and the

large dose of zinc abrogated this effect.

Zinc can also interfere with cadmi It ch is

known to alter the shift of cadminm (rnm one  body wmpnrlmen( to

.

¢




another and also slow other w;mum distribution ‘pmeeses (Marcus, 1982;
" Jones, Jones, Holscher and Vaughn,' 1988). Alteration of cadmium
metabolism by zinc is probably mediated through metallothionein” as both
“the metals are known to have common binding sites in the protein, It is
possible that zinc treatment induced synthesis of a type of metallothionein

that bound cadmium' with high aﬁni!y and prevented cadmium toxicity to

essential and i c of the cell.

| Zinc-cadmium interaction through effects on calcium metabolism is also

possil
trapéport across cell membranes.

; zinc may prevent the cndmmrn induced reduction of calcium

6.5. EFFECT OF CADMIUM AND ZINC ON KIDNEYS

~

Renal i ized by low weight inuria is
/\ long regarded as the characteristic feature of cadmium  toxicity. chen:l

) studies have shown that the proximal tubular cells and. possibly the

i glomemh' are involved in chronic cadmium toxicity, both "in man and
Inbommy animals (Fn‘berg. 1984; Piscator, 1986). All.lmugh the precise

: of cad 1. icity is nnl known, the immune system

has often been implicated (Joshi et al, 1981; Bernard et al, 1984). In the .

present study, ‘kidney sections’ were examined for deposition of IgG and

complement C3. It was i that i ining p

deposited either in the glomeruli or in the renal tubules may result in an

IgG and complement C3 deposition was seen in the kidneys at any

autoimmune response. No evidence of any autoimmune reaction involviig
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obsemnon time. It thus appears that nephmpathy induced by low doses of

cadmium is not i by the i

- On electron mit i indtion, " the~ mif ia of the proximal

tubular cells from cadmium treated mice were found to be increased in
number, sv.mllen and the cisternac were -distorted, Inside several cdlls, !
electron dense materials were observed.” Although the electron dense ,bodies
< were  not fl;nher characierized, they. probably rep'l:esem aggregated
cadmi ! jonei " Similar findings were also reported by
others (Fowler, 1983; Borgman, Au and Chandra, d9s7) The mvulvcmam of

the proximal tuhula; cells can be explamed from -the known kinetics of

cadmium in the bndy »“5‘ i i ‘ption, dmi is
incorporated with me(al]olhi(fncin in the iiver and then rclea‘sed sk;/wly
into the circulation (Kostial, 1986). Cadmium-metallothionein c(;mplex in
the blood is probably filtered through the gIomcn;li and reabsorbed from

"the proximal ‘tubules (Piscator, 1986). Microinjection studies in rat

show that cadmi .are” i taken up by the

proximal tubular epuhcllal cells (Felley-Bosco and Dlm, 1987). Inside the

tubules, cadmium is teleased from (he i and

’ again into newl): synthesized metallothionein. During the “process of
degrndnfinn of reabsorbed cadmiulﬁ:melallothienein complex and
mccmofaﬁnn into newly sy:zthesized metallothionein, a toxic ionic form of
cadmium . fay appear tmnsienl‘ly inside the tubular epithelial oells.relulllng

in their damage.~ number of mi ia seen inside the cells

may also reflect the heightehed metabolic activity of these cells loaded

with additional cadmium.

-
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-6.6. TRACE ELEMENT LEVELS IN LIVER AND KIDNEYS

The kidney and liver cadmium concentratiord were elevated in cadmium
treated animals. The kidney i was 1o the
observation lepcned by others where a similar dose - and route of
treatment was used (Koller, Exon and Roan, 1976; Blakley, 1985; Borgman,
Au.and Chandra, 1986). Immediately after ,cessation of cadmium treatment,

cadmium concentration in the liver and kidneys were almost equivalent, -

whereas 6 weeks after jon of cadmium tr the jon in
kidneys ‘were almost double to that in liver. Similar changes in liver and
kidney cadmium dinrihﬁion following éessation_ of }réa(ment have' also .
been reported by Borgman, Au and Chandra (1986). From these results, it

