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_I. INTRODUCTION
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' I. INTRODOCTION = - : -
Reacent edvancement in industrielizettéh has resulted in man-made redist- "

ribution of trace elemente in the envircnment; concentrated deposits ‘which

are generally protected and harmless to menkind are exploited and are eventually

dissipated in our biosphera (1-5). Cadmium is one such relatively rare metal

with wﬁich man - has been brought more and more into contact in recent years.

Evolution seems to have provided no effective homeostatic mechanism to
deal with increasing intake of this heavy metal .and thus, cadmium accumulates
in the‘body with advancing age (6-9)}. The potential harm of cadmium to man has
not only generated justified concern, but has emphasised the urgent need for
elucidating the nature and mechanisms of physiological and tcxicolcgicalﬁ
reections_tc cadmium (10-12). There is a worrisome void in our‘kncmledge of
the longerange consequences of cadmium exposure,

“Cadmlum ig not simply of academic interest. While its role as an
‘aetiological agent in disease is still speculative, tfére iz no
~doubt that the ionised form of the element is an extremely powerful
poison of many basic animal enzyme systems. In man there is a
causal link with renal lesions, lung.disease, bone lesions and
hypertensive vascular disease. We simply do.notfknow how dangerous
it ig - or how wide is the safety margin., It is alarming to learn
that the cadmium content of the polluted Severn estuary amounts

to 4-5 ug per litre. Clearly, urgent studies are needed lest we,
like Cadmus, King of Thebes, are not in danger of sowing some very
lethal dragon's teeth for our children te harvest. The Japanese
pollution disaster should not pass unheeded in our cadmium-
enxiched society."

Harvey (13).
in this sphere, pharmacology and biochemistry can play an instrumental

role in expicretion of the full toxicological potential of cadmium, in .
elucidation of mechanism(s) underlying the toxic effects of cadmiun, and in

assessing the effectiveness of various protective agents against cadmium

toxicity.
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i*he presznt dissertation is concerned primarily with elucidation of

acute, eubacute and chronic etfeots of cadmium on carbohydrate metabolism in

\ rats. Since cadmium causes an elevation in blood glucose concentration as well

as urinary glucose excretion (14, 15), the influence of this heavy metal on

glucose synthesirzing ‘capacity of both liver and Lidney cortex was examined.

In particular, the effect of cadmium on four\key gluconeogenic engymas, namely

- L]

" Pyruvate carboxylase, ﬁhosphoenolpyruvate carboxykinase, fructose 1,6-diphos-
onatas% and glucose 6-phosphatase was investigated. In addition, changes in the.'
concentration of blood glucose and serum urea, a product of protein catabolism,
were deterMTned following cadnium treatment. Since blcod glucose concentration
oan be elevated through hepatic glycogenolysis, the effect of cadmium treatment
on hepatic glycogen levels also was monitoreg. | N
| The exact mechanism(s) underlying hormonal modulation of hepatic and
renal oarbohydrate metabolism is not known. However, it has been proposed that
hormonal stimulation of membranal adenylate cyclase and the consequent elevation
of endogenous cyclic AMP levels may be involved in the control of glucose
synthesisi Indeed, administration of exogenous cycfmc AMP has been found to
enhance the processes of gluconeogene51em;nd dlycogenolysis, and result in
elevation of blood glucose and urea levels (16). This apparent similarity
in the<effects of cyclic AMP and cadmium on carbohydrate metabolism prompted
studiesron the influence of oadnium treatment on hegetic and renal.cyclic AMP
system. Furthermore, effects of subacute cadmium treatment on the responsiveness .
of hepatic adenylate oyclase to hormonal stimulation was examined.-.since.
testes are very sensitive to the toxic effecte of cadmium and cyclic AMP has
been implicated in several gonadal functions (17), the effects of chronic
cadmium exposure on testicular and prostatic cycfic AMP-adenylate cyclage-

protein kinase system also were studied. Cadmium has.a long biological half

- <

life. It was thus of interest to examine if cadmium-induced alterations
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persisted upon ceq§ation‘of heavy metallaﬁministrhtipn. The inflqence of 2~/
and 4-week cessation of cadmium aduinistration was.e#gmined on.variéus metabolic .
a}terations ihQuced by 21- or 45~da‘ pretreatment with cadmium. |

It is of interest that cadmium;induced.changes in carhoh&drate‘hetabolism
resemble those of insulin deficiency caused by alloxan or insulin anti-serum )
(18). -These observations suggeste§ that meta£olic alterations éaused.by‘cédmium
exposure might be due, at least in part, to lack of iusulin. Té examine thié
possibility, rats pret?eated with cadmium wefe challenged with a glucoée load
and the subsequent time-coursé'of glucose clearance as well as alterations in
serum insulin levels were monitored. . Since.cadmium trehtment'mayksuppress,
pancreatic function throﬁgh adrenal catqpholamine,release,'the influence of ‘
cadmium on phentolamineuéiiﬁhlatéd insulin release also was assessed. Since

cadmium-induced testicular degeneration can be prevented by zinc or selenium

(19), experimehts-also were undertaken in an attempt to examine if these two

» - A

metals could prefent_the cadmium-induced alterations in hepaéic carbohydrate
and cyclic AMP metabolism as well as in pa;creatic insulin release.

', Chronic cadmium poisoning in_man is usﬁall§ the.ré&.t of inhalation or
ingestion, presenting a rather slow but continuous exposure. Furthermore,
s;all amounts of %admium are excreted through human milk. It was therefore
of interest to examine if chronic exposure of neonatal rats to oral éadmium
" would preduce functional or biochemical lesions similar to those induced by
parenteral adﬁinistration of'thig’heavy metai. Thus, new~born rats were admin-
istered relative low ambuntgfof cadmium &B.l or 1.0 pg/g cadmium) by intubation

and the chénges in hepatic gluconeogenic enzymes, hormonal responsiveness of

adenylate cyclase as well as endogenous cyclic AMP levels were determined.

L
i 'c."

Furtheimore, concentrations of insulin jn pancreas and serum were measured as
was the glucose-stimulated insulin release from islets of rats exposed to

cadmium for 45 days.
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Regqlts of ﬁhg present‘igvestigation demonstrate that cadmimmiggsésgéé"
a wide tpxicolﬁgic#l potenti&l as it can indﬁce.fuﬁctional or biochemical
lesions in heéatic. renal, pancreat#c as well as-gon&dal tissues.r'The héavy
metal-induced alterations in hbpatic carbohydrate metabolism m&y be stociated'
with enhanced cyclic-AMP synthesis. Fgrthermbre,'since cadmium. treatment
suppressed insulin secreto;f" activity, the c;dmium-inducedkdiabetobehic effacts h
may be related to tﬁe relafive lack of insulin observed in cadmium-exposed
animais. The ability of sinc and selenium to prevgnt or modify the cadmium- .
induced hepatotoxic and pancrectoxic effecﬁﬁ inﬁicate that sulfhydryl groups
may represent a possible‘site of cadmium action and that a clearer understanding
qf trace element interactions mayrhelp tolfu;ther elucidafe the etiology of

cadmium toxicity.

s
e
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IT. LITERATURE REVIEW



1. METALS AS POLLUTANTS

About 10,000 years aﬁo, following ﬁhe raleolithic (old stone) age, begaﬁ
the Neolithic (new stone) phale of human existeénce. The redlizatidn that a
aaed, when put into the ground,spxouted into a plant represented a great break-
through which revolutionized human avolutiop and heralded the beglnning of
human éiviliﬁation. People wére freed from consténtly‘moviné and gathering
food. ?%omo sapiéns, afger 2 million years of huntiﬁg and gathering, had bec9me
farmeré with afsgttled-mode éf existenée. wiﬁh“tﬁis development, human culture
'acquiﬁéd a néw signiﬁicance in the biosphere, introducing new forces which were
different from those tﬁat had bontiolled the ecology and evolution of species
during the preceding 2,000 to 3,000 millidn years 6f life on earﬁh {20).

Following this phase, perhaps 6,000 or f,oob‘years ago, another monumental
discov;ry was made: neolithic man learnea to use'copper'anq gold (found in

* native. form) to make ornamental and hunting implements. This 'era characterized
the transition into the epoch of the Eronze where ancient smelters discovered

a harﬁer and more useful'alloy of copper}anq tin called bronze (21). Thus,‘

for almost 3,0Qp years, copper and brohgé?ﬁere the main metals used for making
implements, weapons/ vessels etc. As théAavailability o¥ metals increased,
the use of stone declined for these puréoses. The usé of metals was ﬁurther
accelerated in the Iron Age by the acquisition of technological know—ﬁow of
iroﬁ smeltiné. Because of the abundance and cheapness of iron, it finally
became possible for all social classes to havg efficient metallic tools and

utenéils,‘instead of only the royalty and the affluent possessing them as in

the times of bronze.

. o
v

T .
“Ixron is considered to be the most useful metal of material civilization,

as it has made possible structural plants, tools, weapons, machinery, coined

money as well as many of the products of the industrial revolution thatufg;m

ELE
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' the basis of our modern 1iving.. Thus, the use ofamatals has contributed

L - [OCI .
1mmensely to our social and economic advancement over the centuries. Howaver,

' since the’ neolithic revolution, man has modified his environmg&t at an aver—

increasing rate. - Today, he 1ives in and must adapt to conditions markedly

different’ frcn|those in which he made the txansition from man—ape to man,~in

Ly sl

which he lived for tens of thousands of generations (22). Nith tha_incregsinq f

rate of ropulation growth and industrialination. the xequ%rement-fof matals

also has increased tramendously. As a result, metallic ores are brought fxrdm
the depths of the earth to the 'surface to a much greater extent causing a

disturbance in the natural balance of elements in the environment. Thus, man's

" increased effectiveness in industrialization has brought him into contact with

rare minerals of the eafth for which evolution has provided no effective
homeostatic mechanisms. At the same time, man‘s contact with these agents has
been accentuated by onvironmental rollution ftom industrial wastes discharged
into water reéervoirs, air and tne food chaint The magnitude -of disturbances
in the ecosystem of the biosphere is rapidly approachlng the level that ecol- .
ogists belleve threatens the 11fe of ocur very planet. Heavy metals. including
cadmium, ieqé}gza mercury are cumulative poisons of principal toxicological
concern today. At one time, these were considered to pose major health
problems only'in industries which mined and processed them. Today however,
the concern hac shifted to their possible health effccts in the general pop-

LA

ulation of both man and animals.
2. ELEMENTS QF THE II-B SII}EGROUP

Cadmium, mercury and zinc are grouped together in the periodic table.
Their natural abundance in the lithosphere and hydrosphere is in decreasing
order of atomic weights. Zinc predominates, while cadmium is present in

relatively higher concentrations than mercury. Of these three, only zinc is
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‘ recognized as an esaential olement in plant and animal nutrition; the bther

N

two may act as, its antimetabolites. \' ‘ - “\f _ ' )

..
L -
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A. Properties of Zinc
Zinc is a "soft white metal with a bluish tinge. Its atomic weight is

¢ -

7 65.38, specific gravity, 7.1, melting point, 419.5% and the boiling point is

\

907°C. The main ores are saphalerite (2ZnS) and calamine (ZnCO ) (23) '
.~ ‘

B. Biological Essentiality of Zinc oot : -

Q ' ' : ’
Over 100 years ago, Raulin, a pupil of Pasteur, discovered that zinc was
indispensable for the growth‘of‘a black bread ﬁold, Aspergillus'niger. Some

-

50 years later, the presence of zinc was.demonstrated in”egg yolk, human milk,
and cows' milk, suégesting that zinc was ofﬁ;utritive.valte (24): Blthough it
was appreciated that zinc was essential for Plant growth and that the ubiquitous
occurrence of this element might denote.importaat functions;‘aistioct_from any
of its toxicological actions, zinc was studied iatensively in then1920‘s

because its,fumes wereitoxic to exposed ﬁorkers (25). 1In 1934, Todolgt<§l.

(26) successfully accomplished a controlled zioCedefiEient diet and demonstrated
that zine is essential for growth a;d development ‘of rats. The disease of.
5w1ne, porCioe parakerat051s, which had been long recognized in animal husbandry
was shown to be the.result of zinc deficiency. These findings led to the
general practice of supple;enting animal feeds With zinec. At present, at
"least 15 animal species, man included, have been shown to require zinc {24).

" In the early 1960's, reports appeared in the literature suggesting that

endocrinopathies (growth and sexual retardation) observed in human dwarfism
syndrome might indeed be caused by zinc deficiency. Daily oral supplementation

‘with zinc sulfate in such individuals was reported to significantly improve

their growth rate and sexual development. It thus apped§£7that zinec,, in
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additionrto other essential nutrients. may be a 1imiting factor in normal
growth and well-being of certain populations in underdeveloped regione of the
g.,woﬂa (24) . v

) Ll

c. Biological Functions of Zing -

. The biochemical functions in which zinc ﬁ;s been implicated include:
1) enzymes and enzymatic'function, 25 protein eynthesis and 3) carbohydrate
Hgtabolism. Initially, zinc was demonstrated to be an integral and necessary
component of carbonic anhydrase of red blood cells. Since then, at least 18
other metalioenzymes have been shown to contain zinec (27).

Zinc also has been shown to be re}ated te protein synthesis in micro-
organisms,:animale and animal tissuee. The synthesis of both DNA and RNWA is
inhibited in- the absence of zinc (28). Protein synthesis appears to be reduced
or altered in klnc-def1c1ent rats. Furthermore, zinc-deficient 1ambs have
been observed to excrete significantly more urinary nitrogen and sulfur,

~ - _
- suggesting an ‘impaired protein and amino acid‘utilization (29).

.

1

Zinc also seems to_play_an important role in carbohydrate metaﬁolism.

In 1937, Hove ggugl.‘(BO) and more recently, Quarterman gt‘gi. (31) reported
decreased glucose tolerance in rats that were zihc~deficient. However,
Macapinlac et al. (32) could find no differences in glucose tolerance curves

of zinc-deficient rats as compared to controls. It is also of interest that
the insulin molecule.contains two zinc atoms and although their necessity-for
biological act1vxty of insulin has not vet been demonstrated, zlnc—free insulin
.appears less stable than" zxnc ‘insulin (33). It is evident that the exact role

N -

of zinc in carbohydrate metabolism is yet to be fully elucidated.

4. MERCURY

A. Properties of Merxcury .- . )

Mercury is. a si%very white metal and is liquid at room temperature. Its

-



atomic weight is 200.61, specific gravity, 13.55, melting point, -38.87°%

and boiling point is 357.3°C. Cinnabar (HgS)is the chief natural ore (23).

B..MercgpiallToxicity : v . -

Miﬁipg and use of mercury have been.goingion fér well ovéf éfOQO years,
howevexr, in the last couple of decades, mercury has been outiaﬁed from several - i\
indgstrial uses. Clinicai aspects 6# mercury absdrption‘caﬁ be traced back
to times when the Romans shipped their slaves to mines in Almaden, Spaiﬂ:;here :
these workers developéd:mercurialism.',In Yugoslavia,.a miné that was activated
in 1500 A.D. at Idria is still in operation today. After a fire broke -out in
the mine in 1803 and vapor and clouds of smoké and d&st scattered throughoutl
the community, some 300 of the town's inhabiténts and most of its animals
developed the tremor so_charactefistic of mercury poisoning (34)“ Her;ufy
became a notoriously‘controversial subject ig the iatg'1930's when men's hats-
were bein§>m5nufactured in great quantities.‘ Many workers were involved in a

process called carrbting,.in which pelté from rabbits were treated with

mercury nitrate to form felt. The drying of freshly'carrotéd hair caused

-considerable volatization of mercﬁry, resulting in intoxication of hat workers

involved in that step of thg brocess. A pact ouflawing the use of mercury
nitrate was finaily made in December, 1941 and a relatively nontoggc material,
hydrogen péroxide, was substituted.
. There was great demand for mercury for shielding when the atomic age
éme;ged in 1942. Today, it is emplofed'in dental 1ab§ratories in amalgam
fillings, énd there is considerabie concern about the air content of-mercury
in such facilities as wellias the body bu;den'being carried by fechnicians.
Conée;n o£ mercuridl exposure also eiists in industries manufacturing thermometers,

barometers, batteries, fungicides, gold mining, mercury electrical switches,

" dlrect current meters and in vapor lamps that illuminate traffic arterxials (34),



v 12 o

. .

i
a :
L

In the J;paneee fiehing village of Hinaoata,‘a mysterlous illnees was
"affeoting 11l persons. Intensive clinical, pharmaoological, as well as .
epidemiological research that was conducted in the period hetween 1553-1968,
pin-pointed mercury selts as the cause of illneee. Following absorption,
‘certain organic mercury compounds, namely the methyl, ethyl and oth€r alkyl
derivatives, are retained in various organisms for longer periods than’ the
inorganic derlvetives (35).- Furthermore, about 15% of the total‘ingested dose
of organic mercury is.accumulated in the'brain. This is of intereft becauee’
in addition to crossing the blood—braln‘oarrier, methyl mexcury also crossesr
the placental barrier. Thus, in the fetus, methyl mercury is found to damage1
the central nEEvous system and cause ' teratogenic effects during early stages
of development. Thls disease was first reported from Minamata, and thus the .

-

name "Minamata disease" (36).

In‘adults, mefhyi'mercury also causes irreversible damage to the central
nervous system. In order of increasing severity, the following oanifestations
are observed: paresthesia of mouth, lips, oongue,hhands and ‘feet; fatique;
dlfflculty in speech; concentrlc canstriction of visual flelds with abnormal
blind spots; hearing difficulty; emot;onal 1oetab111ty, dlfflculty in writing;
lack of memory; uncoordinated movements. Paralysis, coma and death may
result in extreme cases (37). The inorgaoic form of mercury is universally
distributedrin fissues and a hkgh accumulation is found in the Kidneys. In
cantrast to the organic forms, the uptake of inorganic mercury py the brain
is a slow process and may‘lead.to tremor and erethism in affected individuals.
In addition; gingivitis and proteinuria are frequently observed.

In fish, mercury is found mo'_::ly in the methyl form. The half-life of
methyl mefcury in fish is about 200 days, which is three times higher than

in man (38). It appeafs that industrial waste is a direct soufce of mercury

in fiep. Industrial discharge and fossil fuel smoke are largely inorganic

P
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mércufials.--ﬂcwavef, this is éoﬁvérted éo methyl hercury cuﬁpouhds~undef
anaercbic conditions b& a bacterium, H;thanobacterium omalianskii, which‘
lives in mud at the bottom of lakes and rivers. ﬂéthyl ﬁer;ui§'from the
bacterium is taken-.up by plankton and thus enters the food chain of f[;h and
subsequently that of man (39). This biological transfo;mation from the

" relatively 'safe' form to the highly toxic form of mercur& is a grave probleﬁ

facing industries, society and pollution control authorities today.
n )
| 5. CADMIUM : \

A. Properties of Cadmium

Cadmlum is a blue;sh white metal that was first lsolated by Gottingen
L

in 1817. 1Its atomic welght is 112, 41, specific gravity 8. 65 melting point
321°% and boiling_point 770%. 1In naﬁure, cadmium exists as greenockite
(cds), but the major source is zinc and lead ores which contain cadmium as

an impurity. Cadmium is- thus obtained as a by-product during processing of

these ores (23). : . ] ”\g//’\\,_

{
B. Uses of Cadmium

/

The recognition of metallurgical and ‘other properties of cadmiuwm has
increased the demand for this metal. The productioﬁ of cadmium has thus -
increased from abqut 100,000 1b per year in 1910 (40) to about 40,000,00b ib
in 1974. With time, there has also been a significant rise in the incidence
of both acute and chronic cases of clinically identifiable cadmosis (41).

Cadmium is used for electroplatinglircn, steel and copper as protection
from corrosion, in making alloys with cother metals such as copper, lead,
bismuth, ;iéiel, silver and aluminum for use as electrical conductors, solders,
antifriction and bearing metals, alkaline storage batteries, and jewelrygh.

in glass, péint and plastic industry as a pigment (cds), and as an insécticide

in the form of the oxide and hydroxide (23,42). Furthermore, cadmium stearate
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is used as a stebillzer to increase the 1ongevity cf plestic products {43).

C. Sources and Routes of Exposure to Cadmium

~

- Cadmium is emitted into air and water by mines, metal smeltexs and by
\
industries using cadmium in alkaline accumulators, allcys, paints and plastics.

S

~

It is estimated that in 1968 aicne, a total of 4.6 million pounds of cadmium
escsped into our biosphere. Cadmium from air or dust gains access to the body
through the respiratory system (Figure ). Estimateslindicate that a person

. 1nha1es anywhere from 0.02 ug to 10 0 ug of cadmium per day, depending upon
the distance from the cadmium source (42). The highest concentration of
cadmium in air'is found near mines and smelters. Soot and smoke from incin-
erators and from industrial plants using fossil fuel also increases the level
of cadmium in the atmosphere. Coal, for exampie, contains 250 ng Cd/g (44).
The maximum allowable limit of cadmium in the air of industrial workshops is

L

internationaliy-accented as 0.1 mg/m3 (42). Air samplei collected from
various cities in the United States contained 0.002 - 0.37 ug Cd/m3 (45).
In addition to industry, the general population ccntributes to atmospheric
pollution by burning petroleu? pfcducts in sutcuobiles and heating furnaces.
The extent of pollution from these sources can be visualized by con%:arison
of cadmium analyses in samples of melted snow ﬁicked from two different
locaticons in New Hampshire, U.S.A. The first sample taken 20 meters from a
street in Hanover had 1.5 ungd/liter, and the second from a hill top 100
meters from.the road, whicn was comparatively less exposed to motor vehicle
exhaust, contained only 0.35 pug/liter (43).

Cigarette smoking can also contribute apprecdable amounts of cadmium via
the respiratory tract. A pack of 20 cigarettes, according to Schroeder and
Balassa (46) contains 30 ug cadmium. Lower values, with an average of

22.7 ug, were reported by Nandi et al. (47). These investigators calculated

that after passing through the filter, the amoke still retained 69% of the
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PQBSIBLE ROUTES OF EXPOSURE TO CADMIUM -

CIGARETTE
SMOKE

RESPIRATORY
TRACT

INDUSTRIAL WASTES

FLOOD OR
IRRIGATION

¥/ GRAIN
/i (Rlce cereals)™

CADMIUM-CONTAINING .
FERTILIZERS ——+P ° SOIL

. OR PESTICIDES —_——— e

N :
“ 14 G.l
R FRUIT
R - TRACT
o' P4 ) —P VEGETABLES
\ 7 CANNING 43
. o PROCESS[NG ==

. FIG. 1

Routes and sources of exposure to cadmium
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total cadmium: Although quantiﬁative data on human béings are lacking,
N N . ) ) . ; N n
animal experiments indicate retention of:10 to 40w of\the.inhaled cadmium

@2). This would mean that a person smoking a pack of 20 cigarettes per day

N

. - L \
may absorb about 1-8 ug cadmium, in addition to that from other sources.