appears that after tion of dmi is lost: from

the liver and taken up by the kidneys. This is in agreement with the
prevailing concept of cadmium kinetics in the body (Friberg, 1984;
Piscator, 1986); In .!he kidneys, cadmium is probably deposited in the
proximal tubular epithelial cells bound to metallothionein. Cadmium being a
strong inducer of metallothionein s‘ym.hcsis, will increase its level further
and . allow more cadmimn to be deposited. The slight increase in kidney
welg,hl seen after cessation of cadmium trealmenl probably was caused by

idmium load and itant increase in met jonein level,
7 g

.
Zinc given together with cadmium resulted in lower liver and kidney

dimis as col to cadmium alone. Even zinc treatment

aﬁer cessation of _cadmium treatment resulted in lnwenng of tissue
cadmium level, S‘ﬁlu observation in ruminants has been reported by
others (Lamphere, Dom, Reddy and Meyer, 1984; Reddy, Mohammad,




130 X
Ganjam, Martino and Brown, 1987). It is possible that zinc altered the
distribution of cadmium in the body. This is likely ds zinc.is known to
shift cadmium from one body compartment to the other (Marcus, 1982).
Alteration of cadmium absorption and thus its total body burden by zinc is
unlikely as the results of kinetic studies on cadmium absorption argue
against competition between cadmium and zinc at the level of uptake from

the intestinal lumen (Foulkes, 1985).

Among changes in other trace érements. the most striking was the
reduction’ of liver iron concentration in cadmium treated mice. ijic;l,
Borgman and Chandra (1987) also reported similar findings, however, unlike
their, ﬁnding,‘cupper level was not seen to‘ be decreased by cadmium.
Reduction of iron by cadmium treatment is possible as cadmium may

interfere with iron absorption or increase loss of iron in ‘the urine (Weigel,

Elmadfa and Jager, 1984). Manganese level was slightly elevated; and

selenium level was decreased following cadmium treatment. Schroeder and

Nason (1974) also reported an increase in liver manganese  following

in rats. Zinc did not alter any of the trace

element levels including copper.

6.7. HEALTH IMPLICATION OF THE OBSERVATIONS «

+The implications of -the decrease in "the number and - function of
.
suppressor T cells 'and natural-killer cell activity‘in mice by a rclﬂllvcl};

low dose of oral cadmium and its prevention by zinc are manifold,

Suppressor T cells are known to downregulate the immune response

following an antigen challenge and thus protect ugalnst” the development of
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an inappropriate excessive immune re;ponse.'l.m of xuppr&sar T cell
function in man is known to predispose to conditions like atopic diseasés
and autoimmunity. In this study it was demonstrated that a relatively low
dose of cadmium selectjvely affects suppressor T cells and thus increases
the ratio of helper to suppressor T cells. This finding is more relevant to
possible ‘human cadmium exposure, as in man low levels of exposure ‘are

likely to occur. Although 4t is not appropriate to infer from this animal

study that ihmnnolnﬁul effects of cadmium dq occur in man at the
present levels “of exposure among n‘u; general pu}lulution, it is interesting
to- note that atopic diseases are . more pre\valcm among  smokers
(Zetterstrom, Osterman, Mncha.d'o and, Johansson, 1981; ﬁurmws, Halonen,
Lebowitz, Knudson' and Barbee, 1982) Ylho are known to be exposed to
large amounts of cadmium, and nko/a;lxong people living in industrialized
countries (Krause, 1986) where cadmium exposure is more likely to occur.
Human atopic  disorders are  predisposed by various genetic and

i infl (Bj 1987). Suppr T cells also play an
important role in this group of diseases and studies have shown that loss
of suppressor T cell number and function precedes and predisposes to the
d:vclnpment of atopic diseases (Chandra and Bnker. 1983; Tainio, 1985).