~ Indeed, Lewis gg_gl.'{dB) have reporteé_that smokgrs accumulate larger amounts
of cadmium in their organslthan“pon-smokeﬁs and that accgﬁula£ion in smokers
is related to the number of pack-years smoked. Most aof the cgg?ium emittéd.
into the air howévér, is depﬁsited in soii ox water. Increased\aﬁbunts of
cadmium in water can also‘be due to dumping of contaminated‘industrial dié—
charges into r;vers,-or due to passége-of water through cadmium-containing
pipes. Examination of fresh water reservoirs by Durum et al. (49) indicated
high concentrations of cadmiﬁﬁ in wate; near‘larger cities. Out of 720 samples
of water obtained from lakes and rivers in the Uniéed States, 42% of the
éagplés had.cadmium concentrations ranqiﬁg from 1-10 ug/litgr. About 4% of
the samples had more than 10 Hg/liter cadmium wﬁich surpasses the United
States Public Health upper limit. However, concentrations as high as 130 ug/
liter also have been detected. Transport of water through galvanized iron,
copper or plastic pipes increases water'caémium‘content (45). Municipal
water supplies utilize soft water which tends to corrode metal pipes and
makes soluble salts witﬁﬁﬁetais. Stagnant‘water accumulates considerably
more cadmiugf concentrations as high as 77-ug/liter have been cobserved (45).
Hard water, on the other_hand, tgnds-to form insoluble residues that coat
meta;iic pipes and thus prevent corrosion.

Thus, consumption of cadmium-containing wate; contributes to the body
burden of cadmium. But of mofe importance is the fact that crustaceans and fish can
concentréte cadmium from water. Analysis of various sea foods by Schroeder
et al. (45) indicated that oysters contained 3.14-3.66 yg Cd/g. Canned

anchovies had 5.39 ug/g. The average of other sea foods excluding oysters
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was 0.79 ug Cd/g. Consumption of ‘these cadmium-laden sea foods is one of
the most important contributors of, cadmium. ‘Cadmium from water can, in the
case of irrigation or fldpds, increase the soil cadmium content. Furthermore,

deposition of airborne cadmium ag well as the use of various cadmium-containing

N

""pesticides and fertilirers can also elevate. the éonceﬁtration of cadmium in
.the'soil. Cadmium from the soil can ultimately end up in various.foéd
-pro&ucts by mecﬁénisms not. yet eﬁtirel¥ clear. Meat, especially liver, from
cattle cons;ming Eadmium—enriched hay is an important source of this metal;
the data of kropf and Mallinckrodt (50} showed tﬁat the highest.concentration
of cadmium was found.iﬁ beef kidneys (ranging from 1-40 ug Cd/g). Cereals,
grains and dairy products averaged 0.16 ug Cd/g. Vegetables had lower values
ranging from 0.01-0.45 pg Cd/g. Japanese rice analyzed by_Schroeder'gg_él.
(45) had 0.077 ug C4d/g and among Unites States vakieties; the-rice from
Mississippi contained as high as 0.137 ug Cd/g. The upper limit set by the
Japanese Ministry of Health and Welfare is 1.0 uyg ¢d/g for unpolishéd and
0.9 pug C4/g for polished rice. Thié is supposed to keep daily intaké of
cadmium ﬁelow ﬁﬁe maximun safe limit of 300 pg. Data on gasﬁroinfestinal
absorption of cadmium in humans!are sﬁill scarce and estimatés have therefore
been based upon animal experiménts, which indicate that anywhere from 1 to .
10% of an cral dose of cadmium is actually absorbed (42,45,5153

D. Metabolism of Cadmium

Cadmium within an organism is neither degraded nor biogynthesized: Since
thé term metabolism is applied to bidsynthetic as well as degradative |
processes within living cells (52), in the strict sense, the usage of this
term with regard to elements would be incor;ect. ‘However, for convenienée,
the scientific literature accepts the term "trace element metabolism,' in bio-
logical gystems to repl;;e the terms abéorption, transport, cellular depoSitiqn,

molecular binding, turnover and excretion. In the present study, therefore,
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‘the term metabolism has been:used td’repraaent all prccesscs involved in

“the biological cycle of an element.

(i)'Placental transfer -

In principla, transplacental passage of cadmium must be distinguished
from placcntal binding as the latter may involve both maternal and fetal
tissues. Transplacental transfer gives an initial body burden ﬁhich will be.
augmented by 1at9r environmantal exposure."Several human studies have shown .
that cadmium is bound to and crosses the placenta (42,51, 53) Schroeder et

(45) could not detect cadmium in the livers and kidneys of stillborns,

newborns or infants upto the age of S months. ' However, in children over the

 age of one year, cadmium was always present in these organs. Henke et al.

(54) analyzed liver and kidney samples from newborns in West Germany and
found between 4 and 20 ng Cd/g wat weight in kidneys and less than 2 ng;Cd/g
in the liver. Thia would‘indicata'that the total cadmium content in the new-
Worn will be iess ttan 1 ug. It would also mean that the<£;¥allldver and
kidney concentrations are about‘l,OOO times 1cwet than what could be expected
in the mother. Concentrations ;n‘the placentas of 44 Swedish women were
found to be lesslthan 0.0l-pg Cd/g wet weight (42). This indicates that
not more than about 5 ng will accumulate in a placenta weighing about 500 g.
Thus, in humans, it appears that the passage of cadmium over the placental
membrane takes place only to a limited degree.

Similarly, laboratory studies involving experimental animals have shown
a limited passage of cadmium across the placental barrier. Berlin and
Ullberg (77) gave pregnant mice a.single tracer dose of 109Cd on the 18th
day after conception. They could not detect any cadmium in the fatus, but
noted an accumulationlcf cadmium in the placenta. Tanaka et. al. (55) gave

il1s

pregnant mice single intravenous injections of Cd 24 to 36 hr before

delivery. The mean uptake in newborns was 6.09% of the dose. Parizek (56)
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showed that large doses of cadmium (4 5 mg Cd/mg) when given on the 17th and

421st days of gestation, destroyed the placenta.' In pregnant hamsters, a single

intravenous dose of 0.5 to 0.85 mg Cd/kg on the 8th day of gestation resulted
in relatively high concentrations of cadmium both in the_plaeenta and in the
fetus. The variable penetration cbsexved mhy be explained by differences in

experimental species, challenge compound and‘dose used, the route of admin-

v

{ii) Excretion through mammary gland

Exposure of the newborn through milk can constitute a hazard, especially
in cases where the initial body burden is already raised due to transplacental
transfer (57). Murthy and Rhea (58) found that human milk in the Unlted States

contalnedt‘pn the average, 0.019 ppm of cadmlum, Whlch -is higher than the

w

range of 0.001-0.010 ppm found in cows' milk in different countrles (42).

]

Tanaka et al. (55) cross fostered sucklings born to female mice mot exposed
. L]

to radioactive cadmium with those given radiocactive cadmium before delivery.

whole body measurements of the sucklings showed that after 14 days, 0.3% of

the dose given to sucklers could be found in the sucklings. As some cadmium

must have been excreted by the sucklings, the total amount excreted gig_fhe
sucklers' milk can be thought to exceed 0.3%. Lucis et al. (59) administered
a single subcutaneous postpartum injection of cadmium to female rats. It

can be calculated from their results that less than 0.05% of the administered
dose is‘excreted daily per g of milk. It should be pointed out that relatively
large amounts of cadmium were rete%fed in the mammary tlssue. Howevex, there

is again a‘lack of similar human data.

(iii) Gastrointestinal absorption

In man, data on gastrointestinal absorption are very limited, even though -
the major portal of entry of cadmium into man is through the diet. Rahola et |

al. (60) studied the fate of 115mCd given orally to 3 human male volunteers
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(ages 19-50 fears). ‘They received single doses of ‘4.8 to 6.1 el of 1Mo
mixed with a.calf kidney suspension. The‘tota}‘ingestion.of,cadnium was about
100 ug. During the first 3-5 days aftex administration, about 70% of the
_activity was eliminated, primarily in the faeces. A repid elimination. continued
until about 6% of the dose was retained in the body. This inqicates an average
"absorption of at least 6%. Bal&nbe studies on "normal" intake of inorganie"
cadmium compounds via f?od in human beings can theoreticelly.be expected to
provide figures on whole—body retention of the metal. However, it is diffieuit
to derive a precise figure for cadmium because of the low and variable intake
of this element and the low gestréintestinal'atsorption. However, witn this
approach, gastrointestinal absorptlov of cadnlum in humans has been estlmated
ko range from 2-10%. (42) |

Several studies on the uptake of cadmium in animals have beenzednducted
“to determine the retention of cadmium after its ingestion. Moore et al. (61)

115mCd by stamach tube. he whole body

administered a single dose of 50 uCi of
retention curve declined rapidly during the first 4 days to about 2 3% of
the initial dose and then approxlmated a first order exponential curve. Most

of the llsmCd was eliminated in faeces and only an extremely small amount was

eliminated 1n.the urine. Richmond et al. (62) gave 109Cd to mice by intubation.'
They found a mean retenticn of about 1% (range 0.5 to 3%) after a few daye.
Nordberg (63) gave 109Cd to mice by the .oral route and found about 1.6%

" retention 14 to 16 days after dosing. Similarly, Ogawa et al. (64) geve mice

a single oral dose of.l uCi of 115mCd. The whole body retention after 24 and

48 hr was 7.3 and 2.7%, respectively. ‘Retention studies conducted on monkeys
(Saimiri Sciureus) after ingestion of l15Cd through a stomach tube also
indicated absorption of 2.5 to 3.2% (average: 2.9%) of the ingested dose; 10

days after dosing (42).
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It has héen shown that diatary factors may play an important role in
influencing the abaomption of cadmium from tha intestina._ Larsson and Piscator
(65) kept female rats on low and higﬁncalcium diets for 1 to 2 monuhs. They
found that rats on low-calcium diet had accumulated abcut 50% more cadmium in:'
liver and kidney than those aon high calcium diet. Furthexmore, the uptake of
an oral dose of 115Cd was greater in rachitic chickens under treatment with
vitamin D thap in untreated chickens (66) . lIt also is of intexest that low
protein diet gave considerably higher levels of cadmdum ;n kidney, liver and
whole body, irrespective of the calcium content in the diet. The whole body
retention of the oral dose of llSCd.Was 9% and 4.5% in mic;_fed on low and
high protcin diets, respectively (67).

Thus, most-animal data indicate an absorption of about 2% of ingested
cadmium. gowever, the absorption is increased cousiderably“bf a low crotéin
"or low calcium intake. AS indicaced earlier, average abscrpéicn of about 6%
has been reported in five humans (60). However, a retention rate of lO%'or.
higher remains possible where there ia a.dietary deficicncy of calcium or )

protein.

(iv] Absorption by inhalation ' . p

Pulmonary'abscrption of cadmium is another major route for the entry of
this heavy metal into the human body. Metals may be'taken into the respiratory
system in the form of particles, gases or vapours. .Unfortunately, data on
transpulmonary absorption of cadmium in mam are scarce. Friberg‘gg_ggr (42)
reviewed observations on cadmium uptake in aumans exposed to this metal and
concluded that quautitative data were not obtainable. However, siggificantly
more cadmium is found in the organs of industrially exposed workers as compared
to those,of "unexposed" subjacts. Thus, absorption via inhalation does take

place (42). +

In animal experiments, absorption and retention appears to range between

4 *
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10-40% of the lnhaled oadmium (42). However, the numbey of anieai inhalation

= 1

studies on cadmium’ are very 1imited, and some of the data do. not lend themr
eelves to detailed calculations for the percentage absorption. The contribution
" from direct absorption by the lungs and secondary absorption via the: gastro—
intestinal traqt following mucociliary tlearance has not been determined.

Moore et al. (61) exposed rats to an atmosphere containing 1800 ug Cd/m for
dahr;. The cadmium aerosol was a oixture of_{lsmCd chloride and stable cadmium
chloride (final specafic actxvxty 104.2 uci/mg). The whole bedy retention

curve showed an inltial rapid declxne during the first 4 days. This initial
loss was attributed primarily. to mucociliary clearance of cadmium from the

lungs and passage of the non-absorbed cadmiumiﬁhrough the digestive fract.

Tiws, approxiﬁately'SQ% of 115m€d was lost through the gastrointestinal tract
by the 4th day of post*expoeuré; -The 'second or slower component of the retention

’

curve reﬁresented the summation of primary absorption (or deposieion} by +the
.lungs and secondary‘absorptdon Bg,the gaseroincestinal tract. Thirty days
post-exposure, rats retained approximately 41.1% of the total inhaled 115m d.
Frlberg (68) exposed 25 rabbits for 3 hr a day (for 20 days per month) for 8
months to about 8 mg cadmium iron oxide dust/m {approximately 5 mg cadmium/m ) .
It can be calculated that the rabbits had 1nha1ed on the average, a total of
180 mg of cadmium iron oxide dust (120 mg of cadmium)}. It seems that about

30% of the inhaled cadmium was retained (42,68} . Thus, cadmium is absorbed

and retained to a con51derable degree in the body after inhalation. Data on
human beings are again scarce, but the information available on emokers
indicates that 25 to 50%.of the cadmium in the fumes may be absorbed. Animal
experiments would seem tio speak in favour of between 10 to 40% retention of inhaled
cadmim,

(v) Transport, distribution and excretion of cadmium

The total body burden of cadmium in a "standard man” in the United

States has been calculated to be about 30 mg (46). Since the newborn contains
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less than 1 yg of cadmium, .it<has been.estimateé that the human°orgaﬂism‘

retains about 3 pg of cadmium per day. Cadmium absorbed via ingestion or

'ihhalation is'subsequently tranéported by'the blood to verious orgaﬁs.‘ Since

. it i diffiqult to determine the low COncentrations of cadmium accurately in

- i

bio;oglcal matérials, large discrepancies exist among blood cadmium values .
reported by different authefe. On the averege, the nofmal level in whole blood
and in serum seems to be well below 10 ng/g (42). glthough botﬁ plasma and
blood cells can take part in the transport of meta{‘compounds, cell-bound metale
do noe exchange wiﬁh other ﬁissues.as eesily aS‘do{the metals bound to ‘plasma
constituents. Plasma—to-biood celi’ratio of cadmium in man ie believed to be
1.0 (i.e. equal concentration .of cadmium in erythrccytes as in plasma) (51):
Different organs manifest striking variations ie the fraction of the total
body burden of} cadmium that they contain, Frbm_bloed, most of the cadmium’
is taken up byﬁthe kidneys and liver. It has been estiﬁaled that about 33% of
the total cadmlum in the body is in kldneys, 13 8% ln 11ver, 2. 3% in lungs,
0.3% ln pancreas and the remalnder in other tlssues -at low concentrations (45).
It was shown that accumulation of cadmium in the kidneys occurred until ﬁhe
fourth decade of life. Older individuals showed a lower cadmium content in~j

various organs (46). In these subjects, & decrease in zinc concentration and

cadmium to zinc ratio also was observed (45). Curry and Xnott (69) attempted

RS ‘ .
" .

‘to establish an age-linked trend for cadmium accumulation; however, their

results fafd to reveal any definite pattern.’
Tissue concentrations and distribution patterns of cadmium vary with the
exposure level. Variations in cadmium intake are related to several factors

including environmental levels, dietary habits, geographic location as well

as occupat{onal environment. Data from various investigations of cadmium in '
the kidney and liver in relation to age have.been assembled for "normals" in

different countries, "occupationally-exposed" workers as well as for Itai-

Itai-batients'(dZ). It 15 apparent that the hepatic values for "normalg"'in

*
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| the Uni ted Stateh;jthe ﬁni;ed K;ngéém and'Swédgn ar;_qomparativalyhlbw, and'
. the average values do ﬁdt exceed 2 ﬁg Cd/g.wet weight. The noxmal Japanese
gvalues were 5-10 times those fo? the Unites Stateg, United Kingdom and Sweden.
However, in_the “cccuéatiohally—exposéﬁf ybrkérs and in Ifhi—ltai patients,
hepatic cadmiuﬁ éoncgﬁtratioﬁs ware noted that wére as high as 300 ug/g. -
Similaf;y, it seems apparent that there is an almost linear incréasg in
renal accumulation of cadmium ;p the age.interval of 5 to 50 years. Thé peag
lrenal cdﬁibc&l values in the Pnérmal“ Americaﬁ of about 50 ug/g wet weight
‘were attained at the age of 40-50 years. Those "occupationally—expdsed"‘had '
values scéttered over a ﬁide range, with ‘about 67% of the valﬁes between 100
and 500 ug/g and the reét between 20 apd 100 ug/g. It has been hypothesized
that concentrations in soﬁe "occupationally-exposed" workers and in Itai Itai
patients that are even lbwer than "normals" may be due to cadmium-induced
renal daﬁage and a consequent increase in renal excretion o£ the heﬁvy‘metal
(42 .- | |
" Gastrointestinal excretion represents the major roﬁte of qadmiﬁm el;Ein—
.atiﬁn from the bedy. There is a lack of adequate human data on tétal gastro-
intesﬁin;l exéreti;n.of cadmium. Rahola et al. (60) studied 5 male volunteer

llsmCd mixed with calf kidney proteins.’

subjects {(ages 19-50) who had ingested

They estimatéd that the net gastrointestinal excretion of the amount retained
. . . o |

in the body was less than 0.1% per day. Gastrointestinal excretion ¢an take

place by a number of routes: (i) active secretion or simple passive loss of

\metal with secretiop, from various glands into the alimentary tract i.e. salivary
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Under normal circumstances, only a small quantity of cadmium is excreted

EE thfough the urine. As in the case;of blood, large variations e#ist in the
. repoxrted values'ﬁqr Eorm&l urinary‘cbncentratiﬁns of -.cadmium, Howav;r, mdst
95 the‘recent work'indicates an average normal excretion of 1 to 2'ug/day (42).
As exbected,“ﬁhe urinary excretion §f cadmium in "exposed workers" can increase
subs,_tantiany.-_ smith and Xench (70) found urinary cadmium levels of 14-428 ug/l
in workers induétrially exposed to cadmium. Similarly, }ncréased urinary
excretion was found in a-population-endemically expoéed to cadmium (71).
.Alfhough.the precisé mechanism(s). of cadmium gxcretion is not known, Nordberg
'and Piscatﬁr {72) have proposed a model for renél accumulation and excretion
© of this metal which implies a role formetallothionein. )
) | The earliest work on the metabolish of cadmium in animals was published
in 1867 by Marme (73) where cadmium was detected iﬁubiood, liver, kidneys,
heaxt and brain. in yost of the early work. it was measured chemically in

-

animal tissues after oral (74) or parenteral (75) administration of cadmium
—

salts, or after the inhalation of cadmium dust énd fumes (68,76). Tﬁe dié;rib-
ution of cadmium has been found to be dependent, to some extent, on the mode

oé admipistration. Intravénbus injection usually gives relatively higher

liver concentrations than oré; ingestion, with subcutaneous and intraperitoneal‘

administration as well as aerosol -inhalation probably inbetween (42).

‘ : #
Moore'et al. (61) conducted whole body retention studies of Aoy in N

rats following four different routes of administration: oral, inhalation,
intraperitoneal and intravenocus. The retention curve for each route of

administration was divided into two components. The first éomponent reflected

l%smcd primarily by the gastrointestinal tract

énd the second component indicated the absorption and turnover of l;smCd.

the initial rapid clearance of

Extrapolation of the second component to the intercept gave initial absorption
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values of 93%, - 91%, 41% and 2.3% for intraperitoneal. intravenous, inhalation
and oral routes, respectively. The route of administration did not significantly
affect the rate of elimination as well as the biological half-life of tha

second component of Ehe whole body retention curve which vgried from 173 to

‘252 days.

Berlin and Ullberg (77} using the téchnigue of whole body sagittal section

autoradiography, studied the distribution of intravenously injected 109Cd.

In mice, 1 hr after intravenous injection of 108

Cd, the highest :ﬁdioactivity
appeared in the liver, followed by phe kidneys and pancreas. The distribution
pattern of radicactivity remained unchanged for 16.days. In kidneys, the
cortex contained m;re 109Cd than the meduila. Radiocactivity was also detected

in hair follicles and in interstitial tissue of the testes. More recently,

" Hornexr and Smith (78) examined the distribution of tracer doses of cadmium,

both on short-term and long-terﬁkbasis. In-this experiment, cadmium distrib-
ution was studied for a 60—déy“time-cou¥se at 17 different points ranging -
from 5 min to 60 days post-injection. Twenty-two different organs and tissues
were examined for radioactive cadmium confént at each of the 17 time points.
Paecal and urinary cadmium'exéretion was carefully monitored in all animalg'
for the 60 day period. It was demonstrated that initial high élasma levels
of intravenously administered long decreased rapidly ané that most of the
cadmium which remained in the blqod after 24 hr was associateg with red cells.
The tracer dose of long was shown to be distributed throughout the body.
in a characteristic pattern. The érgans that accumulated the largest amounts
of cadmium at all times were the liver, kidneys and pancreas. In most organs
and tissues, a level was re;ched (usually within 24 hr) at which the percent
6f'the body burden recovered remained relatively stable for the 60-day time-

course. The amount of cadmium in every organ, except kidney, decreased

slowly as time progressed, but the percent of total body burden of cadmium
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in those organs remaiﬁedAappro;imatgly theISSme.A.In kidﬁey, the peréent of‘
the body burden of cadmium increased progressively over the entire tiﬁé;éﬁurse.
By 60 days, liver, %idneys and pancreas contained 71.75, 6.83 and 1.64%
respectively of the total body bﬁrdén. Excretion of cadmium was found to take
place predominantly via the faeces. Twénty—five to 28% of the dose was |
excreted by that route in 60 days, the mosﬁ rapid phasg occurring during the
first 3 days. .Oﬁly less than 0;15% of tﬁe dose was excreted via the urine.
Furtharﬁore, it was observed that excret;on of Eadmiﬁm proceeded acqording to
a triphasic pattern, and that the rate declined with time. Cadmium half-life
valﬁes for the 3 phases were found to bg 32, 103 and 231 days, respectively.
It may'be of interest that the cadmium half-life of 231 days is in agreement
with that reported by Moore et al. (6l). .