of T cells to cadmi loxlé"y "thus raises the

possibility that »n.meml may be an i i i ‘on

the development of human. atopic disorders. Cudmum/ immunotoxicity may -

also be involved in other diseases, like. infection and ‘mallgnancy. Although-
the health effects of ,cadmium are not greatly n.ppref‘:iateg at present, its
long half-life makes it possible that chronic exposure to low, and
presumably, non-toxic doses of the metal may, in fact; lead to
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accumulation of levels that can have adverse effects on the immune §y§|em

of man.
-

.
Loss of naturalkiller cell function by cadmiuih may contribute to the

development of infection and malignancy. Observation - of increased

incidence of infections, including viral, in cadmium treated animals may be : g

contributed to by loss of natural lu'ller cell activity in addition to other

immune cell dysfunctions. Cadmium Arcated nmn‘glls are also known' to have
increased malignancies. In rats and mlce, cndmmm given hy |n_|ccuan, .

inhalation or, in large oral doscs produces malignancy at- various ~ sites

(Haddow cl al, 1964; Bomhard Vogel and Loser, 1987). Prolonged’
inhalation of cadmium chloride fumes at exp‘c‘sure levels within the current
occupational  limits, has been demonstrated to cause a dose dependent -
increase in lung cancer in rats (Takenaka et al, 1983). In humans the
carcinogenic potenual of Bﬂdn‘uum is cummversml but a r&em report in
which a large cohort was studied showed a definite increase in lung cancer
in industriab workers exposed to cadmium (Thun et al, 1985). Although
these studles show (hal cadmium may cause cancer, the pathogenesis.. of
carcmogcmm!y has not ‘yet been clarified. It u possible that the loss of
natural-killer cell function, combined with ‘mpairmcm of other aspects of

immune p to ‘the and i of

cancer in experimental animals and probably in man expoSed to cadmium

for a long period. The restilts “of ~this study thus provide a plausible

explanation of this important aspect of cadmium toxicity. .

. -
The interaction between cadmium and zinc op the immune cells was L ..
the other significant finding of this study. The toxic effect of cadmium i8
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known to be related in part to zinc deficiencies and various studies *have
previously .denmurawd that large doses of zinc can prevent some acute
and chronic manifestations of cadmium toxicity (Parizek, 1957, Gunn, Gould :
and Anderson, 1963b; Perry, ‘Erlanger and Perry, 1977; Ahokas, Dilts and
LaHaye, 1980; Shippee et al, 1983; Warner et al, 1984; Marlow and
Freeman, 1987). This study shows that even cellular effects of cadmium
can be prevented by a moderately large dose of zinc. Although animal
studies cal:it‘ be extrapolated directly to hnmal;s, a similar interaction

may also r in man. Thus it raises the. possibility that zinc may have
potential P enefit in situations of cadmiym toxicity. Thus it can
. be iimposed that zinc be consi _as a peutic agent for

and treatment of clinical manifestations due to acute or chronic cadmium

exposure.

On the other hand, deficiency' of zinc ‘may also_increase the

-of cadmium. Although direct npenmenml c\ndence ;uppomng this g
is not available, the close relauomlnp bcﬁveen eedmmm and nm: mal u‘
such a possibility likely, Recent reports show that in larg: segmcnts of ‘the
popullnon. particularly among the independently- l;vmg e_lderly in Vdcvelopedv

countries, zinc nutriture is less -than q

Greger, Prasad and Good, 1982). This hitherto unrenclgniud zinc deﬁdency
has been shown to, be associated with reduoed immunocompetence (Bogden,
Oluke, Munves, Lavcnhar. Bmcnmg, Kemp, Holding, Denny and Louria,
1987) lnd is thought to wn ribute to the dénlopmem of some diseases
like . cancer and autoimmunity which m mq\r( prevalent in ‘old age.
* (Chandra, 1985). It is possiblf that inadvertent cadmidf&xposure I.hmngh_
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food or cigarette smoking in this segment of the population may aggravate

the immunologieal effects of zinc deficiency.