Lucis et al. (79) investigated cadmium concentr#tions for l4ldays following
a tracgr dose of 109Cd to rats by the‘subcutaneo;s route. fhey found that
already 2 hr.after the injection, kidney values were slightly higher than
‘1iver levels and by 10 hr, the concentration in the kidneys was about 50% higher
than that in the liver. Matsubara-Khan and Machi&a (80) studied the accumul-

aticn in mouse organs during sequential injections of long. On 130th day,

the end of the experimental period, the relative concentration of 109Cd in
kidneys was about. 3 times that of liver. Siﬁilarly, Nordberg studied the
distribution of 109Cd after'repeated exposure to the métal (42)}. In their
experiment, mice were exposed to 0.25 mg or O.SOmg Cd/kg subcutaneously for 6
months. ' In animals administered the lower dose of cadmium, the concentrations
in the liver, kidney, pancreas and spleen were 281, 162, 71 and 10.1 ug/g wet
weighﬁ, respectively. In the group_with fhe highést exposure level, cadmium
concentration in the spleen was twice as high as in the groué with lower
exposure. Pancreatic concentration was about 50% higher in the high exposure

group. However, liver and renal levels of cadmium were about the same in

both groups. The lack of any further increase in hepatic and renal concentrations

'
¢
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‘was attributed to renal tubular dysfuncticn accompanied by a- sharp increase

in the excretion of cadmium.

—

Miller et al. (81) compared ‘the distribution of cadmium’administered
orally with that injected intravenously in goats. Fourteen days after intra-
venous dosing, highest concentrations were observed in the liver, kidney and
spleen, in descending order. In contrast, following cral dosing, highest
concentrations of the metal were found in the small intestine wall, kidney and’
liver. Furthermore, much higher leveals of 109 Cd were seen in liver, heart and
spleen of intravenously dosed animals relative to those noted in orally.dosed
ones. The distribution among variocus tissues after long-term oral exposure
also has been studied by Stowe et al. (82) in hahbits given 160 pg/g of cadmium
chioride in drinking water for 6 months. ' Th® mean expcsure was 15.5 mg Cd/kg
bc&y weight per day. Mean cacmium concentrations in liver, kidney, pancreas
and spleen were.lsa, 170, 29 and 10 ug/g wet weight,‘respectively.

Although the distribution pattern of cadmium is quite well characterlzed
the mechanlsms of transport, dlstrlbutlon and excretion still remain cbscure.
It is not known in what form is cadmium transported from the lungs, intestines
or injection sites to various crgans. Horner and sSmith (78) reported that
initially; follewing its intravenocus administration, most of the cadmium in
bloed was mainly in plasma. However, the cadmium that did remain after 24 hr
was found in the red cells., This may mean that the initial uptake by kidneys
is the result of glomerular filtration and reabsorption in the tubules of low
-molecular weight compounds (42). Metallothionein is pcobably one cf the
proteins responsible for cadmium transport in the blocd; The selective accum-
ulation in kidneys has, been thought to be due to reabsorption of metallo-
thionein in renal tubules (42,83). BAs proteins in normal kidneysz are almost
completely reabsorbed, only trace amounts of protein can be expected to

appeaxr in the urine. When the kidney has become saturated with cadmium, the
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reabscrption decreases ;ga\tugg}ar proteinuria appeaéc, If metallothionein
is filtered, less will be reabsorbed and it‘could be e§pected to éppear'in the
urine.(42). Nordberg and Piscator (72) have indced shown the‘existénce‘cf

a low molecular weigﬁt protein fraction containing cadmium in urine from

chronically exposed mice.

More recently, Tanaka et al. (84) studied the fate of *0%a-1abeltea
metallothionein in rats. The dlstribution of intravenously 1njected 109 ca-

abelled metallothionein in rats revealed an overwhelmlng concentration in

the kldney at r. Liver and kidney accumulated 66.51 and 1.85% of the

administered long, respectively, 1 hr after intravenous injection. However,

1 hr foilcwing the administratioq of 109Cd—metallothionein, liver and kidney
accumulated 0.94 and 26.75% of the administered dcse. It has been proposed
that when cadmium is absorbed in the body, it is mainly taken up by the liver,
and biosynthesis of thionein oceurs within several hours. In the kidney,

on the other hand, scarcely any induction of the thionein takes Qlace probably
because of the low cadmium uptake. Metallothionein produced in the liver is
ihen gradualiy transferred to the kidney where it is retained (84). «

’

E. Cadmium Toxicity

The isolation of cadmiumtin 1817 was soon foliowed by the discovery of
its acute toxic effects on the gastrointestinal tract (after ingestion) and
on the 1ung (after inhalation) (85,86). Desplte the early recognition of these
local effects of cadmium, the specific systemic effects of this‘heavy metal
-remained virtually unknown until recent years.\\wifh increasing production and
utilization of cadmium, certain industrial workers became acutcly exposed to
high concentration of cadmium oxide fumes and developed pulmonary edema.
However,kthe possible long-term effects of chis heavy metal on the industrial
workers received no attention. Stephens (87) and later Hardy and Skinner (88)

were among-the first to suggest that serious disease (s) might result in
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-industrial workers undergoing chronic exposure to cadmlum, but the hypothesis
at that time lacked empirical proof. It was not until 1948 when Friberg (68,
89, 90) conducted: Several b10chemical and tcxicological studies that the specific
features of chronic cadmium poisoning in the industrial workers gradually
became recognized. He noted emphysema and.xrenal damage characterized by excretion
of low molecular weight proteins in wcrkers exposed to cadmium ca;de dust over
long periods in a battery plant, Prclcnged industrial exposure to cadmium is
now known to cause damage to the respiratory sgstem, as characterized by
emphysema, to the renal uissue, as indicated by increased excretiou of glucose,
proueins, amino acids, calcium, phosphorus and-uric acid, and to the olfactory
herve, often causing total anosmia {91).

| Probably the greatest concern was triggered bg recent evidence indicating
that chronic cadmium poisoning may not be restrlcted to industrial workers
only, but may also constitute a serious health hazard te the general popul—
ation. Reports of extens;ve non—lndustrial exposure to cadmium emerged only
in the last decade such as the one from the Tcyama area of Japan. The residents
were exposed to relatively high levels of cadmium for several.years as a
result of contamination of river water by a mine discharging cadmium-laden
waste-water, and increased cadmium concentrations in crops of that area.ﬂ The
unique disease was first described in Euglish by Tsuchiyar(92) and is called
"Itai-Itai Byo" (which can be trans%ated‘as the "ouch ouch disease.") The main
features of the fully developed syndrome included severe ﬁain %g,the beones
and pathological ‘fractures (hence the name of the disease), waddling gait,
aminoaciduria, glycosuria, altered pancreatic function and severe osteomalacia.
Following a carefully executed gtudy, the Japanese Ministry of Health and
Welfare concluded that based on available data, the cause of the disease was
related to exposure to cadmium from a_nearby mine factory 192,93). around

the same time when these studies on Itai-Itai disease were being carried out
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. in Japan, cadmium was incriminated as a poeeible factor in the efiology of
hypertension in human beings (94). Later,iCarroll {95) reported that there was
va positive correlation between cardiovascular disease and cadmium concentrations

in the air of 28 American cities studied.

(1) Renal lesions in cadmium poisoning

Marme, in a report publishe§ over a century age, was one of the first to
comment on the nephrotoxic effects of cadmium in anima}s (73) .- He reported
that small doses ofkcadmium (actual dosage not mentioned) ﬁroduced diffuse .
inflammation of the kidneys in eddition to infarction of the lunés and fatty
degeneration of liver and heart. ‘Several subsequent reports confirmed and
elaborated on the abllity-;f cadmium to inflict morphological damage to the
renal tissue. However, it was not until the mid nineteen hundreds that the
effects of cadmlum on human renal function began to be recognized. In 1950,
Friberg investigated a group of industrial workers‘chfonically exﬁosed to
cadmium oxide dust and found that there was a high incidence of kidney damage
in these men. Prolonged exposure to ceamium produced‘renal damagetreflecteq
in proteinuria and decreased ability to concentrate the urine (68). Studies
on the nature of éroteinuria revealed that as in Fanconi syndrome, cadmium~
induced renal damage was tubular in origin. The proteinuria was chafacterized
by the presence of relatlvely small albumin fractlon and dominance of proteins
with moblllty of a, B and y-globulins in paper electrophoresis (96-98). )

Eurther'ev1dence of renal dysfunction was offered by the presence of
glycosuria (98,99), amincaciduria (98,10Q), impaired ability to excrete ae
acid load and probably ae a result of-this, hypercalciurie and renal‘stone
formation, all of which have been cobserved in cadmium workers (99f. A cadmium-
induced syndrome simila% to that described above has also been found to occur

in ﬁon—industrially-exposed population. Almost 106% of the Itai-Itail patients

characteristically displayed proteinuria and glycosuria. Other common findings
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included increased urinary excretion of amino acids such as alanine, glycine
S
and lysine, as well as an increase in urinary calcium. Phesphorus excretion

was somewhat reduced (92);

In rabbits subacutely expesed to cadmium, increases in the excretion of
protein, alkaline phosphatase and acid phosphatase were found to be early‘
warning signs, suggestive of proximal tubular injuries (101). Temporal dys-
function of distal tubules, accompanied'by warning signs and renal dysfunction
appeared latert It has been claimed that enzymuria is the most sensitive and
earliest warning sign of renalitubula; injury seen in cadmiumlnephropathy. To
test out this hypothesis in a more physiological wmodel, signs of cadmium intox-
ieation were studied in rabbits fed on a diet containing 300 ppm cadmium for
up £0‘54 weeks. The earliest signs of cadmium inﬁfxication werq’aminoacidnria
and engymuria, botn of which were detected after 14-16 weeks. Anemia wae
cbhserved after 27 weeks, and later, proteinuria and glycoeuria appeared. These
data suggest that early cadmium intoxica;ion can be deteeted by determining
urinary excretion of amino acids and enzymes. Proteinuria and glycoeuria

"indicate a later stage of cadmium intoxication (102}).

Although chronic cadmium poisoning has been characterized by renal
injury and proteinuria, the mechanism of the\nephrotoxic effect of cadmium
stiil remains obseure. It is evident that cadmium is predominantiy localized

:;-;he kidney cortex, more specificelly in the proximal tubules (63,103).

This eelective accumulation in kidneys has been tho;ght to be due to reabsorption
of metallothionein in fenai tubules (83,104,105). Metallothicnein is a
metal-binding protein, the synthesis of which is induced by the presence of
cadmium (106,107). It has been suggested by Piscator (83,104,105) than cadmium
is transported to the kidneys by means of glomerular filtration of metallo-

thionein-bound cadmium and thereafter accumulated in renal tubules by reabsorption

from the filtrate.
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From the karolihskahlnstitute, a hypothesis‘haé been'advanced suggesting
that when more cadmium aﬁcumuiates than can be bound by métallothionein,
cadmium wil; exchﬁnga with zinc in enzymés n;ceSSary for reabsorption and
catabolism of proteins (42). Leucine—aminopepﬁidase is. one such zine-dependent

N

enzyme thought to play a rolA in the renal hindling of proteins. Interestingly,

iappino et al. (108) found inhibition of leucine-aminopeptidase activity in
renal cortex of cadmium treated rats and rabbits. It is conceivab{e that

) . : .

because of the interference with the enzymatig'actions, less proteiﬁ is cata-
bolized or reabsorbed causing tubular proteinuria. Furﬁheémore, cadmium
‘excretion would be enhanced as less metallothionein would be absorbeq (42) .
Although meyailothionein‘has been shown.to exert protective effect against
cadmium toxicity, efforts to jdentify the function of this metél—binding protein
have thus far been 1argel§ unsuccessful (25). Recently, Noxdberg et al. (109}
suggested that metallothionein may have.a paradéxical role in the pathogenesis

1
of cadmium toxicity. Animals injected with metallothionein-bound cadmium did

not exhibit testicular necrosis, a condition invaria;ly encountered in animals
injected with corresponding doses of non;metallothionqin bound cadmium., It
was also demonstrated that cadmium-metallothionein complex injécted into mice
resulted iﬁ higher cadmium levels in renal-cortex and more severe-renal
tubular cell injury than when a ccmparable_dqée of the metal was admiﬁistered
by the same route. It is of interest thqt‘tﬁe type of renal damage cbserved
in this study was similar to that obseIGEd in animals gigen repeated injections
- of cadmium for several months. Thesé.observations are concordant.-with the
hypothesis that metalldthionein is transported to the kidney tubules by means
of glomerular filtration and subsequent tubular reabsorption (109). Another
possible site of action of cadmium could be at the level of phospholipids.

Cadmium has been shown to interact with phosphatidylethanolamine and phospha-

tidylserine mbnolayers and is effective in expanding them (110). Such an
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"interaction at the membranal level could provide a*potentia};biochemioal
baois for the toxic effeots of cadmium in mitochondria and kidney tﬁbules (25)
Since cadmium is also known to inhibit sulfhydryl enzymes in vitro (111,112),
such an interaction could result in modification or blockade of the cellular
metabolic activity. Finally, cadmium has been noted to markedly affect the
conformation of. polyriboadenylic acid as weli.as the physical properties of
DNA (113,114). Since small amounts of cadmium‘are bound to RNA from equine
‘kidney (114), the possibiliﬁy remains that cadmium-induced xenal damage might
be a conseéoence of inﬁerference with the processes of transcription and N
translation. Although as discussed above, several potential models for eluc-

-

idation of the mechanism responsible for the nephrotoxic effect of cadmium

exist, the precise mechanism(s) for the‘development of renaliinjury still:

remains obscure.

(i) Effects of cadmium on ;iver

As live; is known to accunulate 1orgo amounts of cadnium during’oxposuro,
functional disturbances could be enpected in hepatic funotion. However, o
liver dysfunction has not been a common findiné in exposed workers. Friberg (42)
found that Takata reaction was positive in 2 and the thymol tost in 3 of 19
workers exposed to cadmium oxide dust with a mean exposure time of 20 years.
Increases in serum gamma globulin levels were found in several workers. 1In
most other investigations, liver function has been little studied, but it
seems apparent from the reporits of Bonnell (115), Kazannsz Eﬁ.élr (98) and
AQams et al. (1lle) that comgared to the pronounced alterations in renal
function, gross changes in liver function are rathér unusual in cadmium-exposed
workers.

Prodan in 1932 (117) reported changes in the livers of cats ?;?ﬁsed to
cadmium via the respiszory or the oral route. Similar obserfations were
also made in rats given cadmium orally, 256 to 500 ug/g in the diet fok éevéral
months.(lla). Friberg (Gq) injected cadmium aulfate{tO.GS mg Cd/kg) inoo

T4
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rabbita 6 days a week for 2 to-4-montha and - found cirrhotic.changes. Axelsson

'.and Piscator {119) determined the serum glutamate oxaloacetate tranaaminase

(GOT) activity in serum from rabbits given injections of cadmium chloride

{0.25 mg cd/kg) 5 daya a week for 11 to 29 weeka. They noted that compared with

controls, there was no difference fter 11 weeks of exposure, whereaa there

were significant increases in activity afte;ll? weeks. At that time, the

concentration of cadmium was around 450 Kg/g wet welght. Piscator and Axelssonb

(103) made similar determinations in a group of rabbits exposed in the same
way for 24 weeks and -thereafter followed for another 30 weeks. At that time,
the GOT activity was the ‘same in serum frcm the exposed rabbits and controls.
The concentration of cadmium in the liver was about 180 ug/g. Thefe was no
difference in alkaline phoephataae activity of'setpm. These findings suggest
that the liver daﬁage was reuersible. Kimura {120) has reported increased
levels of s&érum GOT and glutamate pfruvate transaminase (GPT) in rabbits
exposed to 2 mg Cd/kg body weight}subcutaneouslf 6 days a week for 2 weeks.
He also reﬁorted a sicwar clearance of galacteose from hlood in these rabbits

Py

compared with controls. All of these changes are suggestive of hepatic

.

involvement.

Long-term studies on effects of cadmium on activities of certain liver
enzymes have been pefformed by Sporn et al. (121). 1In one experiment, rats
were given cadmium chloride (l”ug/g cadmium) in drinking water fct 335‘days.
An inctease in the activity of phosphorylase a and a decrease in the aldolase
activity were found, indicating that cadmium may intetfere with carbohydrate
metabolism in the 1iuer. When rats nere given larger amounts of cadmium
(10 ng/g €4 in focd) for shorter periods, an influence of cadmium on the
oxldative phosphorylation in the liver mitochindria not seen in the above
mentioned long-term experiment was noted.

| When zinc was administered aimultaneoualy via the oral route to rats

l

given 10 pg/g cadmium in food for 60 days, it was found that wHereas zinc
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_prevented the .action- of cadmium on the oxidative phoephorylation in the mito-
chondria, it did not prevent chengee in the activity of phosphorylaee a or
eldolese {122)}. In an experiment by Decker et al. (123), it was found that
als receiving 0.5 ug/g cadmium in drinking weter for 1 year had ingested

.a total amount of 5.8 mg. In these animals the mean cadmium concentration

in the liver was 1.1 ug/g. It is coneeivab;e that in the above mentioned

experiment by Sporn et al. (121), cadmium levels in livers were not much

different from the ones veported by Decker et al. (123). This Indicates that

' /

cadmium_might act upon certain enzyme activities at a liver concentration of

the same magnitude as can be found in normal human adults (42). More recently,

-

. .
Stowe EE.EL' (82) demonstrated that after 6 months of oral erposure to cadmium,

mean liver concentrations were lSB,ug/g wet weight. Light microscopy .revealed
that, in contrast to controls, the cadmium-expospd rabbits showed depletion of

glycogen and deposits of coliagen. Inflammatory cell infiltrates were
’ ~—
frequent in the portal regiens and biliary hyperplasia was oftén Present.
) . .
Electron microscopy revealed that the most striking changes toock place in the

-

endoplasmic reticulum, vhlch was increased in exposed animals. Liver function
. ‘» .

tests such as determination of activity of GOT, GPT, alkaline Phosphatase an

r

lactic dehydrogenase iscenzymes in serum, bromeosulphalein retention (BSP) test,
and bleod coagulation tests did not show any difference between controls and
exposed. These results indicate that negative liver function tests do _not
exclude morphological liver changes and that some earlier conclusions regardlng

liver damage might not be valid. It would therefore appear that the commonly

used clinical tests for hepatic function may not be suitable for‘evaluation
- - X
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of cadmium effects on the liver (42) .

(1i1) Pancreotoxic effects of cadmium

The pancreas containsg a fairly high. concentration of cadmium, surpasaed
only by that of kidneys and liver. Furthermore, during prolonged exposure,

accumulation of cadmium in the pancreas continues even after it hag ceaszed “in
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liver and kidneys (42). These findings are of particular interest in light

%

of the reports indicating‘that»p;6h§§§ has injurious effects on the cellular
arch%tecture as well as on the functional cgpifity of.tpe pancxegtié fissue.
Voinar (124) was the first to demonstrate that administratibn of cadmium (i.v.)
into rabbits proauced hyperglycemia. Furthermore; he observed that administ-
ration of cadmium also dééxegsed the hypoglycemic and convulsant effects of
insulin. Barbieri et al. (125) preéented further evidence to ‘suppc':'lrt the
observation that cadmium induces alterations of pancreatic function. Upon
histolééical examination, the authors found evidence of increaged ratio of
alpha to beta cells. This shift in the cell fype ratio was considered to be

indicative of diminished insulin-secretive activity. In concordanggabith

~
¥

this report, Havu (126) found tha? ih fish (Corpus Scorpius), intramuscular
injection of cadmium resulted in accumulation of tbis metal in the islet
tissue. Furthermore, he found £hét like alloxan, cadmium accumulation was
associat;d with necrotic lesions of beta cells, hyéerglycemia and glycosuria.
Although aill these reports implicated aitered insulin secretory activity,

the effeéis of cadmium on the pancreatic function remained unassessed at
that time. - _ . :

Ghafgh;zi and Mennear (I27) initially dem;nstrated that in addition to
causing acute hyperglycemi;, admiﬁistratiAn of a single dose of c;g%ium (6 mg/
kg, i.p.) reduced glucose toleéance in inﬁact mice. Furthermore, these
authors found reduced serum immgnoreactive.insulin (IRI) concent?ations in
mice treated with cadmiuﬁ prior to the glucose.tolerance test. In contrast to

acute effects, repeated injections of cadmium (4.0 mg/kg/day; 15 days) did not

produce glucose intoleranée; however, the subacute treatment with cadmium did

‘decrease the resting IRI concentration. It was pointed out that the pancreatic

L]
' damage was not reflected@iﬁ the change in glucose tolerance because cadmium

also lowered renal threshold for excretion of glucose by damaging proximal

renal tubules. Eurthermore, although chronic administration of cadmium failed
i LS
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to produce persistant hyperglycemia during glucose tolerance test, the
'animals excreted significantly moxe glucose in their urine than did the Qs

control animels (128). These data provide support to’ the work of Ghafghazi |
, and Mennear (127) who suggested that renal abnormalities may be associated

with a 'masking’' of cadmiumfinduced hyperglycemia.

More recently, Mennear's laboratory offered evidence utilizing isolated
perfused rat‘pancreas to‘demoustrate that cadmium indeed inhibits pancreatic
insulin secretory activity. In their initial'experiments, pancreata were

-

perfused with either high concentration of glucose (300, mg/100 ml) alone, or
glucose combined.with cadmium (1 x 10_4 -1lx 10—3 M) (129). The oerfusion
of pancreata with glucose resulted iu‘characteristically biphagic release of
insulin; However, concentrations of either i x 10-3‘or'5 X 10—5 M cadmium ime

- perfusion medium resulted in a complete'inhibition of glucose—~induced insulin
secretion; 1 x 10-4 M cadmium sienificantly attenuated this. effect, resulting-
only rn a partial inphibition of insulin secretion. Their experiments also -
ldemonstrated that ‘presence of cadmium lnterfered with the tolbutamide- or
potassium-stimulated secretion ot insulin, indicating that the inhibitory
action of cadmium may not be specific for glucose-induced hormone‘release.

- Although the inhibitory effects o]:F cadmium on pancreatic ipsulin secretory
activity have been demonstrated, the cotcentrations of cadmium used in these
erperiments were far in excess of those echieved in chronic iglgixg'situatione.
Louer concentrations of cadmium probably could not inhibit pancreatic secretory
activity because of the fact thet beta cellg were exoosed to the uetal for
short periods only {up to 60 min); 1onger perfusion‘periods could not be used
because of development of pancreatic edema (l?QL However, it is of interest

o
that long-term exposure of rats to cadmium has indeed been found to inhibit

the amount.of insulin secreted from the perfused pancreas of these animals

(130). In thelr experiments, rats were treated with cadmium (0.25 or Q.g ﬁg/kg;

&
.
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i.p.) every second day for 70 doses. = They moted that based on total insulin
'releaséd, 70 doses of 0.5 mg/kg markédly reduced insulin'%ecretion duriqg
pexrfusion of the pﬁncreas, whereas ££e 0125 mg/£; doses did not. Th; a£ove
éxperiments demonstrated that exposure of intact animals or perfused .
pancreas to cadmium resuips in;impairmént of'pancréatic"insulin secretory
activity. ﬁowever, it seems ﬁhat fairlyflarge doses are g;quired to'induce‘
pancreatic dysfunction. Furthermore, under certain circumstanées, even when
fats are exposed to lasge doses of cadmium, the pancreas can secrete basal

levels of insulin; however, upon challenge with a glucose load, the impaired .

1

pancreatic function.becomes apparénﬁﬂ

These reporté could be of significance‘because as compared to normal
ééncréatic 1evéls ofléadmium which are usually belﬁw‘2 ug/g wet weight (QZ)}
those in exposed woikers and Itgi—ltai patients range frém 30 to 80 ug/g
. wet weight (i.e. 20 o 40-fold increase) (41,131,132). Interestingly,‘thesé
pancreatié cadmium levels are within the range of cadmium levels reported by
fthakissios gg.gi, (130f in the pancreatic tissues of chronically exposed rats
displaying iméaired pancre;tic functian. fhesg £indings may be concorda;t

with the observations on humans suffering from cadmium intoxication (Itai-

1

Itai disease) in whom decreased pancreatic function has been noted (133).

(iv) Cadmium-induced lesions of reproductive system

The promihent effects of cadmium on testicular tissue are wei; recognized.

_As early as 1919, Alsberg and Schwartze (134) had no£ed that administration of
, A

cadmium salts in animals caused a "bluish discoloration_of the testicles.”

However, ;his cbservation escaped furthe% scrutiny for almost 4 decades. It

was not unti)X- the mid 1950's thatuﬁariéék (135) rediscoverea and‘thorough1§

studied the destrhctive effects of cadmium on tes£iéular tigsue. He observed.

that following parenteral administration of cadmium (2.2 mg/kg), the testes

became swollen, dark red or purple. The welight then rapidly decreased and the

»
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testicles turned small, hard and yellowish. Thus, the testes became
s .
hemorrhegic, edematous end in time, nactotic._ The qterilizing effect of
cadmium is'very rapid and animals can become parmaneotlfpsterile as early es
a4 .
24 hr aftér its injection (lSS,%gS). “Although the selective destruction of
-rat testis and its associated veeculature by cadmium is now well documented,
the precise mode of ac&éon of cedmium in the gonad still remains unresolved.
studies_on the early sequential changes after cadmium administration '
revealed that circulatory disturbances precede any morphologically detectable
damage to the seminiterous tooules (135,136,137). The entry of cadmium into -
the capillary endothelium of the testis and its ability to demage endothelial
.cells has been demonstrated (138,139). The injury of.endotheliomwis subsequently
followeo by an increase in the vascular permeabilit§ resulting in_a decrease
in bloed flow and the fallure of bloed tessels to fill.adequately (140) . .It
would eppear that'cadmium directly i;sults the testicular vasculature, rather
'tﬁan by acting indirectly through the release of chemical mediators, because
 cadmium-induced testicular injury is not prevented'by various permeability
lnhlbltors such as anﬁlhlstamlnlcs and antlhyaluronldases {141,142}, 'In
addltlon, administration of vasodilators or anticoagulants failed to block |
the cadmium effect (143).

Parizek, on the other hand, demonstrated that large doses of zinc salts

could prevent’ the action of cadmium on the testes (135). Similar findlngs.

-
L

have since been reported by several other authors (136,144~ 147) Zinc

-

deficiency in animals affects the gonads and ;t has been found that cadmium

admlnistrat;on can digplace slgnlflcant amounts of testicular zinc. Since
. & =

zinc is essential for the maintenance of germinal epithelium, it has been

. "
suspected that cadmium might exert-itseinitial injuridus effects on zinc-

[y

dependent s togenic elements. However, the fact that cadmium evoked

typical hemorrhagic necrosis even in testes devoid of any germinal epithelium

J' i
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(as‘in ﬁhe c;yptorchid) would séem to oppose this hypothesig‘(lSG}. On the

" other hand, zinc might be essential for normal metabolic activity and/or
tissue integrity at some other testicular site(s), where cadmium could Ne
displacing the zinc. Unfortunately, howéver,‘§ery few studies‘on cadmivm—
induced Qascular injury have examined thé biochemicgl alterations prior to

a‘the onset of generalized necrosis. In one study, succinic dehydrogenase

-activity of the internal spermatic artery-pampiniform pPlexus coﬁplex decreased
4 hr after the administfation of'cadmium‘(lda). In contrast, alkaline éhosphatase
En te;ticuiar capillaries Encreased substantially (133). Altﬁéugh the functioﬁ

L]

of these enzymes in vasculature is still obscure, alkaline Phosphatase. is

A (4
.

suspected to be involveé,with active transport across the capi}lary wall (149).
Dimow and Knorre (150) repp;ted that 6 hr after cadﬁium'administration, there
was a decrease in the activiéies of three enzyﬁes that are primarily éssociated
.with seminiferous tubules. Activities of-sﬁcdipic dehydrogenase, lactic
-‘dehydrogenasg and DPN-diaphorase were depressed. lThis may not necessarily
suggest a direct effect of cadmium on‘the germinal epitﬁélium, since it could
be a secondary reaction déqtto loss of nutritives following interferénce with
testicular blood supply. ft is of interest that the enzymes (alkaline phos-
phatase and dehydrogenases) which are altered by cadmium, are 2inc metallo-
enzymes (i.e. ziﬁc requi;ing enzymes). Hodgen SEHEi- {151) studied the effects
of cadmium on another zinc-containing enzyme, carbonic anhydrase in‘the
testes. They described An iscenzyme of carbonic anhydrase which was found
s to be specific to the testis (iscenzyme T); it was absent in both erythrocytes

/

-and kidneys. Activity of this isqgnzyme was decreased as early as 30 min

after cadmium injection. Conversé@y, testes taken from animals exposed to

cadmium for 4 hr contained no isoeniyme T, but exhibited demonstrable amocunts
. e

of carbonic anhydrases I, II and IV, apparently due to haemoxxhage of the

testes and consequent invasion of carbonic anhydrase-rich erythrocyte into
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interstitial spaces (151,152). Since the.testicular isoenzyme was found to
be present in bcth'the testicular_agterg and the testicular parenchyma (152),
these studies failed to reveal?whethér the action of cadmium took place, in
the interstitium or in the tubules of the rat testicle (42).

It may be pointed out that zinc is no§ ihe.only‘element implicated in the etiology
of cadmium-induced testicular éamage. Selenium has been found ta be even more-
efficient than ziéc in preventing‘éadwium—induced gonadal damage (137,144,153).
Initially, it was suspected that selenium might be diverting cadmium away from
_the testis, but it was later found that selenium actually increasedlthe-testl
icular uptake of cadmium. The mechanism by #hich selenium affords protection
against the necrotizing action of cadmium is, of course, still obscure. Other
agents whicp have also been reported to protect aééinst cadmium-induced test-
icular injury include manganese, cobélt, copper, calcium, iron, lithium,
nickel, arsenic and uranium (140). Metallothionein has also been implicated
" to play a protective role against cadmium-induced testicular necrosis.. Nordberg
et al. (109) were able to demonstrate that whereas cadmium-metallothionein
complex Qés without effecf, a comparable dose of cadmium chloride administered
by the same route resulted in testicular necrosis. It therefore séems possible
that some eleménts might afford protection against cadmiﬁmrtoxicity by
inducing metallothicnein formation. ) ’

Recently, Lee and Dixon (154) reﬁortéd that a single injection of cadmium
at a dose Epat.did not cause any mofphoiogical change in testicular vascul~
ature, produced a significant decrease‘in fertility for a pe}iod of 55 days.
They were &iso able to demonstrate that the late elongated spermatids had an
affinity for cadmium that was 2.5 to 2.9 times that of zinc at equimolar -
concentrations; the incorporation of thése fwo.meﬁals into the late elongated

spermatids appeared to‘be competitive. Furthermore, cadmigm administration

(1.0 mg/kg, i.p.) inhibited thymidine uptake into spermatogonial éells by

-
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42% and 52% of the control values on daye 1 and 7. Pretreatment of mice with
zinc chloride (1 mg/rg) ﬁrior to cadmium treatment‘completely blecked the bio-
chemical apa‘fhnctiona; effects of cadmium on spermiogenie-cells but not on .
spermarogoniai cells. Since the effect of cadmium on spermatogonia, where DNA
synthesis occurs, was not reversed. gy zinc, they postulated that this persistent ‘
cadmium-induced biochemical lesion might be due to the inhibitory effect of
cadmium on DNA synthesis (154). However, this is only a postulation and more
work_is required in this area. Neverthelese, their study has shown that (a)
biochemical lesions precede histological abnormalities of seminifercus tubulee
or vasculature and (b) cadmium has at least two actions on spermatogenic cells.
The most likely are a éirect interaction of cadmium with DNA and coﬁpetitire
inhibitibn of essential enzymes. The'first.éctioh is not reversed by zinc
whiie rhe second is. ,
Thus far, only the acute ef;egfs of cadmium have been discussed. However,
from tPe point of view of environmental exposure, acute effects of large
doses are of limited interest. Histologicallchaﬁges in rhe testicles of
rats as a result of long-term administration of cadmium in food were reported
by Pindborg (155) and Ribelin (156). Pindborg gave'lSO.to 610 ug/é cadmium
and Ribelin, 50 to 1,270 ug/g cadmium in the diet. Richardson et al. (157)

i

studied,fhe histological sequelae of feeding 75 mg Cd/kg of diet from hatching
to 4 or 6 weeks in Japanese quail. Amongst other effects, testicular hypo-
plasia was one of the most obvious lesions produced by dietary cadmium. It

is of interest that similar failure of normal spermatogenic development also
was observed in birds weaned on zinc-deficient diet, suggesting that cadmiur
may interfere with zine metabolisﬁ (157). On the other hand, Piscator and
Axelsson (103) could not observe any hisrological abnormalities in testicles
of rabbits injected ﬁith cadmium for 24 weeks and maintained for another 30

"weeks without any cadmium administration. They suggested that absence of

testicular changes could be due to the relative insensitivity of rabbits to
/ ) ‘

.
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_the-ﬁecrotizihg.action of cadmium, or by formation of metallothionein in the
liver. It is oflinterest that repetitive injection of smal}'quantiéies of
cadmium into mice increased the amount of cadmium in the t;stes without
induecing degenerative changes, and furthermore, subéequent exposure o: these
animals'ﬁo normallf toxic doses of cadmium{produced no testicular damage
{157). Cadmium, pg:haps as a rgsulﬁ ofﬁ"p;iming" of metallothionein production
renders the otherwise toxic dose of cadmium innééuous by causing a‘fapid
incorporation of the metal into the protein (159).°

The available reports indicate that acute or chronic exposure of experi-
mental animals to cadmium can induce‘bibchemical and/or functional alter—

ations in the male 'reproductive organs. Furthermore, the observations in a
great number of animal species implicate that similar‘effects_are_likely to
cccur in human beings {42). so far hoﬁever, teéticular neérosis.éé a result
of'cadmium exposure has nbt been rep;rted for man:..Inaustrially exppsed
-workers do seem to accumulate considerable amounts o;'cadmium in the testis.
and some histological changes of rather un;pecific nature have been noted upon
pos£ mortem examination (131). In addiéion, Favino et al. (160) investigated
fertility of 10 cadmium workers and found only one caﬁe of impotqncy with
abnormally low urf;ary testosterone levels {(l60). It is therefore obvicus
thét further studies are needed on the chronic effects of cadmium on male
reproductive function in both the experimental animals and the industrially
expdsed humans. i

(v) Cardiovascuiar effects of cadmium

The ability of cadmium to produce hypertension has received considerabie
attention during recent years. Chronic arterial hypertégsion has been induced
in rats by feeding or injecting small amounts of cadmium over a period of a
few mohths (161). Furthermore, Carroll (95)‘observed a positive correlation

, between the cadmium content of air and the incidence of hypertension/ﬂaz;\
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arteriosclerosis in 28.North American ‘cities. However, tthF is still no-
firm evidence to show that there is an increased éievalehce of cardiac dis;asé-
or hypertension in workers industrially exposed to cazlmiun_t {68,98,99,115,162) .
Similarly, although Schroeder (94) reported that kidneys of hypertensive
patients had higher cadmiuﬁ leve;i:(or cadmium to zing ratio) than those of
normotensive énes, Morgan (163)ffoun& no evidence of e;cessive kidney cadmium
loads in hypertensive patients. it may also be péinted out that in certain
areas of Japan wheré there haé‘been a considerable exposure to cadmium for
decades, hypertension has not been associated with this heavy metal (42).
Results arising from animallexperiments are egqually ambiguous. Hype?-
tension has been produced in rats of Long Evans strain by giving cadmium in
drinking water.for loné periods of time (164). Hypertension also has been
induced by parentral injection of cadmium. Thind EE:él- (165) induced hyper-
tension, in rabbits by giving weekly intrapéritoneal injections of cgdmium'
acetate (2 mg/kg) for 7 weeks. However, negative findings also exist in regard
to the relationship between ca&mium exposure-and hfpertension. Lenér.and
Bibir(166) failed to produce hypeftension in Wistar rats by giving cadmium
in drinking water (5 ug/g) for 16 ménthé. Similarly, injections of cadmium
chloride (6.5 mg Cd/ké) 3 days a week for 6 months could not indﬁce‘hyper-
tension in Sprague-Dawley rats {42). Due to controversial reports on this
subject, it is not possible to reach any definitive conclusion andlfurther
work is obviously needed to prove or disprove the role of cadmium in the
pathogenesis of cardiovascular diseases. As far aé‘the biochemica} effects
of cadmium in the ﬁyocérdium are concerned,.very few studies seem to have
been-published. Flavoproteins and dehydrogenases of the respiratory chain
are targets for cadmium inhib;tion because it binds specifically with the

functional dithiol groups (167). Cadmium has been shown to depress oxidative

phosphorylation in heart mitochondria (168) and in pulmonary alveolar

-
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macropneges (169). .Ir was also reported that cadmium produceo a 50% inhibition

of ATPase-acrivity‘in macrophage nitochondrie and plasma membranes. Further-

more, cadmium was found to induce cardiac atrophy which was accompanied hﬁ'

decreasee in ATP levels, AMP formation and ATPase activity. 1In contrast, the '
{inorganic phosphate levels were increased by cadmium (170). :Theee studies
indicate that cadmium may interrere with the availability of nigh'energyﬂnf

phosphates essential for normal cardiac function.

(vi) Toxic effects of cadmium to the central nervous system

Histological evidence indicates that administration of cadmium (1 mg de12/

. 100 g, s.c.) in newborn rats causes hemorrhaglc lesions in the brain (171). =~ °

In older animals, and during adult 11fe, the lesions were produced in spinal
sensory ganglia of rats, rabbits, guinea pigs and _hamsters, indicating. the
1mportance of age with respect to the central nervous system site of cadmlum
toxlcity (172,173). This is of interest since data by Lucis EE.El- (59
indicate that cadmium penetrates the blood-brain barrier with more ease in
fetal rats. However, cadmium has also been demonstrated to accumulate in
adult brain (77,82). Recently, Kasuya et al. (174) demonstrated that cadmlum
stearate inhibited the outgrowth of cerebellar cells from newborn rats in
Cadmium stearate at a concentration of 2.3 x 10-6M completely inhibited the
outgrowth of nerve fibers, glial cells and fibroblasts (174). These in vivo
and in vitro studies using relatively high concentrations of the neavy metal
indicate that cadmium can be potentially toxic to the central nervous system.
Indeed; iontcphoreric administration of cadmium into cerebral cortex or brain
stem of the cat has been found to markedly depress spontaneous neural firing
(175). Cearley and Coleman (176) observed "abnormal behavioural patterns“ .
in fish intoxicated with cadmium. The "abnormal behavioural patterns" were
firséiabserved during the tnird week of exposure in bass exposed rc 0.85 mg

Cd/liter.. The same symptoms could be noted at 7 weeks when exposed to 0.080 mg
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cd/liter aﬁd also gf 12 weeks if exposed to 0.008 mg/liteé levelhof cadmium.
Identical behaviocural patterns were'obserﬁeq in the bluegill at the 0.85 mg
'Cd/iifer exposure 1ev§1 after 13 weeks of exposure. The bass aﬁd bluegill
exhibited erratic, uncoordinated Qwimming movements, muscle spasms ang
convilsions, fgl;owed by loss of equilibrium with periods of quiescence and
paraly;is. The "abnormal behaviour" exhibited by bass and bluegill may suggest
that the nervous system was the site of damége.‘ Furthermore, the toxic..
manifestations would be consistenﬁ with the inhibition of acetylcholinesterase
(AChE) causing death by paralysis of the musclés of respiration and/or depression
%f the respiratory centre (176). Although cadmium has been regorted to alter
neuronal fun;tion {175) and the behavioural pattern (176), neurochemical -
alterations associated with the observed pathological changé; are lacking.
Preliminary experiments indicate tﬁat neonatal exposure of rats to cadmium
increased the spontaneoﬁs motor activity and algered the central metabolism

of norepinephrine and S5-hydroxytryptamine. In'contrast, the changes in the
éndogenous levels of §opamine were not 4uite’as marked (17Q0). To what extent—
these changés reflect the pathological damage to the central nervous system

as well as the cadmium-induced behavioural aberations, remains to be
elucidated. Furthermore, it would be important to investigate if, like lead,’

ium also induces minimal brain dysfunction and also whether the damage

to the centPal nervous system is reversible.

6. CARBOHYDRATE METABOLISM IN MLIAN TISSUES
F

The primary function of carbohydrates in the body is to Provide a source

of chemical energy as many ©f the reactions coupled to ATP genération are found
in the pathways involved in the metabolism of carbohydrates. The major
carbohydrate in the body is gluéose, which is metabolized in the presence of

oxygen to carbon dioxide and water with the release of 686 kcal/mole of energy.
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FIG. 2

Gluconeogenesis in the rat liver cell; the location of key rate-
limiting enzymes. Abbreviations are: LAC, lactate; PYR, pyruvate; PC,
Pyruvate carboxylase; AIa, alanine; SER, serine; GLY, glycine; AcCoa,
acetyl Coa; CIT, citrate; MAL, malate; ORA, oxaloacetate; ASP, aspartate;
PEPCK, phosphoenolpyruvate carboxykinase; PEP, phosphoenolpyruvate; FDP,
fructose 1,6-diphosphate; FD-Pase, fructose 1,6~-diphosphatase; G6p,
glucose 6-phosphate; G&-Pase, glucose 6~phosphatase; GLU, glucose; GIN,
glycogen; GIP, glucose l-phosphate; GLI, glycerol.
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The maintenance of glucose homebstasis is of fundaméntalfimporfance to the

existence of mammalian organisms, since. energy provided by carbohydrate .
metabolism is essential for the cellular activities in many tissues,
a N

A. "Role of Liver and Kidney in Glucose Metabolism

In higﬁér organisms,_the kidney cortex and liver appear tole unique in
that they posséss the full enzymatic poﬁenti&l for bth glucose éynthesis
from nonéarbsﬁydrate precursors, and glucoég degradation via the glycolytic
pathway of Embden, Meyerhoﬁ,and Parnas. In the process of glyéolysis, glucose
is not only used to geherate biclogical energf‘in thg form of adenosine
tripho;phate, but also supplies precursors for fatty acid, protein and nucleic
aciﬁ syntheéis. Glucckinase, phosphofrucfokinase and pyruvate kinése a?e
believed to be the three key enzymes in the glycolytic sequence since tﬁey
play a rate-;imitiné role in determining the overall activity of this-metabolié
pathway (177,178); )

Gluconeogénesis in man and other nonruminants'comprises.the synthesis 6f
glucose and glycogéﬁ froﬁ lactate, pyrﬁvate, glycerol and certain amiﬁs acids.
The liver is the major site of gluconecgenesis with the kidney becoming an
;mportant site during starvation and acidosis. Gluconeogenesis performs
several functions. First is the provision of glucose to the body during ‘ )
starvation and other situations when carbohydr;te intake from thé alimentary
tract ;s limited and the bedy glycogen stores are depleted. Second is the
reutilization .of lactate and glycer;l produced in small amounts under basal‘ ”;3
conditions and in increased amounts during exercise and heightened Qympathetic
activity. Third is the provision of.NH3 in the kidney to counteract acidosis,'
e.g. in prolenged starvation. ?ourth is thé m;;ébolism of aminoiacids
absorbed from the alimentary tract or released during protein breakdown in

.muscle and other tissues {(179)..
[} .
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Figuxe 2 shows the sequence of‘kéy reactions involved in the conversion

of ladtate, pyruvate,- glycerol and other major amino acids
~

into qlucose and glycogen. Pyruvate carboxylase, phosphoenolpyruvate carboxy-

~

—

kinase, fructose 1 6-diphosphatase and glucose G-phosphatase are the quartet
.of enzymes which play’'a rate—limiting role in glucose formation from non- \\
carbohydrate sources, since they cétalyze'irrevers*ble reactions; are involved
in circumventing thermodynamic barriers and are located almost exclusively
in organs (liver and kidney cortex) capable of gluconeogenesis (180). The
amino acids and poss;bly other substrates enter the’ cell by membrane transport
.systems, Lactate,'aianipe, sgfine and glyciﬁe ére converted to’pyruvate i;
the cytosol. This substrate enters the mitochonérion where it is converted
.ﬁo oxaloacetate 5y pyruvate carboxylage'(PC): Howeéver, small pertion of

. 4 .
pyruvate may also be converted to acetyl-CoA by pyruvate dehydrogenase. -
. Oxaloacetateis then converted to'malatet aspartate and'citrate which is mainly
metabolized in Krebs cycle. In the.cytosol, maiayeﬂaﬁd aspartate are reconverted
to oxaloacetate which igﬁthen convertéa to phosphoenolpyruvate by phospho-‘
enol§}ruvate canbxykinase (PEPCK) . Phosphoenolpyruvate is converted to;‘ . Y@
fru;to;e 1,6-diphosphate by the same cytosolic enzymes that are ipvolved in
the Embdén-ueyerhof élycolytic pathway. Fructose 1,6-diphosphate is hy%tolyzed
to fructose 6-phosphate by fruc?ose 1,6*éiphosghatase (éD-Pase}, an énthe
present in 1arge‘$mounts exclusivély in tissues carrying out gluconecgenesis.