6.8. EFFECT OF ZINC THERAPY ON IMMUNITY AMONG SMOKERS

As an extension of the present work, the effect of zinc therapy on
immunity among cigarette smokers was studied. Smokers were chosen as
the study population, as cig;irenes contain a large amount of cadmium and
smokcn are known to have hllcmtions’ of immune functions. One cigarette
generally contains about 2 pg of cadmium; of which 5 to 10 percent is ~
“inhaled (Perry, Thind and Perry, 1976). The cadmium present in cigarettes
N s dispersed intg fine particles along with the smoke and reaches the lower
’ réspiralow tract from where it is more completely absorbed. In contrast to
only 3 to 8 per cent cadmium absorption from the gut, ﬂbsurpliun from the
S lung is usually about S0 per cent (Elinder et al, 1976). Assuming this 50 -
percent absorption, one pack of 20 cigarettes will thus contribute 1 to 2 :
pg cadmium, and one pack year (pack years = number of packets smoked
daily . x number of years smoked) of smo‘king’will increase the body
cadmium burden by about 0.3 to. 0.7 mg. Considering ‘the total body burden
of cadmium, which is 15 to 30 mg, this is a very large amount. Also
*_ ,cadmium. .absorbed from the :lung reaches the general circulation directly,
) bypassmg the liver where it is partially detoxified. by incofporation into

metallothionein.

The immune dysfunctions described i%heav} smokers” include intrease
in leukocyte and lymphocyte counts (Hughes, Haslam, ’f‘awnscnd, Turner-
Warwick, 1985; Petitti and Kipp, 1986); reduced Immunoglobulfp levels
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(Gerrard, Heiner, Ko, Mink, Meyers and Dosman, 1980); reduced T cell and
helper T cell number, and increased suppressor T cell number (Ginns,
Goldenheim, Miller, Burton, Gillick, Colvin, Goldstein, Kung, Hurwitz and
e

. Kazemi, 1982); i i response to T cell

mitogens (Silverman, Potvin, Alexander and Chretin, 1975); and reduced
natural-killer cell activity (Philllps, Marshall, Brown and Thompson, 1985).

 These immune pp! patural-killer ~ cell

activity and altered immnx‘mregulmory T cell prafile could predispose
cigarette smokers to chronic lung infections and  malignancies (Ginns et

al, 1982; Phillips et al, 1985).

While the eﬂ‘écl of smoking on the immune system function and its
causal association with various disease processes are well q.s(abi‘shed, ‘the
chemical compaound(s) in cigarette which causes these immune alterations is
not precisely identified. Among “the . itu dmium s
likely to cause the immunosuppression, as cadmium is known fo ‘have a
strong affinity for human Ilymphocytes (Hildebrand “and Cram, 1979),
cigarette smoke contains a large amount of cadmium, and in the present

mouse study it hhs been demonstrated that cadmium at low doses also

affects the immune system. Since the jum induced i n-
mice was shown to be prevented by large doses of zinc, so-it was logical
to study the effect of zinc supplementation on immunity among cigarette

smokers.

-

Fourteen healthy smokers and 10 non-smokers, aged between 23 and 35
years, plﬁ;clpnlsd in the study. They were all free from any . overt
diseases and none were -taking any dietary supplementation or medications
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known to alter immune functions. The smokers were consuming at least
one packet of cigarettes-a-day for a minimum of 6 years. Due to their
young age, however, the pack-years of smoking were not large and varied
from 6 to 20. Young smokers only were studied to exclude the natural age-
related decline of immunocompetence. The smokers and non-smokers were
matched for age, sex and body build (Table 6.1). The subjects were given
50 mg elemental zinc twice-a-day for 4 weeks, and blood was collected
immediately before and after zinc supplementation for study of immune
functions, lipid profile and trace element levels. The subjects were asked
not to make any noticeable ihnngcs in their smoking hnhii, diet or
physical acﬁvity‘during the study period. The study protocol was approved
by the Human Investigation Committee of - the Faculty of Medicine,

University of Ne r

The laboratory -methods followed were essentially identical to the’
mouse study described in Chapter 4, with some modifications as described
below: Blood leukocytes and lymphocytes were counted using standard
Neubauer counting chamber (Section 4.3.1). The lymphocytes were scparated
by density gradient centrifugation (Section 4.8.1), and the number of T

cells, T cells, ic T cells, ral-kill
cells and B cells were counted by direct immunofluorescence microscopy
(Section 47.1) using iate  specific I or polyclonal

ibodie The mionoclonal ibodies used were phycoerythrin  (PE)-

conjugated anti-Leu-4 for T cells (CD3), ﬁuorescein iso&hlocyanu(e (FITC)-
conjugated anti-Leu-3a for Hhelper/inducer’ T cells (CD4), PMnjuyled
anti-Leu-2a for suppressor/cytotoxic T cells (CD8) and PErconjuwaq anti-
Levdlc for naturalkiller cells (CD16) (all from Bectdn Dickinson
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TABLE 6.1
,
Characteristics of the Study Population