Finally, glucose 6-phosphate is convertéd to glucose by glucosé 6-phosphatase

(G6~Pase), another enzyme specific for gluconeogenesis (179).

(i} Factors requlating gluconecogenesis

There are several factors that are known to be involved in controlling

gluconeogenesis undervphysig;qgic conditions. Gluconeogenesis may be modulated
by the availability of substrates essential for this process. The blood

3 . ]
levels of gluconeogenic substrates are subject to elaborate control and vary

b
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greatly in different netabblic stefes (181). Levels of senexal amino- acids,
can be altered by diet, fasting, obesity, pregnancy, exercise, renal failure,
as:we l as by-administration of insulin, corticosteroids, glucagon, catechol-
am;ne and growth hormone. Tne-lactate, pyxuvlte and glycerol supplies are
also under'hormonal control involving ehiefly categholamines and lnsulin‘(l79).
From the circuletionp~eubstreteslmust enter'specific cells fer_trens-
formatien.into glucose. lﬁis process of uptake of substrates by pepatie
cells cah also be influenced by several hernenes such as:glncagon,.insulin,
cortisol and growth hormqne.. Glucagon stimulates-net;uptake of alanine,
glycine, arginine, lysine and.phenylalanine by tnexliver.(lszi. “Bimilarly,
growth hormone,‘cortiscl and epinephrine.have been‘found to increase hepatic v
accumulation of various amino acids (183). Insulin’ en the other hand, seems
taiﬁeprese the-hepatic uptake of amino acids. The transéort of metabolites
across the inner mistochondrial memgrane whicn appears to be earrierFmediated,
may alsc be subjected to modulation. It has been suggested that pyruvate
_entry into liver mltochendria is a control point for gluEOneogenesis which is
influenced by epinephrine, glucagon and cortisol (184). -t
Gluconeogenic activity mey also be controlled via modulation 6% enzymic
activities of wvarious bathways,' Alteratiens in the activity of the enzymes
involved directly in synthesis of glucose.or those competing for gluconeogenic
substrates may influence the rate of gluconeocgenesis. Pyruvate cerboxylase
is a key enzyme in gluconeogenesis in that it is instrumental in determlning _”
whether“pyruvate is connerted fo oxaloacetate or is oxidized to acetyl-CoA.()
Thepmitochondrlal level of acetyl-CoA may be a major factor.inflﬁencing the .
flow of pyruvate to glﬁcose since this intermediate iz an allosteric activator
of pyruvate carboxylase (185). Furthermore, several add#tional effectorsﬂ
\

have been reported to influence pyruvate carboxylase activity including Ca .

Mg_ P pyruvate, acetoacet&l—CoA, B-hydroxybutyryl—CoA, malonyl-Cod, .CoA and

® é
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aspartate’ (179). Regulation of pyruvate dehydreqenase is also important in.

the control of gluconeogenesis because this enzyme compeeee with‘pyruﬁgte

carbexylase for pyruvate. This en;yme\has recentiy been found to befsuﬁject

to regqulation by a éhostorylatioa aephosphorylatioh reaction‘sequence (186} .
</ h . B

'-Phoaphorylation occurs on the pyruvate dehydrogenase component of the enzyme
. <y :

complex and ‘causes a proportional decreasélin overall enzyﬁe activity.

Phosphorylation and inactivation are catalyzed by an ATP-specific kinase, and

dephosphorylation and activafiog‘arelcatalyzed by a phosphatase. Both the
rhosphatase and the k;nase enzymes are Hgt: dependent. The phospifatase requires

Pl ) N

about a 10-fold higher Mg++ concentration for optimal activity than does the
kinase. It 15 thus poss;ble that the enzyme. phosphatase is regulated by the

intramitochondrxal level of free Mg which in turn, may depend on the ATP/ADP
" ratio (186).

" The enzyme, phosphoenolpyruvate carboxfkinaee, has geen suégested to be
a major(site at which/E¥E;in\§§f aets indirectly or directly to activaﬁe
gluconecgenesis (187). Centrol of phosphoenelpyruvate carbexykinase synthesie
is probably'an important factor in long~term adaptations of eluconeoéegesis

such as durlng dlabetes, starvation, birth and glucocort1c01d admlnlstratlon.

Shrago et al. (188) were the first to. show that phospheenolpyruvate carboxy-
T,
7 kinase activity is increased in the liver by glucocort1c01ds, fasting,

-
[pe—1

giucagon, lactate or during diabetes lndHCEd by alloxan, mannoheptulose or
pancreatectomy. Their results have been confirmed many times and are apparently

due to 1ncreased enzyme synthesis (188){ Insulln 1s effectlve in suppresszng

4

phosphoenolpyruvate carboxyklnase, perhaps through decreased cyclic AMP.,
levels (189), altered hepatic amino acid supply or by primary actlon at the
gene level (17@). Stimulatlon of phoephoenolpyruvi%z carboxykxnase by gluco-

corticoid (190),-glucagon {191) and isoproterenol has¥xalso been reported.

Furthermore, glucagon and iscproterenol stimulation of phosphoenolpyruvate
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‘carboxykinése has been shown to be mimicked by_cyclgc AMP (191).

The reaction sequence between pyruvaée and phosphoenolpyruv;te represents

another major site of control for the process of gluconeogenesis. It is
possible that control may partly involve alterations in pyruvate kinase.
This enzyme exists in multlple forms in liver, saome of which are allosterically
activated by fructose 1, 6—d1phosphate {192). Krebs and Eggilston (193) have
shown that‘sﬁgrvation, diabétes and ?irth decrease the activit& of pyruvate
kinase in liver tissué. .

Fructose 1,6—diphosphat$se is another potential site of control ‘of

gluconeogenesis and is subject to allosteric control by AMP and fructose 1,6-"

diphosphate. The inhibition of fructose 1,6-diphosphatase by these compounds

)

would complementftheix stimulatory action on phosphofructokinase and could

play a recle ih ¥ inhibition of glﬁgbneoéenesis-by anoxia (179), It is of x

~ -

interest that administration of corticosteroids to rats has been reported to

increase the activity of fructose ),6~diphosphatase in rat liver (194).

Glucose 6~phosphatase is known to be almost exclusively confined to

liVer‘aha‘kidney. ‘It catalyzes the conversion of glucose 6-phosphate into

glucose,'li%erating a phosphate moiety. This reaction is inhibited by cftrate,
palmiﬁy;—CoA, phosphate, bicarbonate, ATP and ADP. Nordlie gghggr'ﬁlBS)

have suggested that some of tﬁesé'agents may play a role in the physiological

regulation of glucose G—bhosphate hydrolysis.

L

Any detailed presentat;on of the control of glycogen metabolism is beyond

the scope of thls dlssertatlon. However, }t is of interest to consider the
9 . .

factors determining whether a gluconeogenic substrate is converted to glucose

or glycogen. A prime factor appears to bg p;ood glucose level since glucose

can activate glycogep synthetase and inhibit phosphorylase in isgolated liver

(197). .Aéoﬁher factor influencing the floﬁ of suﬁstrate to glucose or

glycogen is the evel of glycogen itself in the liver. A high.gl&éogen

level 1limits glycogen synthesis by inactivating and thus favours glycogenolysis
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(198). Many hormones influence the disposition of giuconeogenic substrates

~ between glucose and glycogen in.the hepatic tissue, Glucagon and catechol-
(f .

amines increase glycogenolysis and decrease glycogen synthesis. These.effects

seem to be related to increase in cyclic AMP causing activation of a protein

kinase which phosphorylates and actlvates phosphorylase-kinase which inﬁturn;

- indctivates glycogen synthetase (199). It is now well established that insulin

»
promotes net liver glycogen deposition. The action of insulin to activate

‘glycogen synthetase and inactivate phosphorylase in the liver under in wivo
Egvér,

conditions is explicable in terms of a lowering of cyclic AMP (189).: Howe
Shen et al. (200) have proposed that insulin may also act by inhibiting the

action of cyclic AMP on protein klnase; While Bishop (201) oobtained evidence Ehat

insulin activates glycogen synthetase. Slmilarly, glucocort1c01ds .

have also been known to cause glycogen de9051tlon in the liver. Starvation .

and dlabetes exert profound effects on hepatic glycogen metabolism which are

r
probably on account of increased cyclic AMP levels due to decreased insulin
’ 2

and enhanced secretion of glucagon (202). . . /

Thus, gluconeogene515 is subject to several control processes whlch

include supply of substrate from peripheral tlssues, substrate uptake by the

llverr:transport of metabolltes across the mltochondrlal membranes<*and

s altered act1v1ty of enzymes involved in glucose metabohﬁ Furthermore,

changes in ATP, ADP, AMP, cyclic AMP, Mg ang catt also seem to play an
important role in the control of gluconeogenesis: |
§chimmel and Knobil (203) found that staEGation enhanced glucose-c14
production from 1abeleé.a1anine, lactate, pyruvate and glycerol in hepatic
tissue slices’as well as serum glncose levels. AYoung and Scrimshaw (204)

showed that starxvation also stimulated the Ectivities of pyruv&te carboxylase,

phosphoenolpyruvate carboxykinase, fructose 1,6~diphosphatase and glucose 6~

L
-

. .
[ . . .
f . ) - . v
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phosphatase. &he rise in various gluconeogenic enzyme actitities was

accompanied by a fall in the concentration of valine and alanine (204).

‘\

During starvation, there is a striking change in the role of ‘the kidney cortex
since it contributes almost asg ‘much as the 1iver to overall glucose production
(205). This shift is believed to be attributed, at’ 1east in part, to changes
in the acid-base balance in the blood caused by an increase in the body s

production of ketone bodies.

<t

Hypoxia and the consequent loss ofhoxygen_supply to. the liver also exerts
- 14

profound effects on carbohydrete metabolism.  Ballard (206) found that C
lactate, C14-serine and 014—aspartete was not incorporated into labeled glucose
in 2-day old rats exposed 'to a 100% nitrogen atmosphere. Similarly, Phlllppldls
and Ballaxd (207 208) found that gluconeogene51s was suppressed in fetuses
subjected to hypoxia. -Inhibition of gluconeogenesis and activation éiy
glycoly51s has also been demonstrated followyhg hypoxia’ ln_perfused rat 11vers'
{179). Although the mechanism by which hypoxla suppressed gluconeogenesis is
unknown, it is believed to be due to a fall in the concentrations of hepatic
PYruvate and oxaloacetate (209,210).

Pregnancy is assooiated with altered metaboiic state since the fetus is
dependent on maternal substrates (211,212). BHerrera et al. (213) found an _

Vg .

\enhanced gluconeogenesis in livers of bPregnant rats administered Clq—pyruvate

and suggested that the observed increase in gluconeogenesis was probably

+

. related to the iarge demand made by the fetus on the maternal glucose supply.

Lactation makes extra demands on glucose supply in mammals and the gluconeo~
genic pathway is the major route by which the organism is supplied with 1 .
glucose in this condition (179). Alterat;ons in carbohydrate metabolism have

also been cbserved during exercise. Xrebs et al (214) demonstrated an enhanced

rate of gluconeogenesis from 1actate, pyruvate and fumarate following muscular
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"exercise. Sanchez-Medina et al. (215,216) not @nly found an'iﬁcreased
production of giﬁcose from lactate and‘pyruvate in exercised rats; but also
Sﬁimulation ;f hepatic and renal phosphoenolpyruvate carboxykinase activity.

Disturbances in acid-base halance also exert proféund effects on carbo-
hydrate metabolism in the kidney. Goodman et al. (217) demonstrated that in
ammonium chiorideninduced metabolig acidosis, there was an enhanced renal
glucgneogenesié. They observed an increased incorporation of several non-
'carbohydrété Precursors into glﬁcose in rat renal cortical slices. In addition,
Alleyne and Scullard {218} noted a marked stimulat;on in the activity of
'renal-phosphoenolpyruvate carboxykinase during metabolic acidosis induced by
ammonium chloride. In contrast, metabolic alﬁalosis induced by sodium
Jbicarbonate loading was found to significantly depress the synthésis of glﬁcose
by remal cortical slices (217). BAs expected, Pilkington and O'Donovan (219)
found that net glucose production in dog kidneys was decreased ip-metabolic
alkalosis-

Human.as well as experimental diabetes is charactefized by a disturbance
in carbeohydrate metaboliém‘and is assbcia£§d with secondary alterations‘in
protein and fat metabolism (220). Weber et al. (177) demonstrated a marked
decrease in the activities of various glycolytic enzymes in alloxan diabetic
rats. Recently, Singhal et al. (221) found that aéministration of streptozotocin

induced diabetes in rats and gignificantly lowerea the activities of key
glycolytic enzymes in liver tissue. 1In contraét, the activities of variocus.
gluconeogenig enzymes were markedly elevated_in liverg of alloxan d
streptozotocin-induced diabetic rats (178,188,221-223). It is intdresting
that insulin treatment prevented the diabetes inauced rise in various gluconeo-
genic enzymes (178). Thus, changes in gluconeogenesis are important in the
metabolic adaptations of man and other mammals to many physiologic and

pathologic conditions. The process of gluconeogenesis is altered under
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situations indiuding exercise, fegggngiﬁﬁihbetes; Pregnancy, lactation as
well as altered state of acid-base.balance. In most physiologic situations,
the hormones and 6ther'factors responsible for the changes are still not

clearly defined.

B. -Pancreas and Glucose Homeostasis o ‘
u : 7 ‘

'The pancreas is a 1&rge gland composed of two main elements: exocrine
tissue and endocrine tissue. Exocrine tissue, which makes up the bulk of
pancreas, consists of acinar cells that secrete various enzymes important to

the digestive process. Scattered throughout the exocrine tissue are small,

islets may be composed of sevetal different cells, but the  predominant con-
]

stituents are the alpha and beta cells. Both tYpee of cells contain small
: ) TSN
hormone producing organekigs, known' as granules. Granules in the beta cells

produce insulin, while those in the alpha cells produce glucagon. Both

hormones are excreted &Erectly into the bloodstream. Surgical removal of the

pancreas leads, within 24 hr, to high concentrations of glucose in the blood.”

This hyperglycemia is followed in a short time by ,all other symptoms of
diabetes (224). -

(i) Diabetes - Metabolic consequences

Diabetes mellitus;, generally called simply dlabetes, is a disease in

~

whlch metabolism of carbohydrates is impaired and that of proteins and fats
-1

is enhanced. Ingested glucose or glucose metabolized from body*s reserves

cannot be assimilated into fat and muscle cells for use, and thus bUlldS up

to high levels in the blood (hyperglycemia) and is excreted in the urine

&

isolated pockets of endocrine tissue known as the islets of Langerhans. These

(glycosuria). Both hyperglycemia and glycosuria persist eyen when the diabetic

individual is fasting. Breakdown of tissue proteins is sharply .accelerated in -

diabetics with a concomitant increase in the excretion of nitrogen in the

:

L
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urine. Breakdown of lipids and fatty acids is also accelerated, leading'to
producﬁ}on of large quantities of the so-called ketone bodies. Excretion of-
glucose and ketone bodies causes loss of water and salt from the body,

producing dehydration and severe thirst. In severe -cases, build-up of ketone

i
A v

bodies can produce a condition known as ketoacidosis; the accumulation of
acids in the blood pushes its pPH below the critiqai level of 7.4, thereﬁy
producing ¢oma and if the céhdition is nog corrected by the administration
of insuli;, eventually to death (225). ‘ '

It has been recognized'for many years that one of the major metabolic
abnormalities of diabetes is the accelerated breakdown of bedy protein to
yield glucose. Enhanced gluconeogenesis is praobably as important as.impaired
peripherai glucose utilization in the geneéis of hyperglycemia characteristic
of diabetes (179) .. Perfuseé livers.fﬁ?m diabetic rats synthesize glucose

‘from lactate ét almoét three times the normal rate (226{. Human diabetics
and alloxan diabetic rats also show enhanceﬁent of gluconeogenesﬁs from
lactate, pyfuvate, alanine or glutamate ig_xigg_(227,228). fhe various
mechanisms inv&lved in the enhanced rate of gluconeogenesis in diabetic

liver are not well defined.

(i1) Role of insulin in control of carbohydrate metabolism

i Banting and Best (22§} discovered insulin and demonstrated that admin-
istration of insulin could correct diabetic abnormalities. It is of interest
that insulin treatment of diabetic rats restored changes in blood glucose
and hepé?ic glycogen as weii ag-in various enzyme activities (i57,221),
Prior administration of either actinomycin, ethionine, or gycloheximide

| effectively blocked the insulin-induced rise in thgéyctivities of hépatic&
glucokinase, phosphofructokinése and pyruvate kinase suggesting{that tﬁe
action of insulin on diabetic livers involved de novo enzyme biosyntheéis

(177,221). 1In contrast to hepatic glycolytic enzymes, the activities of

Pyruvate carboxylase, phosphoenolpyruvate carboxykinase, fructoge 1,6- ‘
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diphdsphatase ahd glucose Gfphosphatase weQe markedly elevated in livers
of alloxan and streptozotocinhinducea dlabetic rats (178,188, 221—223). it
is 1nterest1ng that insulin treatment prevented the diabetlc-induced rise in
various gluconeogenic enzymes (178). Fuéthermo:e,'insulin préduces.striking
changes in plasma levels of most amino acids and alters the uptake of several
amino acids by the éissueS'of the forearm or the splanchnic bed (230). The

hormone produces a decrease in total pPlasma amino acids with declines in
threonine, isoleucine, valine: leucine, tyrosine aAé pPhenylalanine levels being
the most consistent. This decrease is probably due to increased amino acid
uptake by muscle because' of facilitated proéein synthesis. Intraarterial
injécﬁion of physiolegic doses of inshlin-iﬁto the forearm %p man produces
significant inhibitio;Jof the release of threonine, élycine, a-amingbutyrate, .
isoleucine, leuciné, tyrosine and phenylalanine, qu éo significant change
in alanine, the'amino acid released in greatestqégount (230). The overall
declipe in amino acid oﬁtput was 74%. The failure of insulin to inhibié f——’)
alanine output from the muscle is Probably dee td the concurrent enhancément
of pyruvate formation through glycoly51s. |

' Infus;on of glucose to e11c1t endogenous 1nsu11n secretlon in post-
absorptive man produces a marked decrease in the splanchnic uptake of alanine,
glycine, phenylalanine, lactate and pyruvate and a reversal of splanchnic
glucose balance from output to uptake (182). The changes occur in the absence.
of alterations in the peripheral levels of gluconeogenic substrates indicating-
a primary acﬁion of insulin on the liver. The changes in splanchnic metabolism
producéd in vivo are similar to é@ose induced by insulin in isolated rat
liver perfused with a physiologic mixture of substrates (182). They are,

of course, consistent with the inhibition of gluconeogenesis and glycogenolysis

consequent to a fall in cyclic AMP. Tissue metabolite analysis points to the

, reaction sequence between Pyruvate and phosphoenolpyruvqte as.a major site’,
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of insulin copcrol of gluconeogepesis. Insulin has been.found to inhibit
protein breakdown in liver, but it is not known whether this is related to
the decrease in cyclic AMP (179).

| Thus, a major part of the hypoglycemic action of insulin is due to
inhibition of amino acid gluconeogenesis. The action is exerted both on che
liver to slow flux through the gluconecgenic pathway and et the periphery to
inhibit amino acid releabe. The hepatic compoment is probably more important

1

since insulin does not decrease the peripheral release of alanine, which is

the major gluconeogenic-aminc acid.

(iii) Role of glucagan in control of carbohydrate metabolism

Although metabo;\é'//normalities in diabetes have largely been attributed
to the lack of insulin, glucagon has also been tecognized as an important
factor in the metabolic consequences of diabetes (224). Recent evidence

indicates that plasma glucagon levels are normal or high'in subjects with

diabetes and in animals made insulin defic ent'ﬁith alloxan or antiinsulin

[
1

serum, despite the existence cf marked hyperglycemia (231). The failure
'to suppress glucagon secretion in the diabetic state no doubt ccntributee éo
the grose imbalance Between plasma glucagon and insulin and hence to.the
increased level of cyclic AMP in the liver (1795. !
The action of glucagon on hepatic carbohydéate metabolism is believed
to be antagonistic to that of insulin (232). Administration of glucagon
was shown to augment hepatic gluconeogeneeis from noncarbohydrate precursors
in man {233) and in perfused livers (234). Glucagon treatment produced a
rise in phosphoenolpyruvate carboxykinase and fructose 1,6-diphosphatase
whereas the activities of hepatic phosphofructokinase and pyruvate kinase
were decreased in the rat (188,232). A similar effect on these liver enzymes
was found ¥hen glucagon was administered to humaﬁe {232). It is of interest
thac the concentration of glucose rises during glucagon perfusion and drops

.

when the hoxmone ig removed (234).°
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From phjsiologie ﬁ%int of view, the balance between the effects of
glucagon and insulin may be the major governing influence on glucose output
by the liver. As regards to the effect of iﬁsulin on glucoheogenesis pexr se,
- Menahan and wieland (235) have shown in perfused rat 1iver1§reparation that
the activation of endégenous glucaneogenesis by glucagon could be suppressed
by insulin. Lewis et al. (238) Have_shown that the activatign of. gluconeo-
geﬂesis from lactate by glucagon can be‘suppressed by inéulin'under essentially
the same conditions in wﬁigh insuliﬁ suppreésed glycogenolysis. It has been
proposed that gluéagon—inéulin balance may regulate Mepatic glucose output
and that the effects may be assoqiated with the modulation of hepatic cyclic
AMP contené (236, 237). This concept of glucose output coﬁtrol by the liver
1nfluenced by the balance of glucagon-lnsulln interactions is supported by
studies on acute diabetes induced by injecting insulin antlbodles (189).
In;gctlon of insulin antiserum was associated with stlmulatlon of glycogen-
glysis and gluconeogenesis. FPresumably, ghe activation of glucose output was
due to neutralization of insulin thereby leaving ﬁnopposed the influences
.0of glucagon and/or the basal dischargeﬁgf'the hepatic symp#fhéégt system

{237). Thus, interaction of glucagon and ipsulin may govern the hepatic’
gluéose output and these effects may be assbciated with changes in hepatic

. -~

cyclic aMP.

7. CYCLIC aMp

In 1957, while stuinng the h?perglfcemic effects of epinephrine and
glucagon, Rall et al. (238) isolated a small, heat-stable compound capable of
stimuiating glycogenolysis. This compound was identified as cyclic .adenosine
3',5'-monophosphate (cyclic BMP) and was proposed to serve as iﬁtrgcellﬁlar
mediator in the glycogénolétic effect of epinephrine and glucagon. 6 Since then,

it has become clear that this nucleotide functions as an intracellular second
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messenger mediating many actions of a number of hormones in mammalian tissues
(239).

A. Metabolism of Cyclic AMP .

The cellular level of cYclic AMP is dependent upon the aotloities of the
enzymes: regulatlng its synthesis and degradation, as well as those factors '
whioh are responsible-for its release into the extracellular fluid. Adenylate ' -
 ¢yclase, the enzyme catalyzing the formation of cyclic AMP from ATP has been -

found in most animal cells to be localized in the plasma membrane or certain
membranous fractiens w1thin cells such as the sarcoplasmic reticulum (240).
_Thus, adenylate cyclase generates cyclic AMP on the inner surface of cell
membrane and subsequently brings about the appropriate physioclogical responses.

" One of the'most striking features of adenylate cyclase in mammalian cells is

its ability to respond to ﬁormones. Hepatic adenylate cyciase can be gtimulated
by adrenal catecholamines (241,242) ss well as glucagon (243,244). Glucagon
:is much more potent than any of ﬁhe.catecholamines, nos oniy in the sense that
smaller concentrations of glucagon are required Eo sfimulate the enzyme, but
also in that the maximai'response in this case is much greater than the maximal -
rzsponse to catecholamines. It is also of interest that only certain effectors
can modulate adenylate cyclase activity in'a given tissue. Thus, Rodbell

and co-workers (24%) have proposed that the hormone-sens1t1ve, membraee-locallzed
adenylate cyclase has multiple components; there is a site on the external
surface of the cell membrane which .serves as a receptor or blndlng site for

the hormone Specificity in these binding sites appears to provide the means '
by which tissues discriminate amoﬁg the various hormooes. There is a catalytic
site on tiHelinterior surface of the cell membrane-which has access to ATP

and can generate cycfic aMP, Furthermore,_there appears to exist an inter-

mediate coupling or transducer mechanism that translates hormone binding to

cyclase activation. Finally, there are probably regulatory sites which may

-
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modify the binding of hormene to receptor (239,245).

Other‘enzymes known to influence: the level of cyclic AMP are the ones
responsible for the metabolic breakdown of the cyclic nucleetide,
phosphodieste;ase (PDE). Cyclic nucleotide phosphodiesterases are-
the only enzymes known to directly terminate the activity of cyclic nucleotides.
Despite the fact that- they represent another potential site for hormonal ox

~ metabolic control of cell function, much less is known about -these enzymes
than about the cyclases which form the cyclic nucleotide. This is in part
due to the fact that there are.multiple eyclic nucleotide phosphodiesterases .
in each cell type, and they have been rather difficult to separatelanﬂ purify
{246). Seteral metabolites including ATP, pyrophosphete, other nucleoside
triphosphates and citrate have been shown in vitro to act as inhibitots of
cyclic AMP phcsphodiestetase activity and it seems likely that these agents
act by chelating Mg++ (239). similarly, enzymic actiuity can be inhibited
by methyl xanthines and other coﬁgounﬁs such as adenosine, puronycin, diazoxide
and papaverine (239). éurthermore, it is generally true that the effects
of hormones which act by stimulating adenylate cyclase are potentiated in
the presence of one of these compounds. 7‘ i} ) ™

Onelof the central issues in the field of cyclic nucleotide tesearch.has
been the elucidation of the mechanism(s) whereby these low molecular weight
nuclectides achieve such-a diversity o{ effects, ranging from the mediation
of hormone action in vertebrates to the stimulation of enzyme synthesis in

-bacteria. In recent years, it has been postulated that cyclic AMP exerts -
its influence on many cell functions by activating a class of,enzymes called
cyclic aMP-dependent protein kinases. Indeed, Kuo and Greengard (247,248)

. Postulated that all of the wide variety of effects elicited by cyclic nucleo~
tides are mediated by stimulation of protein kinase, which in turn, using,

ATP as a substrate,,phosphorylate“endogenous'substratee within target cells.

A
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Iﬁ‘phe prast few years, there has been iﬁéraasing evidence in éhppo:t of .

Les

" this hypothesis (249). . The molecular events';nvolved in the activation of
‘protein kinase by cyclic AMP has been elucidated in several tissues. The “’A*“‘w\\\ i

holoprotein kinase consfgts of two subunits:-a cyclic AMP-binding pxotein or o

-

regulatory subunit, and a catalytic subunit. In the absence of cyclic AMP,
the enzyme exists as the holoenzyme and it is essentially devoid of any
activity. When present, cyclic.AﬁP binds to the regulatory subunit, anéﬂin 50 .

doing, causes the dissociation of catalytic component. The.free catalytic

subunit is considered to be the active species of the enzyﬁe.' It is well

appreciated that the proéein kinase system may be very complex; there aﬁpears ‘
‘ . . ] . . »
to be multiple forms of -cyclic AMP-dependent protein kinases where the

catalytic subunits are similar in molecular weight, but therregulatdry sub-

units seem to differ among various kinases (239). Fufthermore,'it has been’,
‘shown that in addition to ¢yclic AMP, certain substrates of protein kinases

such as histones or protamine may dissociate and activate the enzyme. However,
. - '

the éignificénce of this activation by substrates is unclear (239).

. : - . . gl
B, Cyclic AMP and Carkohydrate Metabolism

Considerable data have accumulated implicating a direct relationship
b&¥tween cyclic AMP and alteration hefatic and renal carbohydrate metabolisﬁ.
Some of the more prominent changes produced by cyclfc AMP in 1ivér include
stimulation of phosphoenclpyruvate carboxykinase_a;d glucﬁse 6~-phosphatase
(250-253), and an enhanced incorporation of'nonéﬁ%bohydraﬁe precurseors into
gluccse (254-257). BAn increasé in- the ihcoréoration-nf gluconecgenic precursors
into glucése also was found in kidneys of %ats freated‘with cyclic AMP (258-
262). Recently, Weiss et al. (263) dgmohstrated that cyclic AMP augmented
the entry and cumulative uptake of several”;mino acids into rat kidney cortex
slices. From studies with.gluc;neogenic precursors, Guder et al. (264)
suggested that the rate~limiting step in cyclic AMP—stiﬁu}éted renal gluco-

<

S
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%, . . o .

neogenesis involved an enhanced formation of phosPhoenolpyruvate by phos—

phoenclpyruvate carboxykinase. Since pretreetment with actinomy n D and
cycloheximide prévented the cyclic AMP-induced rise in rehai\e d hepatic
<, ~ : - Lo

phosphoenolpyruvate carboxykinase and glucose Gébhosphatase,qeéihegpe ' o
‘suggested that gg.hcvo enzyme bilosynthesis was involved in the cbserved(action

of-this'cyclic‘nucleotide (250-253,265). . It is of ioterest that cyclic AMP

N

.

also produced a fall in hepatic glyccgen content (255,266,267) and an elevation

- —
in the concentration of blood glucose (268-270).
B .~ . h

Since the classic reports of Sutherland and co-workers provide evidence -

W8
for a rcle Tof cyclic AMP in the action of eplnephrine on hepatic glygo;;;;;}s

the role of cyclic gg? in the metabclic actions of several other hormones has

“\\\'been demonstrated in perfused liver preparations (1791. In these experiments,

LS . ’ '

'"catecholamine-stimulated hepatic gluconecgeneeis and glycogenolysis was .
L ) . P ) T

v

~b . ‘
acccmpanied by elevation_qf_{htracellular levels of cyclic AMP. However,

mcre recently, Sherl'ae.et al. (2?1) and. Tolbert et al. (272) have polnted to

o ,the ex;.stence of an

¢ -

@'ceptcr mechanlsm for catecholamine activation of

ccneogenesrs in the 1iver parenchymal cell that apparently
does net 1nvolve the adenylate cyclase-cyclic AMP system. However, much

R
controversy still exists regardlng the nature of the hepatlc adrenergic

] 1

\ receptor. Thus,,the role ofc&cllc AMP in the hormonal modulatlon of overall

-

hepatlc carbchydrate metabolism is still not ful_y understood (273}.

by

In liver therefore, there sé&&s'to exist- a dual eyetem for hormonal and 4

1}

neural control-of the hepatic release of glucose by catecholamlnes whlch
probably has a surv\l value, The &ver plays a vital role in glucose homeo- ’
’ v sta51s and in the rapid Delease of a fuel thatacan be readily used by the

’y L
muscle in a "fight or flig‘r“ situatiion. #The preeence of the two types of
: - N ' b

b . a@renergic recepﬁore‘prcducingﬁthe same ehd reeclt cpeld be thought of as

an example lof "faileafe" principle commonly: seen in ‘the control systeme'cf L

~ v -y

hlgher or anlems (273). S

®e \m . . . - " . . " - . ‘

>
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1. ANIMALS - :

Malé’ rats of the Sprague*Dawley strain, used throughout the course of

+

this investigation, were pbtained from Canadian Breeding Farm and Laboratories
Linited st. Constant, Quebec. Animals were gfintained on Master Laboratory
Chow and water ad libltéﬂ - For experiments on the effects of neonatal exposure,

bregnant females of the same,strain were obtained and after parturition, each
litter was reduced to a maximum of 6-8 ‘pups. The litters were weaned at"22
- .

Al

days of age. All animals were maintained under a constant. environment of

“’ S
-24°, 60% humidity and alternate cycles of 12 h;“ZE'ggght and darkness. Prior :

to sacrifice, unless mentioned otherwise, all animals were starved overnight

(16 hr). . ' . ‘ X !
2. PREPARATION QF PANCREATIC TISSUE FOR DETERMINATION OF INSULIN

RELEASE IN VI'I‘RO e

A. Isolgtion of Rat Islets of Langerhans

Islets of Langerhans were isolated fram rpancreas by a modification of

q
the coll&%enase digestion technlque of Lacy and Kostlanovskyf(274). Non—starved rats

.were anesthetized with ether and the pangreas distended with 10 ml of Krebs-

QRinger blcarbonate (KRB} buffer introduced through a polyethylene cannula

inserted into the common bile duct. The pancreas was then ' removed, fat trimmed
off and pieces of the tissue were chopped 1nto 0.5 mm squares usiftlg a MciIlwain
Tissue Chopper (Brinkmann Instruments, Rexdale, Ontariv). The chopped pancreatic

tissue was then washed tw1ce in chilled KRB buffer and fat tissue aspirated

-

off. The volume of pancreatic tissue was th -adjusted toe 7 ml with KRB buffer

and transferred to)a siliconized glass vial ebntainlng 40 mg of collagenase.

Digestlon of acinar tissue was affected by immediate submersion of the vial

-

" under water at 37° with agitation provided by vigdrous shaking for 7-8 min.

1
The partially di ancreatic tissue was then washed 4 times with 10 m1

~
. -
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volumes of KRB buffer, the islets being allowed to sediment on each occasion -

before aspiration of the supernatant. The remaining.eollagenase—free"digest

was suspended in 14 ml of KRB buffer. One ml aliquots were transferred to a

‘chilled Petri dish and examined under a dissecting‘microscope} Individual

islets were picked fram the digestion mik;ure.with an;Eppendorﬁ pipetpe end
transferred into fresh, chilled KRB buffer. The pancreatie’ﬁissue from a
single animal yielded about 150-200 islets which were used immediately.

B. Tissue Preparation for Electron Microscopy

; The freshly isolated islets were subjected to double fixation: first the
islets were incubated for 1 hr in 0. 18 M sodium cocodylate buffer {pH 7.4),
containing 1% gluhraldehxde end %% pa;aformaldehyde{"The isléts qgﬁe the;y
submerged in 6.18 M sodium cocedylate buffer (pH 7.4) contéining 1% osmium for
l hr. After fixation, the spec1mens were dehydrated in a series of graded

ethanol concentratlons. The islets were then carried through styrene and

suspended in vestopal. The capsules containing islet suspension in vestdpal

- were heated in an oven at 60° for 72 hr. Sections of aboit 4008 thickness

C. Determination of Tnsulin Release From Rat Islets In Vitro

were'obtaihed using a OmﬁQ-Reichte; ultramicrotome and mounted on supported

copper grids. Electron miproéraphs were,then taken using a Siemens Elmiskop
) ' : . . )
101 electron microscope.

-

Groups of 5 islets were preincubated for 30 min at 37° in 1 ml of KRB
buffer containing bovine serum albuminJ(z mg/ml) and glucose (0.5 mg/ml) .
The islehe were then transferred into chambers confaig{ng 2 ml of incubation
medium consisting of KRB buffer (pH 7:43, bovine serum.albumin (2 mg/ml} and

glucose (0.5, 1.5 or 3.0 mg/ml). The incubation was carried out for 90 min

P . N i ‘
at 37% under constant gassing with 02 + CO2 (95:5). At conclusion of the

¢

-~incubation, samples of the media were. frozen for estimation of insulin content

Py \—

by radiekahunoassay.

3
Y
Y -

s ' 3 SN .



69

, . Ne
.D. Insulin Determination .

Insulin was determined as immunoreactive insulin (IRI) by the method
of Hales and Randle (275) using the commercial kit availahle from Amersham/

Searle Co. (Chicago). This assay was essentially an'isotope dilution tecnnique

in which(serum IRI and a knhown amount of 1251—1abeled insulin was allowed to

react with anti-insulin serum to form an insulin-antibody complex. The

" camplex was recovered by filtration and the amount cf__125

: 1
I~labeled insulin in%

the complex was inversely’proportional to tﬁe concentration of IRI in the

i~

serum sample., The amount of IRI in the sample was calculated by reference to

.

a standard curve obtalned with rat insulin (Novo Research Institute). '

3.  TISSUE PREPARATION FOR ASSAYING{-;NSULIN,‘ELU(:OSE, GLYCOGEN AND UREA
e 2 '
Animals Were killed by decapitation and freely bled. Blood was allowed

tc stand at room temperature for 45 min. Eollcwing coagulation, the blood was
spun at 1000 x g ftr 5umin‘and the serum aspirated out. Glucose and urea
assays were carried out'on freshly'prepaied sera whereae aliquots-of serum
samples wete stored frocen for determination of ineulin‘at a later date. A

small portion of-.liver was rapidly removed, weighed and immersed in 1.0.ml of

30% boiling potassium hydroxide for the assaj of glycogen.

A. Determination of Bloeod Glucose, Serum Insulin and Urea and Hepatic Glycogen

Blood glucose was determined by the glucose oxidase method using a
Beckman Glucose Analyzer anq_exgre%sed in.gé;ns of mg glucose per 100 ml of

blood. The concentratlon of serum urea was measured according to the urease

»

method of Bernt and Bergmeyer (276), and expressed as mg per, lbb{ml serum.

-

hor glycogen,estlmatlon, the anthrone method df Seifter gE_gl..(Z??) was used

.and the concentration expressed' as g peYlOO g of liver.

. . 7
. 4. PREPARATION OF SAMPLES FOR ASSAYING THE ACTIVITIES OF VARIOUS

Lo {\ i | GLUCONEOGENIC ENZYMES . = @

After decapitation, liver and kidney cortices were rapidly dissected out,
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weighed and homogenized, The 5% homogenates were prepared in 0.15 M potassium

chloride (pH 7.4}, ‘/using a chilled PotterhElvehjerwihomgen er (Fisher

-

Scientific Co.,‘Fairlawn, N.J.) fitted with a Teflon

astic pestle spinning

at about 700 r.p.m. for axactly 90 sec. Aliqupts (o} the homogenate were frogen

" for estimation of glucose 6—phosphatase and proteié. The remairider: of the

¥

homogenate was spun for 30 min at 100,000 x g at 0° in a refrigerated ultra-
ceptrifuge {International Preparative Model B-60). . The supernatant fluids
were then decanted and sigred in chilled glass vials immersed in ice until

~

the time of the assay

A. Estimatipn of Verious Gluconeogenic Enzymes

o

i
The acﬁivities of 3 gluconeogenic enzymes, pamely pyruvate carboxylase,

phosphoenolpyruvate carboxykipgse and fructose 1,6-diphosphatase, were

~8

estimated in the supernatant, whereae glucose 6-phosphatase Activity was

determined in the whole homogenate. Preliminary experiments were conducted to

establish linearity with regard to time and amountiof tng{tiesue in each case.”
4

Enzyme activities were assayed under strictly linear kinetie conditions at

37° and calculated as micromoles of substrate metabolized pex W? protein per

hr. Protein was determined according to the phenol (Folin) method of Lowry

et al (278).

(i) Pyruvate carboxylase

The activity of pyruvate carboxylase was determined by the method of

r
L]

Scrutton et al. (279). The assay was based upon oxidation of NADH in an

assay system coupled with malic dehydrogenase. The reaction mixture (finai
volume,,dﬁfkgff consisted of Tris buffer (pH 7.8}, 100 mM; MgClz, 5 mM; ATP,
1 mM; Na pyruvate, 20 mM; KHC03, 15 mh, cysteine, 20 mM; acetyl coenzyme A,

0.1 mM; NADH, 112.5 mM; malic dehydrogenase, 50 ug of protein. The reaction

was initiated by addition of an appropriate dilution of the supernatant f£luid

. ! ‘

and changge recorded ap734o my in a.Unicap epeqﬁgephotometer {(Model SP 800)
. y ! A -

%"'5 ' : . a A R,
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with the cuvette chamber held at 37°. The changesy in optical density were

recorded for at least 5 min against a blank devoid of pyruvate.

(ii} Phosphoenolpyruvate carboxykinase

The activity of this enzyme was estimated by the method. described by
- <

‘o
Y
' -

Phillips and |_Berry (190). ‘The assay was based on the conversion of oxaloacetate
to phosphoenolpyruvate which was subsequently allowed to react wi\\\nypoiodlde
to produce inorganic phosphate. The react}on mixture (final volume, 2.0 ml)
contained TriS'buffe;‘(pH 7.5&; 88 mM; MgClz, 40.mM; XF, 200 mM; inesiné tri-
rhosphate, 45 mM. The blanks were devoid of the substrate, oxaloacetate. The
reaction was inltlated by adding supernatant flaid (equivalent to -5 mg wet
weight tlssue) to the assay medium at 37° and arrested with trlchloroacetlc
acid (10%). The supernatant of the reaction medlum was then reacted with

TR : .
hypo%edide and centrifuged. In the resulting supernatant, inorganic phosphate

level was estimated by the colorimetric method of Fiske and Subbarow (280),

using a Klett Summerson Photoelectric Colorimeter (Klett Manufacturing Co., N.Y.}'

o

.

(iii) Fructose 1,6-diphosphatase

The activity of fructose l;G-diphosphatase wae determined by estimating
the release of ingrganic phosphatertrom fructose 1,6-diphosphatase, as |
described by Weber'and Cantero;(Zsll. The reactionﬂmixture (final volume,
1.6 ml) cont\THEd the following: giycyr‘éiycine buffer (pd 7.4), iO mM; MgSO,,
410 mM; sodium borate (pH 7.4), 30 mM; fructose 1,6-diphosphaté, 50 mM. Blanks

were devoxd of fructose 1,6-diphosphate. The reaction was initiated by the
additicn of supernatant fluid (equlvalent to 5 mg tlssue wet weight) and -

terminated by trlchloroacetic acid (10%). Inorganic phosphate was measured

in the supernatant by the method of Fiske and Subbarow (280).

(iv) Glucose 6-phoephatase
The activity of glucose‘6-phosphatase was agsayed in the whole homogenate
by the method of Cori and Cori (282). The'assay was basgsed gn meaguring the

2>

rat% of glucose and inorganic phosphate formatibn from glucoge 6~phosphate.

. . q o

1

-



-

The reaction mixture (final volume 1.0 mi) contained pqﬁasSium citrate buffer
{pH 6.7), 35 mM and glucpse»G-phosphatg, 10 mM. Blanks contained no substrate,
glucose 6-phosphate. Thé, reaction was initiated by adding the homogenate

, - n a

{equivalent to 5 mé wet weight of tissue) and terminated by trichloroacetic

acid (10%). The inorganic phosphate formed was determined by thg‘mefhod of

™

. PFiske and Subbarow (280).
. \ ’ -

-

5. DETERMINATION OF CYCLIC AMP LEVELS AND THE ACTIVITIES OF
ADENYLATE CYCLASE, PHOSPHODIESTERASE AND PROTEIN I‘(‘INASE

A. Prepgigtion of Cyclic AMP~Dependent Protein Kinase

. - The procedure described by Kuo and Greengard (283) was used for the prep-
aration of cyclic AMP-dependent protein kinase frog-b;%ine hea}t. All steps j
used in the preparation of the enzyme were‘carried out at 4°. a fresh'bovine \\

heart (about 1 kg),was obtained from a leocal slaughtérhouse and cut intohgmall

pieces. The tissue was then hdmogeniffd ;ith three volumes of neutral 4 mM
: ethylened;éminetetraacetic acid-fEDTA) solution for 2 min usiﬁg a Waring

Blendor. The homogenate was centrifuged at 27,000 X g for 20 min and the pH
-of the supernatant was adjuséed to 5.0 by acetic acig‘(l M). The precipitate

was then reﬁoved by centrifugation at 27,000 X g for730 min and Ehe pH of the | !

clear supernatant readjusted to 6.5 with 1 M potaséium phosphate buffer |

{(pH 7.2). All buffers used in.the succeedfﬁg steps of purification contained

2 mM EDTA. '

Protein kinase activity was precipitated froﬁ the néutralized supernatant

solution by the gradual addition of solid ammonium sulfate (32.5 g/100 ml).