Non-smokers Smokers
Number of subjects 10 14
Sex (male : female) 4:6 Bl
Age (yrs), mean- (range) 287 (2335) | 272 (23-34)
Height (cm), mean + sd 1656 = 104 1636 = 126
Weight (Kg), mean * sd 603 = 125 » 613 = 106
Mid-armcircumference 262 % 34 270 £ 42
(cm), mean = sd ]
T‘xii:cps skinfold thickness 170 = 35 185 = 64
(mm), mean % R
Cigarettes smoked per day - - ’ 232 (20-30)
mean (range)
Pack-years of smoking - 13:6 (6-20)

mean (range)
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y System, in View, Californfa). For B cells, FITC-
goat anti-h i ins (IgG, IgM, IgA) F(ab’)z (Onho
Diagnostic  System, Raritan, New _ Jersey) was used. Lymphocyte

transformation response of peripheral blood lymphocytes gto the T cell
mitogens PHA and Con A-were assayed in a 72 hour culture (Section 4.5.2);
and natural-killer cell activity was assayed in a 4-hour chromium relense
assay (Section 4.8) using the human leukemia cell line K562 as targets.
Plasma samples were .analyzed for trace element levels by

spectrophotometry (4.12) and serum lipid levels were estimated by standard

and ic methods. Data  were: ‘analyzed on the

Memorial University VAX/VMS mainframe computer using the statistical

Packages MINITAB (Ryan, Joiner and Ryan 1985s; Ryan, Joiner and Ryan
1985b) and SAS (Cody and Smith, 1985). The grouped t-test was used to

compare’ the smokers and non-smokers values, while paired t-tést was used -

toe compare  the pre- and post-zinc i values.
level used was 005. ' ’ o

.+ Results of the study are shown in Tables 6.2, 6.3 and 6.4, and Figures
61, 62 and 63. In smokers the leukocyte, lymphocyte, T cell,
helper/inducer T cell and natural killer count was um;lterad; while the
suppressor/cytotoxic T cell count was high. The results are in agreement
with those reported by others (Hughes et al, 1985; Petiifi and Kipp, 1986;
Ginns et al, '1982). Zine treatment reduced the suppressor/cytotoge T cell
count of smokers to values seen in non-smokers and. increased the ratio of
helper to suppressor T cells. There is a discordance between the results qi
CD8* suppressor/cytotoxic T cell | number - in the animal and human

expe‘n'ment The reason for this difference is not clear. Future work will
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TABLE 6.2

Circulating Lymphocyte Profile

Non-smokers (n=10)

Smokers (n=14)

After Zn + Before Zn

Before Zn After Zn
Leukcyte 69+ 11 7517 73+ 13 78x22
x10°/L g
L h‘ e 24 £ 06 24 £ 06 29 = 068 27 = 08
T - i
T %::ell 650 = 83 679 = 50 651 x 85 664 = 48
T hélpcr 434 + 74 412 x 87 451 = 103 469 = 95
% &
;l‘ %suppresmr 247 = 40 246 = 29 294 = 61" 252 = 35
help/supp 1-8 + 03 17 % 05 16 = 04 19 + 04t
ratio .
B%cc]l 323 £ 59 301 % 41 272+ 57" 253 = 35
N% cell, 131 + 29 137 £ 20 t117 % 32 129 + 39° '

Results are expressed ‘as mean + sd. '
*P<0:05 vs non-smokers by grouped :t-test.
1P<005 vs pretreatment value by paired t-test.

§p=005 vs non-smokers by grouped t-test.