After stirring for 30 min, the precipitate was collected by centfifugatioﬁ

at 27,000 x g for 20 min and dissolved in 120 ml of 5 mM poqessium phosphate

] ..
buffer (pH 7.0). ' The resulting solution was dialyzed overnigbt against 20 .

volumes of the same buffer with two changes of buffer. After dialysis, the

t 8

1
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. . ¢ ' ‘
" solution’was centrifuged at 27,000 Xg for 30 min and the‘precipitate' s [
disca;ded:

The eﬁzyme solution was aéplied to a column (10 x 40 cm) on DEAE-cellulosé-

L] : .

equiiibrated with 5 mM potassium phpsﬁhate buffer (pH 7.0). .After thé enzyme
applicaQionyiﬁhe column waé washed with two bed volumes of 0.05 M potassium
phosphﬁte buffer (pH 7.0); 0.3 M phosphate buffer (pH 7.0) was thep aéplied
to elute the enzyme. The active fractions were pooled and dialyzed évérnight
against 20 volumes of 5 mM po#assium bhosphate bufferr(pH 7.0} Qith two changes
of buffer. The-dialy;ed.enzyme sgiﬁﬁion contained the required Binding“protein.

After dialysis, Tris HCl buffer, pH 7.5, EDTA and bovine serum albumin iBSA)

were added to give the following concentrations: Tris-HCl buffer PH 7.5, 50 mM; -

. i : .
EDTA, 4 mM and bovine serum albumin, 0.1%. The concentration of binding .

- 3 kS
Protein was adjlsted so that 100 ul of the éolutign would bind 55% of the

[}
activity (zero dose binding) whéh incubated with 0.9 pmoles of tritiated cyclic

AMP in a final volume of 200 ul., - ' - . . “

B. Determination of Endogenous Cyclic AMP levels N | \

(i) Tissue preparation

Aéproximately 100 mg of the tissue was quickly f#ozén in liquid nitrogen
and homogeniégd in é/ml of 5% trichloroacetic acid. Homogenization was
effectea ﬁith ac 'i ed Potter-Elvehjem homogenizer, fitted with a plastic
feflon pestle, é;ii ing at 700 r.p.m. for exactly 90 sec. The ﬁomogenate was
then spﬁn”fg; 15 min at 1,000 %x9q and 0.2 mi of i N HC1l added to.the super=-
natant. /éfichloroacetic acid was removed by extraction with anhydrous ether
and the remaining supernatant was freeze-dried using a Virtis Lyophilizer
(Gardiner, N.Y.). The freeze-dried: residue was diséolved in 0.5 ml of

.distilled water and the concentration of cyclic AMP determined as follows:

(ii) cyelic AMP determination

For the assay.qf cyclic. AMP, the modified protein hinding method of Gilman._

il
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(284), as described by Tovey et al. (285), was used. Cyclic aMf from the
sample was allowed to compete with a known amount of tritiated cyclic AMP
for binding sites on fully activated cyclic AHP-dependent protein kinase.
The amount of radloactivity bound in the labéled complex decreased as the
‘amount of unlabeled compound was increasedi The separation of protein bound
cyclic AMP from unbound nucleotides was achieved by absorption .of the free
nucleotide on charcoal (Norit GS Extra, J.T. Baker Chemical Co;, N.J.)Ifollowed
by centrifugatlon at 10,000 x g for 1 mln;—as descrlbed by Brown et al. (286)
Samples of supernatants were removed and radiocactivity determlned by llquld
scmntlllatlon counting.

To each tube, components of the reaction mixture were added in the
following scguencc: 50 pl of tritiated cyclic AMP reagent (0.9 pmoles), 50 pl
of unlabeled cyclic aMp kCalihration standard or unknowg) and 100 ul of
binding protein solution. After mltlng, the fubes were 1ncubated for 2 hr
(+30 min) in an ice bath. “"100 ul of charcoal suspension was added to each
tube which wasithen vortex-mixed for 10 sec. After centrifugation (10}000 Xg
for 1 min at room tcmperature), 200 1l samples of supernatants - (bound fraction)
was removed and radioactivitﬁ determined by scintillation counting'in PCS
{Amersham/Searle), a liquid scintillation cocktail for aéueous samples. Tne
ratio of counts per min {(cpm), bound in thc absence oflﬂnlabcled cycliéfAMP_:
W 1o tnose bound in’ the precence of uniabelcd\cyclic AMP, vielded a straight'

line calibration curve when piotted.againct pmoles of standard cyclic AMP

{0.5 to 16 pmoles cyclic AMP/incubation tube). The amount of cyclic AMP in

the unknown sample was then read cff this line using ﬁhe appnoériatc ratio.

+ \"“\ '
The concentration of cyclic AMP was expressed as pmole cyclic AMP per mg tissue._

C. Measurement of Adenylate Cyclase Activity . . ' ’

(i) Tissue preparation _ - -t s

The tissue samples were hoﬁogenized in 50 volumes (weight to volume) of
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. buffer consisting of 2 mM Tris (hydroi&methyl} aminomethane-maleate buffer

1

4

(pH 7.4) and 2 mM EGTA. Homogenization was effected on ice in a P&tter—
Elvehjem homogenizer fitted with a plastic Teflon pestle spinning at about
700 r.p.m. for exactly 90 sec. An apprgpriate aliquot of the homogenate was
then used for the assay of adenylate cfélase,

. -

(i1) Assay for adenylate cyclase activity

Adenylate cyclase activity was determined by the method of Ke?ablan et
al. (287). The assay system {(final volume 0.5 ml) contalned Tris (hydroxy—
methyl) am1nomethane~maleate, 80.2 mM; ATP 1.5 mM; MgSO4, 6.0 mM; theophylline,
‘10 mM; EGTA, 0.6 mM: rlus homogenate (0.05 ml). - In some cases, epinephrine
{5 x 107' M}, glucagon (1 x 10* M) or sodlum fluorlde (10 mM) was added to
-the lncubatlon medium to measure the fluor;de- and hormone—stlmulated form(s)
of adenylate cyclase. The reaction was initiated by addition of ATP.
Incubation was for 2.5 or;10 min in a shaking water bath at 30°.  The react%on
was terminated by placing the tubes in:a boiling water bath for 3miri, followed
bf centrifugation at 10b0,x g for S\min‘to remove insoluble:mate l.! The
amount of cyclic AﬁP formed was measured in dpplicate 50 ul alig ts by the
protein binding method describedfabové. Aden&;ate cyclase activity was
calculated as pmoles of cyclic AMP;forméd pef'mg tissue or per pro;ein; over

the incubation period. ' ‘ - , e

D. Determination of Phosphodiesterase Activity . . ' T//

(1) Tissue preparation : . AN

< ' L
5% homogenates of kidneyycortex and liver were prepared in a hopogenizing s

>

.buffer containing Nacl, 20 mM;.MgSO4, 1 mM; and giycyl—glycine buffer (EH 7.6),
2 mM. Homogenization was effected with a chilled Potter-Elvehjem homeéeniéer
(Fisher Scientific Co., Fairlawn, N.J.) fitted with a plastic Teﬁléﬁ pestie
spinning at about 750 r.p.m. for exactly 90 sec. B2an apprdp;iate“aliquot of

. @
the homogenate was then used for the assay of phosphodiesterase actlivity. e

-
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(ii) Assay of phosphodiesterase activity

This enzyme was assayed according to the DProcedure of Weiss (288), based
on the rate of conversion of cyclic 3',5'-AMP to 5'-AMP, which was reacted
with alkaline\phosphatase to yieldfinotganic phosbﬁatea The aaG&y medium .
rcontained the following in a total volume of 1.0 ml at the 'designated final
concentration: Tris bcffer‘(pH 8.0), 50 mM; cyclic aMp, 1 mM; MQSO4, 3 mM;
_alkaline phospﬁaeege, 0.% mg of protein, The reaction mae started by the
addition of homogenate fluid.corresponding_to 5 mg wet weight of the tissue
and stopped b;'the‘adeition of 55% tricﬁlotoacetic acid. TInorganic phosphate
‘was measured in the supernatant according to the method of Flske and Subbarow
' (280) using a Klett-Summerson Photoelectric Colcrimete; (Klett Manufacturing
Co., N.Y.). Phcsphodiesterase dctivity -was calculated as nmoles of cyclic

AMP hydrolyzed per mg proteln per m&n '

E. Measurement of Proteln Kinase and Cycllc AMP Binding Activity

(1) Tissue preparation

[

Tissues were weighed and homcgedtzed immediately in 2 vol of buffer

containing 0.05 M Tris-HC1l, pH 7.4, 0.25 M sucrose, 0.05 M KC1, 5 mM MgCl,.
L

The homogenate was centrifuged at 100,000 x g for 1 hr. The cytosol fraction

was used for assaying protein kinase and cyclic AMP binding activity.

{ii) Protein kinase assay

Proteip.kinase-was assayeddby measuring the incotporaticn of 32? into

‘histone mixture (type IIA) by modification of the methcd of sQ rn et al.
(290). The assay medium (flnal volume of 0.13 ml, pH 6.5) com Aéa 46 mM
sodium acetate, 1.5 mM sodium flueri@e; 3.1 mM theophylline, 0.24 mg histone,
v

17 mM magnesium chloride,‘gs UM ATP anc 5-uM cxf}z% AMP (when\measuring the
activity of‘cyclic.AMP:depéndent enzfme{; The }eagtion{ﬁas~initiated by
adding (YyézP) ATP-MgClé (2 x 107> cpmf followed by incubation at,BOfoor 7

min.and terminated by the addition of 5 ml of 20% trichlorcacetic acid. The
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proﬁein precipitate was sepa;éted by filtering on Millipore Filters (HAWP,
0.45 um) and washed 3 times wifh the same volume 6f 5% trichloroaceﬁid@acid.

: ~
The filter was tlien counted using a scintillation?docktail contaifing 7 parts

Omnifiuof solution (4. g Omnifluor per 1 scintanalyzed toluene) to 3 parts

ethylene glycol monoethyl ether. Appropriate blanks without protein kinase

(ehzyme preparation) were run simultanecusly along with the experimegntal

. _ - ‘
samples. The' protein kinase activity was expressed as pmoles incorporated -

' )
per mg protein.

(1ii) Cyclic AMP binding assay

t

3
~

The cyclic AMP binding studies were performed as described by Sanborn

et al. (290). The assay mixture, consisting of 0.05 M sodium acetate and 1 mM

. —, ! . . . 3 & . Y
EDTA {(pH 5.0), 5 mM theophylline, 2.4 nM cyclic ("H) AMP and 100 ug sample,

'wés incubated at 0° for 3-hr, passed through a Millipore filter (HAWP, 0.45 pM)

which was then counted for.radiocactivity in scintillafion<"cocktail" descrihed

for protein kinase assay.~¥fe cyclic AMP binding activity was expressed .as
pmole bound/mg protein. - . \“

6. MEASUREMENT OF PROSTAGLANDIN F (PGF)“LEVELS IN RAT TESTES

A. Tissue Preparation : . .
Rats were stunned, decapitated and the testes rapi excised and freed
N y
of all extranecus tissue. The tissues wére then‘Fooled td 0° and minced with

. A
scissors. A 10% (w/v) homogenate was prepared in 1 N formic acid (pH 3.0)

using a chilled Kontes Duall glass-glass homogenizer with the pestlg spinning
at 700 r.p.m. for exactly 90 sec. A 0.5 ml aliquot of the homogenate was

extracted twice with 5 volumes of ethyl acetate. The organic,phase was )

evaporated to dryngss under nitrogen before beihg disso1ved in 0.5 ml of De .-

. ’ i
Jalon's solution (296). Under these conditions, .the recovery of added labelled

. .prostaglandin (PG);}éa was better than 95%. The identification of PGF in the

_ ' J | N p
- \ﬁ. ’ | | \/ k\

o

~
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extracts (0.1 ml) was then carried out as follows.

: /
B. Prostaglandin ¥ Assay .

For the assay é PGF, the radidfmmunoassay technique described by Salmori and
J Amy (297) was used. The following components were added to each tube: 0.5 ml
of 1:5000 di%;?lon of rabbit PGF 2% antiserum (R#G, courtesy of Dr. ‘Karim and

Dr.. Salmon), relative cxoss reactivity for PGF @ = 12.2% ‘and PGE, = 0. 4%),

1
\hd,l ml of\“_,PGF a (approximately 2500 d.p.m., specific acthlty 7.5 Cx/mmol,
New_England Nuclear) and 0.2 ml of De Jalon's solution (PH 7.5). The resction
N " . . , ) .

\ mixture was allowed to equilibrate for 1(hr at régm temperatu;e. The pfote;n_
bound PGF was recovered by filtering on Millipore filter (HAWP, 0.45 pm) and ’.
washed three times with 10 ml of De Jalon's solution. The filter containing
3H-labe1ed prostaglandln antlbody complex was ‘then submerged in a cocktail

Y

conta;nxng 7 parts Omnlfluor solqtmon (4 ¢ Omnlfluor/l scintanalyzed toluenex

to-3 parts ethylene glycol moncethyl ethex and subjected-to liquid scintillation

«counting. A calibration graph was constructed using standard solutions _
. » . - \5‘ ".. ¥

containing 20 pg to 5.2 ng of.PGan/ml. Since the anti-PGqu sSerum cross— e
. ' Pl ) ‘ .
' reacted with PGF x (12%) and 15-keto PGF 50 '(10%) , values were expressed, as

. v

-

» . - ' )
o .\ U/ 7. STATISTICAL ANALYSIS . ~_\ ' .

4 &
. All data were analyﬁgd-staélstlcally’u51ng student's “t-test (2-tallegLH_,J

PGF ' (rather thaﬂ\Ein a) per mg tissue.

and statistically significant dlfgerences between mean values are 1ndlcated \Qa\“

where pw<(0.05. //;he data fromthe 1nd1vidua1 in vitro experlments with-isolated
v s -
islets were first suhjected to a’'3-way analysis of variance: as 1nter—day

- -

varlabillty wig low, values for the dlfferent days were subsequently pooled-

»

_ and analy;ed by Student s t-tedt. - _ . I N
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- 1. EFFECT OF CHRONIC CADMIUM ADMINISTRATION ON HEPATIC CARBOHYDRATE
AND CYCLIC AMP METABOLISM

~

>

\ . ’ : N
A. changes in Tissue and Body Weights After Chronic Cadmium Treatment

Results presented in Table 1 demonstrate that daily edmihistratioh'of“
¢admium chloride (0.25 or 1.0 mg/kg) for 21 days, falled to signlficantly
alter the body, liver, kidney, thymus, testes, ventral prostate and heart weights

~

however, there was an increase in adrenal weight. A more prolonged \
treatment with cadmium chloride (2 mg/kg) for 45 days incressed adrensl as wall
as thymus weights, but'failetkto affect total body, kidney or heart weight.

In contrast, however, a significant decrease in‘*hepatic, testicular and ventral
prostatic weights was observed. It is of interest that a 4S-day axposure to

a dese of 0.25 mg/kg of cadmium chloride failed to produce any significant
change in body and organ weights. Although during the first week of‘cadmium
treatment the rats appeared to be lethargic; they were indistinguishsble from

untreated controls in the later part of the exposure period.

B. Effects on ﬁiver Glycogen, Blood Glucose and Serum Urea

Data in Figure 3 show that daily injection of cadmium chloride (0.25 and

I

1 mg/kg) for 21 days significantly elevated the concentration of blood‘giucose
i . # ’
and serum urea. In contrast, hepatic glycogen levels were reduced in rats

given either amount of the heavy metal for 21 days. When the period of
expoitre to cadmium was extended to 45 days, both doses produced similar

increases in blood élucose and urea and a decrease in liver glycogen content.

In the present study, chronic heavy metal treatment also was found to increase

. the urinary excretion of glucose and protein above control values, as measured

by the Dextrostix and Combistix tapes, respectively (Ames Co., Canada Ltd.,
Toronto, Ontaxioc).
C. Influence of Chronic Cadmium on Liver Gluconeogenic Enzymes

ey . wr

Since cadmium administration causedrhyperglycemia and elevated serum urea

*
-
-



S

l. .
8. -
" Y ..i&mo.ov‘m 3B B9NTRA TOIFUOD WOIXI JIUDISIITP ATIUEOTITUBTIS,
. (10T “5(09) ¢ x(99) » (67T) » (EVT) (LOT) «(08) (00T) .
60°0F8T"T zzeLz | ¥ zrostt ZEF089 0°¥TES €0°0%2T°€ 6°0FY°6 ~ZTFBIE 0°1 P
CE e “fz8) . (88) (8TT) 0oT) .- (68) (88) (96) (skep’ G¥)
0T 0FET" T €TFCBE z°038°¢C LTFSES L TFLE £0°0F09°C 9°0¥7°0T € "9FG0E §2°0 WNTWPE):
_{oo1) (00T)" ‘- {ooT) (oot) {ooT) (00T) (ooT1) (00T) ﬁﬁmuuaouuu‘,;e
OT°OFLT"T . yTFSOY T°0%2°€ 65F55% O"EFLE S1°0%26°2 L°0F8"TT T OTFLIE o0 - .
Cozory - . (veY (16) (1T 09T (v0T) (€TT) (g0T)
.- BO*OFE0°T  6°GFG LPT . LD"0F9TI°C PSFOLL 0°E£30¥ T 0FL6"T £°0%6°L- 9 EFLTT 0°1
T tooT) (81T) [ ° (00T) (z11) x(821) (ToT) (90T) (v6) _(s&ep 12)
L0*0F90°T- L LTF5°581 LO*0FLE"Z £978LL G*ZFEE T°0%26°1 £ 0FY L 9°6¥Z6T SZ°0 umTUPED
P - T B
- (ooD) " (00T) (00T)- (00T) (00T) - (00T) (0oT) (00T) (Tox3uo) .
. 80°0%90° T T 6TFLST. LO"0FBE"T EVFEEY * ° 0°EFST T°0706°1T S 0F0"L v OTFV0Z 0°0
- - - , . ) .n ) . T M
: . (Ba) _ (Rep xad .
37eeH . Tezusp 3597, stuwAyy Hazqua DUPTY 'l am Apod a0

nﬁﬂrxﬁmmmmnutmumm uT) mmmmuawuuwm uT uaaThH OgTE °9xe TR
o unTuped Y3 M pa3odlur azem sTewruy  “dnozb ay3l UT sTePwTUR 9-§ JO ‘W3S F uUeaW 9yj sjussaxdex suTea yoeg

Toa

T FIEVL

. .WQ&H SE USye3} S3BX TOIJUOD WOIF SONTRA
*sfep gy 10 [Z 20T {°d-T1.‘’Aep/bBi/Bw 01 I° SZ-0} OpPTIOTUD

HNTKAYO HLIM INZWINZAL, DINOWHD ¥AIAVY SIHOIAM AQCH ANV dSSTL NI SEDNVHO



x
'
: .

82

PERCENT OF CQNTROL

> AL 4 4 e < mbe et b e a1 s

200 _GLYCOGEN GLUCOSE UREA * GLYCOGEN GLUCOSE UREA

- (142)+(144)* ]
150 |- | m : " gar® 126)130
| (100) : ] »53{100) gl
100 | q R

th
- O
T

45 DAY

1 Control
B Caodmivm{0.25 mg/kg)
= Cadmium{1.0 mg/kg)

e e e e

FIG. 3

Influence of chronically administered cadmium on liver glycogen,
blood glucose, and serum urea. Each bar represents the mean + s.e.m. of
5 animals in the group. Cadmium chloride (0.25 or 1.0 mg/kg) was admin-
istered i.p. to animals daily for 21 or 45 days. The control values for
the 21-day experiment were 9413 mg glucose per 100 ml blood, 15.010.6 mg
urea per 100 ml serum, and 2.0410.15 g glycogen per 100 g liver; and for
the 45 day experiment, the control values were 81+5 mg glucose per 100 ml
blood, 26t0.4 mg urea per 100 ml serum,g?nd 2.2010.06 g glycogen per 100 g

liver. Data are expressed in bpercentages (in parentheses) with values
from control rats as 100%.

*Significantly different from control values at p <0.05.
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levels, it wae of intereet to examine if cadmium aleo produced etimulation

-—

C u\¢~ N

"of the four key Qluconeogenic enzymee. Results in Table 2 show that- cadmium

“.chloride given for 21 days at a dose of 0.25 mg/kqg failed to alter markedly

1‘any of the four hepatic gluconeogenic enzymee studied However, when treatment

N N

© 5 was extended to 45 days, a significant riee in PC to 125%, PEPCK to 153% and
- G6-Pase to 139% of the control values was noted. It may be noteworthy that

‘ the ‘higher dose (1 mg/kg) of cadmium chloride enhanced the activities of all

four gluconeogenic enzymes after 21 days, although the degree of stimulation
was generally greater in rats exposed to this dose of the metal for 45 days.

D. Effects on Hepatic Cyclic AMP-Adenylate Cyclase System

To examine whether the cadmium-induced changes in hepatic carbohydrate
metabolism are related to stimulation of the cyclic AMP~adenylate cyclase system,
the influence of prolonged heavy metal treatment was investigated on cyclie
AMP metabolism of this tissue. Although a 0.25 mg/kg dose of cadmium chlotide
given for 21 days did not alter fluoride-activated adenylate cyclase, it sig-
nificantly enhanced the basal form of the enzyme by 46% (Table 3). - When this

dose was given for 45 days, both the basal and the fluoride-activated adenylate

cyclase ros€ significantly above control values. 'Administration of l.q mg/kg

- dose of cadmium chloride . for '21 days produced'stiﬁulation of hepatic adenylate

cyclase act1v1ty, although greater enzymic increases were noted in rats given

cadmium for 45 days. Table 3'also shows that cadmium treatment failed to

"alter the activity of hepatic phosphodiesterase. However, both doses of

cadmium increased the endogenous levels of liver cyclic AMP regardless of

whether the metal was given for 21 or 45 days.

E. Effect of Chronically Administered Cadmium on Hepatic Proteiﬁ%kinase Activity
Cyclic AMP is believed to act within the cell through the activationlof
protein kinase(s) which . phosphorylates. othexr proteins having key roles in

certain hormone-mediated responses. Since cadmium treatment enhanced both
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TABLE 2

INFLUENCE OF CHRONiCRLLY ADMINISTERED CADMiUM ON HEPATIC
GLUCONEOGENIC ENZYMES

Fach value represents the mean % s:e.m, of 5-6 animals in the"
group. Rats wexe administered cadmium chloxide (0.25 or 1.0 mg/kg/day: -
i.p.) for 21 or 45 days. Enzyme activities are expressed as micro-
moles of substrate metabolized per milligram protein per hr. Data
are also given in percentages {in parentheses) with values from
control animals taken as 100%.