. TABLE 6.3
/J * *  Serum Lipid Profile B
Non-smokers (n=10) = Smokers (n=14)

. g ) Before Zn After Zn Before Zn After Zn
Total-Chl 51209 48%09 S3x 11 51210
(mmol/L) | 2
LDL-Chl 30 = 08 27 = 07 34 = 11 31 = 10t
(mmol/L) %

HDL-Chl 15 = 05 15 £ 04 13 = 03 13 =03
(mmol/L)

Triglyceride 13 = 09 14 =10 11 = 04 14 £ 08
Risk factbr 37+ 10 34 & 06 43 = 17 41 = 16

Results are expressed as mean * sd.
tP<0-05 vs pretreatment value by paired t-test.
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TABLE 6.4

Trace Element Levels in Plasma

Non-smokers (n=10) Smokers (n=14)
Before Zn After Zn Before Zn After Zn
o
. wg/dl 3
Zinc 883 = 138 1309 = 338t 859 % 10.5 1015 = 178"

Copper 993 + 233~ 927+ 187" 1168 + 403 1052 = 3267

Cadmium 081 + 041 145 = 085" 103 =039 157 = 085t

Results aré expressed as mean * sd.
P<005 vs pretreatment value by paired t-test.

x
’;

oy
i3
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LYMPHOCYTE TRANSFORMATION RESPONSE TO
PHYTOHAEMAGGLUTININ
’ -
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FIG. 6.1

Lymphocyte transformation response to pl gglutinin in k

and smokers lymphocytes before and after zinc treatment. Results are

. expressed as stimulation index which represents the ratio between the

mean counts per minute of triplicate cultures stimulgted with mitogen
divided by the mean counts per minute of triplicate control cultures. Bars
represent mean + SD of ‘each group. Smokers had highér (*P<0.05)
i index pa to kers, Zinc reduced .

(1P<0.05) the response in smokers to non-smokers’ level.

/
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LYMPHOCYTE TRANSFORMATION RESPONSE TO
CONCANAVALIN A
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FIG. 62

Lymphocyte transformation response to concanavalin A in- non-smokers and
" smokers before and after zinc treatment. Results are ex‘pres!ad as
stimulation index which represents the ratio between the counts per minute
-of triplicate cultures stimujated with mitogen divided by the mean counts
per minute of triplicate cohtrol cultures. Bars represent mean + SD of each
group. Smokers had higher (*P<0.05) stimulation index mmpared to non-
smokers. Zinc treatment reduced (P<0.05) the response in smokers to non-
" smokers’ level.
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NATURALKILLER CELL ACTIVITY
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FIG. 6.3

Natural-killer cell activity (expressed as % lysis) in non-smokers and

smokers before (o) and after (®) zinc treatment. Bach point represents one

value and the bars represent the mean value in each group. Smokers

tended (P>0.05) to have low baseline natural-killer “cell activity as
compared to non-smokers. After zinc treatment the activity increased
(P<0.05) in both non-smokers and smokers.
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be required to deliniate the possible mechanism for such difference
between the mouse and human work. /n vitro lymphocyte transformation
response to PHA and Con A was increased in smokers. Silverm;m et al,
{1975) also reported i jon response in young
smokers. Zinc reduced the response to contfol values. The increased

reactivity in these subjects may reflect their .relatively young age and
relatively shorter duration of exposure to cigarette smoke. Given a large
exposure and older subjects smoking is assqciated with,-reduction in such
lymphocyte responses (Silverman et al, 1975). Natural-killer cellvaclivi(y,»
which is known to be suppressed in heavy smokers (Phillips et al, 1985),
was seen to be slightly reduced in this study, however, zinc ‘treatment.
increased the response in both smokers and non-smokers. Semm toth{
cholesterol and LDL-cholesterol tended to be high while HDL-cholesterol
tended b low in smokers. Similar alterations in serum lipid profile .in
heavy smokers have been reported by others (Brischetto, Conm;x, Connor
and Matarazzo, 1983; Stamford, Matter, Fell, Sady, Papanek and Cresanta,
1984). Zinc treatment had no marked effect on the serum lipid profile,
slightly but significantly in smokers following

llowing ‘zinc supplementation, plasma zinc levels
ps while copper levels decreased. Decrease in plasma
n(;pper by zinc has 'n",reponed by others (Brewer, Hill, Prasad, Cnssak
and Rabbani, 1983). Plasma cadmium level was slightly increased in
smokers, and zinc lreanymnt increased the level further in both gr?ups.

The- cause of increased plasma cadmium by zinc is not known, it might

an i ilization of cadmi from body stores by zinc.
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The results show that a moderate dose of zinc can correct some
smoking-induced alterations of the cellular immune functions in this study
population. It is tempting to speculate that the beneficial effect of zinc on
t?e immune alterations in smokers was the resull of cadmium-zinc
interaction, _but further studies need to be donef before a definite
copclusion can be reached. Studies should be done to. confirm if cudm{um,
indeed, is the cause of immune derangements’ seen in‘;mnkers.»Allhough
the eﬂject of zinc on immunity among smokers may be a non#pecific
effect, this is unlikely, as the effect was only observed in smokers and

not in . That jum and znc i jon do . occur: in

relation to cigarette smoking was demonstrated in studies by Kuhnert,
Kuhnert, Debanpe and Wil]ii;ms (1987) and Kuhnert, Kuhnert, Erhard,
Brashear, Groh-Wargo and Webster (1987). It was shown that in pregnant
women who smoked, low birth weight of babies was correlated with
increased“eadmium level in the placenta and decreased zinc level in fetal
circulation. Based on the fesults it was. suggested that zinc -
supplementation should be considered as a Earlial means of intervention

.

for the pregnant smokes.

It has historically been ;liﬂicuh to prove causality between smoking
and disease. However, with time, enough evidence has accumulated that at ’
present little doubt remains as‘ to the adverse effects of smnking.“
Similarly, it is difficult to prove causality in the present study between
cadmium and zinc variables and immune dysfunction.. However, the results
do suggest. that an interaction may exis!,' and if it can be conclusively

shown, then zinc treatment may prave to be a useful form .of secondary
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prevention of some ill-effects of cigarette smoking in those who fail to

give ,up the habit.

6.9. SUMMARY ‘AND CONCEUDING REMARKS

In this study it was™demonstrated that cadmium at an oral dose of 50
ppm affects the number and function of suppressor T cells and natural-
killer cells in mice. As a result IgM and IgG antibody production was

dmi nt and the Ikiller cell activity

“was reduced. Although cadmium is known to have a long half-life in
tissues, its effects on the immune system in this study were short lived
and the immune functions of mice recovered within 3 weeks of cessation
of treatment. However, in the kidneys, which were also affected. ps

by (T ities, the effects of cadmium toxicity

persisted even 6-weeks after cessation of treatment. The other important

* finding .of. this study was the demonstration that zinc at an oral dose of

500 ppm p xhe*f‘ induced i
The, ) of - cadmium-i gy and its | jon by

zinc can be mediated throuf;h ‘e mutual antagonism between the two

metals” for different strucfural and regulatory proteins. It is known that

zinc «is essential for the function of many metalloenzymes some of which *

are required for immune fllnciions‘, and for the structural integrity of

biomembranes,  nucleic acids and gene expression regulatory proteins. It is .

possible that cadmium displaces zinc from these essential sites to exert its

todc effects and \a large doses of zinc prevents this phenomenon. Cadmium

can also interfere with zinc metabolism in tissues or cause & functional
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zinc deficiency in the immune cells and zinc countcracts these effects.
Further studies should be done to test these hypotheses.

Cadmium-induced il partially explains the observation of
increased infection and malignancy in laboratory animals treated with

cadmium. In humans, the possible immunotoxic potential of the metal is not

greatly i but ion of i icity by a low dose of
cadmium in this study suggests lhgt cadmium may well be lm‘munoloulc in
man. Cadmium may thus be an Edditlonul risk factor for the development
of certain diseases in man like atopic diseases, infection and malignancy,
all of which are more-common in people exposed to unusual concentrations
of cadmium. Cigarette smokers are one such group who are known to
acquire large amounts o} cadmium from this source. Although the possible
immunotoxic compound(s) in cigarette smoke is not known, cadmium is a
likely candidate. Studies can be done to fnnher .chnn;meriu the
unmunolnpml effects of cigarette smoking; role. of mdnuum. if any, in the
ph:nnmcnon, and the cffect -of zinc on smoking induced mlmunopalhnlogy
Results of the preliminary study done as an extension of the mouse work,
suggest that zinc may beneficially affect the immune system alterations
seen in cigarette smokers. ’l'huﬁndug may thus lay a fertile ground for

future research.
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