Dose _ ) Engymes
Treatment (mg/kg
per day) PC PEPCK FD~Pase G6-Fase
-
0.0 . 219.8%2.6 15.0+0.8 4.330.1 2.740.2
(Control) {100) (100) {100) (100)
Cadmium 0.25 252.5£2.7 17.50.8 4,910.1 T 2.9£0.1
(21 days) . (115) ‘ {117 (114) (107}
1.0 280.65.9 19.91.2 5.610.2 . 3.7¢0.2
(128) * (133)* (130)* (137)*
0.0 226.0121.0 15.0+0.0 4.740.2 2.8%0.3
{Control) (100) (100) {100) (100)
Cadmium 0.25 283.0+10.0  23.0%3.0 5.5:0.2 3.9%0.2
(45 days) (125) * (153) * (117) (139) *
1.0 318.0£18.0 24.0%1.0 5.920.1 4.740.2
(141)* {160) * (126) * (168) *

*significantly different from control values at p <0.05.



“\ TABLE 3

EFFECTS OF CHRONIC CADMIUM ON HEPATIC ADENYLATE CYCLASE,
PHOSPHODIESTERASE AND CYCLIC AMP

Each value represents the mean t s.e.m. of 5 rats in the gfoup..
Animals were administered cadmium chloxide (0.25 or 1.0 mg/kg/day;

. i.p.} for 21 or 45 days.

Data are also given in percentages {(in
parentheses) with values from control rats taken as 100%.

Adenylate Cyclase

Dose — PDE "cyclic AMP
Tfeatment (mg/kg (pmol/mg protein/min) (nmol/mg {pmol /mg
. e "day) protein/min) ishue)
P Y -F +F Co C
0.0 " 4.8%0.3 25.311.6 12.940.17 0.75%0.08
(100) (100) (100) . (100)
Cadmium 0.25 7.0£0.8 29.5£2.5 - 13,520.52 1.05%0.05
(21 days) (146) * (117) (105) Co (140)*
1.0- 9.3%1.3 49.3%3.3 14.340.43 1.28+0.06
(194) * (195)* (111) (171) *
0.0 4.840.2 24.441.1 13.7+0.52 0.8110.07
(100) (100) (1Q0) (100)
cadmium 0.25 7.240.2 35.3:1.0 13.240.57 1.18£0.06
(45 days) (150) * (145) * (96) (146) *
1.0 11.0£0.5  54.0¢2.4 13.9£0.53 1.48%0.07
(229) % (221) * (102) (183) %

*Significantly different from control values at D <0.05.

-
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giuhoheogenesis-and cyclic AMPusyntheaia, itwas of interest to examine if

proldngﬁa héavy metal treatment altered the activity of protein kinase as well.

,bata presented in Table 4 demonstrate that administration of cadmium (0.25 mg/
kg) failed to significantly alter both the cyclic AMR—depehdent and the «,

'ihdépendent form of protein kinase. ' In contrast, the 1.0 mg/kg dose of the

7 .
metal{ while slightly elevating the cyclic AMP-'ndepen§ent form, markedly

»

reduced the cyclib AMP-dependent protein kinase to 76% of the ‘control values.

F. Effects on Hapatic Protein Kinase Activity Ratio and Cyclic AMP Binding
Activity ‘

In the éresenﬁ study, although the low dose (0.25 mg/kg)‘cadmium treatment
failed to alter the cyclic AMP binding capacity, the ﬁggh‘dosel(l mg/kg)
treatment significantly Aecreésed the cyclic AMP~binding activity from 2.59+0.14
to 2.10&0.15'9&01 cycliclnﬁf bound :per mg of pfoéein (Figure 4). Furthermore,
although the kinase acﬁivity ratio, an indicatioﬁ'of the_relgtive activity of
cyclic AMP-dependent and‘indépgndenﬁ proteiﬁ kinasé, was not significant}y

altered by the low dose of cadmium, this ratio was lowered (35%) from 8.0610.59 to

5.2610.40 in livers of rats given the higher dose of the heavy metal.

‘! 2. CADMIUM-INDUCED METABOLIC ALTERATIONS FOLLOWING DISCONTINUATION

OF THE HEAVY METAL TREATMENT

A. Effect of 14—Déy Discontinuation of Cadmium Administration on Liver Glycogen,

Bloocd Glucose and Serum Urea

Since  cadmium has a long biological half-life, it was of interest to see

if the metabolic' consequences of cadmium toxicity were of a persistent nature.
J

. Data in Table 5 demonstrate that cadmium treatment {21 days)' elevated bloocd

fﬁ glucose, serum urea, but lowered hepatic glycogen. Disconpihuation of exposure

to the heavy metal for 2 weeks in animals that had previously received cadmium

for 21 days failed to restore the observed biochemical changes to levels noted

in'control animals. The metabolic alterations were -not significantly different



TABLE 4

EFFECT OF CHRONIC CADMIUM ON HEPATIC PROTEIN KINASE ACTIVITY

Each value represents the mean t s.e.m. of 4-5 animals in
the group. Rats were administered cadmium chloride (0.25 or
1.0 mg/kg/day; ‘i.p.) for 45 days. Data are also given'in per-
centages (in parentheses) with values from control rats taken
as 100%. '

Kinase Activity

Cadmium Dose (pmol 32p incorporated/mg protein)
Tissue
{mg/kg/day) 2
-=CcAMP +cAMP
Liver 0.0 43.77+3.91 352.95%13.95
(Control) (100} (100)
0.25 55.60+8.72 389.48%23.64
{127} (110)
1.00 51.0115.44 267.07+15.81
{117) (76)*

*Significantly different from control values at p <0.05.

-
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INFLUENCE OF CHRONIC CADMIUM
ON HEPATIC CYCLIC AMP-PROTEIN
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Influence of chronically administered cadmium on hepatic cyclic
AMP levels, cyclic AMP binding activity and protein kinase activity

" ratio. Each bar represents the mean %+ s.e.m. of 4 rats in the group.

Rats were administered cadmium chloride (0.25 or 1.0 mg/kg/day; i.p.)
for 45 days. Data are expressed as percentages (in-parentheses) with
values of control rats taken as 100%.

*Significantly different from control values at p <0.05.

L
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s  TABLE 5

INFLUENCE OF 14 ﬁAY DISCONTINUATION OF CADMIUM TREATMENT ON
LIVER GLYCOGEN, BLOOD GLUCOSE AND SERUM UREA

Each value represents the mean % s.e.m. of 5-6 animals in
the group. Treated rats were administered cadmium chloride
(1.0 mg/kg/day; i.p.) for 21 days. Half of these rats, the

"withdrawn" group, were maintained without additional treat-
ment for 14 days. Data are also given in percentages (iﬁ"yg
parentheses) with values from control rats taken as 100s. -

- Parametex Conirol "rraated" "withdrawn"
~ Measured
Liver Glycogen 2.0420.3 1.10%0.1 1.40%0.1
.__t§oo q) k (100) (54)* (69) *
S 3183 Glucose 9413.0 ' 140%1.0 149£9.0
(mg/100 ml) (100) ‘ (149> .~ {158) *
Serum Urea 15.0£0.1 25 Bt1.0 27.642.1
(mg/100 m1) (100) (167) * (184) *

1

*Significantly different from control values taken at p <0.05.

\_
~
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from those noted in animais greated with cadmium for 21 days.

- B, Effect-cf 14-Day Withdrawal from Cadmium Treatment on Hepatic Gluconsogenic

Enz B :

Administ:atioh of cadmiﬁﬁ chloride {1 mg/kg) for 21 dayé enhanced the
activities of all four glﬁconeogenic enzymes. Two ﬁeaks following Ehe}cessation
of cadmium adqinistxaﬁiﬁn, the activities of PC, PEPCK and\FD-Pase were still |
significantly elevated as coméaréd to the contrLl values; however, they'were
not significantly different from those Qoted in the "treated" group (Table 6),'
The activity of G6-Pase, on the other hand, Qas significantly greater in the
“withdrawn“ ags compared to the "treated" group.

C. Effect of l4-Day Discontinuation on Hepatic Cyélic AMP

Since alterations of‘hepatic carbohydrate metabolism induced by the 3
week cadmium treatment were quite pe;sistent, it was of interest to examine if
cadmium-induced altérations of cyclic AMP metahblism also persisted after
withdrawal for 14 days. Data presented in Table 7 demonstrate that cadmium-.
induced incréases in the basal activity of adenylate cyclase as well aé cyclic
AMP levels remained significantly ele;ated as compared.to control values;
however, they were significantly lower than those seen'for the "treated" group.
The activity of fluoride-stimulated form of adenylate cyciase returned to a

value which was not significantly different from that noted in control animals.

D. Influence of 28-Day Discontinuation on Metabolic Consequences of 45-Day
Cadmium Treatment

"Results presented in Figure 5 further illustfate the persistent nature.of
cadmium-induced metabolic alterations. Even 4 weeks following the cessation
ofrcadmium administration, the metabolic changes induced by 45 day heavy
metal treatment still persisted. In point of fact, the reduction in liver
glycogen and the rise in blood urea, hepatic PEPCK, FD-Pase and G&-Pase apéearedﬂ
to be somewhat greater in the "withdrawn" group when compared with the "treated"

animals. The -remaining parameters either remained unchanged or were lower
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TABLE &

k_‘INFLUENC_:E‘OF 14 DAY DISCONTINUATION OF CADMIUM TREATMENT ON
' HEPATIC GLUCONEOGENIC ENZYMES

Each value represents the mean t s.e.m. of 5-6 animals-in-
the group. Rats were administered cadmiuvm chloride (1.0 mg/kg/".
day; i.p.) for 21 days. Half of these rats, the "withdrawn" :
group, were maintained without additional treatment for 14 days.
Control rats received an equal volume of physiological saline.
Data are also given in percentages fin'parentheses) with values -
from control rats taken as 100%. é : ‘

b

-~

Ehz?me Activity

Enzyme ' (hmol/mg protein/hr)

Control® "Preated" "Withdrawn"
PC 219,812.6 280.645.9 301.144.8
(100) (128)* T (A3
PEPCK 15,0%0.78 19.9+1.2 21.1$1.6
- (100) (133)* [141) *
FD-Pase 4.330.1 5.6+0.2 5.5+0.2
{100) (130) * {128) *
. G6-Pase 2.740.2 : 3.740.2 . 4,4%0.3
(100) (137) % (163) *5

*Significantly different from control values at P <p.05.
c L

'TSignificéntly different from values of "treated" group at Y
p <0.05. -
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TABLE 7

INFLUENCE OF 14 DAY DISCONTINUATION OF CADMIUM TREATMENT ON
HEPATIC CYCLIC AMP METABOLISM

Each value represents the mean * s.e.m. of 5-6 animals in
the group. "Treated" rats received cadmium chloride (1.0 mg/
" kg/day, i.p.) for 21 days. Half of thege rats, the "withdrawn"
group, were maintained without additional treatment for 14
days. Data are also given in percentages ‘(in parentheses) with

values from control rats taken as 100%. ~
' ~
- Paxameter Control "Treated”  "Withdrawn"

Measured

Adenylate Cyclase
(pmol/mg protein/min} (-F) 4.810.31 9.3%1.30 6.710.81

(100) (194)* (140) *+
(+F)  25.331.62 49.3#3.33  29.1+1.91
(100) (195) * (st
PDE 12.9:#0.17 14.3#0.43 13.0%0.35
(nmol/mg protein/min) (Loo) - (111} (101)
Cyclic AMP ' 0.7520.08  1.28%0.06 1.0710.05
(pmol/mg tissue) ' © {100) (171)* (143) *+

*Significantly different from control values at P <0.05.

'+.Significantly different from values of "treated" group at
p <0.05. °
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Effect of 28 day discontinuation of cadmium administration on élood
glucose, serum urea, hepatlc gluconeogenlc enzymes and cyclic AME m¢tab-
olism. Each bar represents the mean % s.e.m. of 5-6 animalg in e group.
Rats in the "treated" group received cadmium chloride (1.0 mg/kg/day;
i.p.) for 45 days. Half of these rats were then maintained for 28 days
without additional treatment and. constituted the "w1thdrayn“ group.

Data are expressed as percentages with values from contxol Yats taken as

100%.
*Significantly different from control values at p <0.05.

tSignificantly different from values of "treated" group at p <0.05.

{100)
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than the values in the "treated"‘group. It is of interest that the glyccsuria
’ t
-and proteinuria seen in cadmium—treated rats hlso persisted evan when cadmium

administration was discontinued -for as long as 4 waeks.

- e

3. EFFECTS OF CHRONIC CADHIUM TREATMENT ON RENAL CORTICAL GLUCONEOGENESIS .
AND CYCLIC AMP METABOLISM

A. Effect of 45-Day Cadmium Treatment and a 28-Day Treatment-Free State on
Renal Gluconecgenic Enzymes

Evidence indicates that thére is a close relationship between altered
kidney and liver function and changes in the gluccnecgenic capacity of these
two tissues (217) We were therefore prompted to examine the influence of
chronic cadmium treatment on renal gluconeogenic enzymes. Results presented
in Table 8 demonstrate that administration of cadmium cnlcride (l mg/kg) for
45 days caused a marked stimulation of the four key gluconeogenlc enzymes.

Furthermcre, cessation of cadmium admanlstratlon, like in the case of hepatic
v

enzymes, failed to reverse the effects of chronic cadmium treatment. The activity

of PC in‘the "withdrawn" group was significantly greater than that in the
"treated" animals. Hohever, the activities_of PEPCK, FD-Pase and G6-Pase in
the “w1thdrawn“ group failed to differ significantly from those in the "treated"

group. p)

B. ﬁffect of Cadmium on Kidney Cortex Cyclic AMP_Metabolism

In contrast to the hepatic tissue,. cadmium caused a marked decrease in
the concentration of renal cortical cyclic AMP. Treatment with 0.25 mg/kg dose
of cadmium for 45 days lowered the cyclic AMP level from 1.4610.14 to 0.9740.04
pmoles per mg tissue (Figure 6). The higher dose of the heavy metal (1.0 mg/kqg)
- further decreased the endogenous cycliec aMmp conzentration to 0.4810.04 pmoles
-Per mg tissue. Although the low dose did_nqt alter the cyclic aMP binding
activity of kidney cortex, the higher dose of cadmium significantly enhanced

{13%) the cyclic AMP binding capacity from 2,45+0,05 to 2.7610.08 pmoles

-
.

-
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. TABLE 8
" EFFECT OF 28 DAY DISCONTINUATION OF CADMIUM TREATMENT AFTER 45 DAYS
OF CADMIUM ADMINISTRATION ON RENAL GLUCONEOGENIC ENZYMES v
Each value represents the mean & s.e.m. of 4—51animals in the
group. Rats were administered cadmium chloride (1.0 mg/kg/day; i.p.)
for 45 days. Half of these rats, the "withdrawn® group, were main-
tained without additional treatment for 28 days. Data are also
given in percentages (in parentheses) with values from control rats
taken as 1008, 7" ' co ,

N .
* . -

~

Enzyme Activity

Enzyme 7 o Aumol/mg protein/hr)
. Control "Treated" "Withdrawn"
PC 74%3 607 19649
(100) (216) * (265) *+
PEPCK 25:2 34£1 381
| (100) (136)* - (152) *
FD-Pase 7.7¢0.5 11.9:0.3 © 9.9%0.1
(100) . (155)* (129) *
G6-Pase 1041 1310 1441
(100) (130)* = - (140)*

*Significantly different from control values at p<0.05.

tSignificantly different from values of "treated" group at
P <0.05.
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FIG. 6

Influence of chronically administered cadmium on renal cortical
cyclic AMP levels, cyclic AMP binding activity and protein kinase ratio:
Each bar represents the mean # s.e.m. of 4 rats in the group. Rats were
administered cadmium chloride (0.25 or 1.0 mg/kg/day, i.p.) for 45 days.
Data are given in percentages with values from control rats taken as .

*Significantly different from control values at p <0.05.

e
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cyclic AMP bound per mg protein.

. S : : s
C. Effect of Chronic Cadmium on Renal Protein Xinase Activity

ﬁhereas exposure to tne 0.25 mg/kg doee of cadmium reduced the.activinies
of cyclic AMP-independent and dependent forms of protein kinase by 15% and
13% of the control values respectively, treatment with the 1arger dose produced
greater decreasee in both the cyclic AMP-dependent and independent forms of
renal cortical protein kinase {Table 9). It is of‘interest that the ratio of
the two kinases was significantly enhanced only in the cese-of rats. given
1 mg/kg dose of cadmium (Figure 6). |

4. INFLUENCE OF CHRONIC CADMIUM TREATMENT ON TESTICULAR AND
PROSTATIC METABOLISM

v
]

~

A. Influence of Chronic Cadmium Administration on Testicular and Prostatic Weights

Acute administration of cadmium has been found to damage rat testes,
resulting in permanent sterillty (140). Chronic treatment with cadmium also !
has been reported to reduce fertility of male rats (154) Data presented in
Table 10 demonstrate that admlnlstratlon of 1 mg/kg dose of cadmium chloride
for 45 days s;gnlflcantly 1mpa1red testicular and prostatic growth. After 45
days of heavy metal treatment, the testeslweighed only 6§§ of the control
values. Similarly, rhe mean prostatic weight of the cadmium-treated animals
was GO%Iof the values seen for control rats., Foilowing cessation of cadmium
administration for 28 days in rats that had previonsly been exposed to this

metal for 45 days, the testicular and prostatic weights showed the same relative

-
!

degree of atrophy as seen in the 45~-day "treated" group.

B. Influence of Cadmium on Cyclic AMP Metabolism and Protein Kinase Activity
of Rat Testeg

.1
1

Since the hiochem%cal basis of cadmium~induced testicular injury is still
unknown, it was of interest to examine the.influence of chronic cadmium treatment

on testicular adenylate cyclase-cyclic AMP-protein kinase system. The results
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.TABLE 9

EFFECT OF CHRONIC CADMIUM ON RENAL PROTEIN KINASE ACTIVITY

Each value represents the mean * s.e.m. of 4-5 animals
in the group. Rats were administered cadmium chlofide (0.25
or 1.0 mg/kg/day; i.p.) for 45 days. Data are also given in
percentages (in parentheses) with values from control rats

taken as 100%,

'

Tissue. Cadmium Dose

Kinase Rctivity
{pmol 3iP incorporated/mg protein)

(mg/kg/day)
-cAMP +CAMP
Kidney 0.0 219.0418,74 446.2013.96
Cortex {Control) {100) ' (100)
0.25 186.18+10.65 . 389.95+21.73
{85)* (87)*
1.0 109.62+17.60 - 308.28+28.28
(50) * - (69) *

*Significantly different

from control values at p <0.05.
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TABLE 10

EFFECT OF CHRONIC CADMIUM ADMINISTRATION ON TESTICULAR
. AND PROSTATIC WEIGHTS

Bach value represents the mean * s.e.m. of 6 rats
in the group. Rats were administered cadmium chloride
(1.0 mg/kg/day; i.p.) for 45 days. Half of these rats,
the "withdrawn" group, were maintained without additicnal
treatment for 28 days. Data are also given'in percentages

(in parentheses) with values from control rats taken as
1004%. :

Testes Wt. Prostate Wt.
(@) (mg)

Control ' 3.210.1 465124

. (100) (100)
/

"Treated" = - 2.1%0.2 P 279£27
' (66) * (60) *

"wWithdrawn" 2.020.1 297%35
’ (63)* ° (64)*

*Significantly different from control values at p <0.05.

g
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in Figure 7 iglustrete that dail§ exposcie to cachiumlfcr 45 days significantly’
increased the activity- “of testicular adenylate cyclase from 1.510. 3 to 2. 410.1
-pmoles cyclic AMP formed/min/mg of tissue. Likawise, phosphodiesterase activity
wes enhanced from a control value of 0.2910.03 to p.40i0.01 umoles cyclic AMP
 metabolized/hr/mg wef weight of testicclar tisgue. Following cadmium treatment,
the endogenoue levels of cyclic AMP remained essentially unchanged from a
control value-cf 1.04 pmoles péé mg of tissue. This relative lack of change
in the intracellular concentration of cyclic AMP was also reflected in cyclic
AMP binding studies. Testicular protein kinase from 45-day|cadmium—injected.
rats showed no significant change in the affinity for cyclic AMP from a control
value of 0.81+0.03 pmoles-cyclic AMP bound/mg protein. While the activity of
cyclic AMP-independent form of protein kinase was reduced slightly by the
heavy metal from a control value of 3.37+0.10 to 2.6910.26 nmoles 32P incorp--
orated/7 min/mg of protein, the cyclic AMP-dependent form of testicular protein
kinase decreased significantly from a control value of 7.11+0.84 to 4.12%0.47
nmoles 32P incorporated/7 min/mg of protein. Figure 7. also shows that even
though testicular adenylate cyclase returned to control values in the "withdrawn"
group, subeequent cyclic AMP metabclisﬁﬁwas not fully restored following the
cessation of cadmium treatment for 28 days.

Cc. Influence of Cadmium on Prostatic Cyclic AMP Metabolism

.

As the accessory reproductive tissues are dependent on testicular bio-
synthesis of androgens for maintenance of their glandular activity, the
influence of this heavy metal also was investigated on cyclic AMP metabolism
of the prostate gland. Figure 8 shows the influence of chronic exposure to
cadmium on cyclic AMP metabolism in the rat prostate gland. After 45'days-
of daily cadmium treatment, adenylate cyclase activity was reduced by 45%

{p <0.05) from a control value of 1.35i0.15tc|D.74i0.14'pmoles of cyclic AMP

formed per min per mg of tissue. 1In contrast, the activity of prostatic
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EFFECT OF CHRONIC CADMIUM ON cAMP-ADENYL
CYCLASE-PROTEIN KINASE SYSTEM IN RAT TESTES
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FIG. 7

The influence of cadmium on cyclic AMP metabolism and protein
kinase activity of rat testes. Each bar represents the mean ¥ s.e.m.
of 6 rats in the group. Rats were administered cadmium chloride
{1.0 mg/kg/day; i.p.) for 45 days ¥ Half of these rats, the "with-
drawn" group, were maintained without additional treatment .for 28
days. Data are given in percentages with values from control rats
taken as 100%.

*Significantly different from control values at p <0.05.
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EFFECT OF CHRONIC CADMIUM ON cAMP - ADENYL
CYCLASE - PROTEIN KINASE SYSTEM IN RAT PROSTATE

250 - i
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FIG. 8

Changes in prostatic cyclic AMP metabolism and protein kinase
activity after chronic exposure to cadmium. Each bar represents the
mean t s.e.m. of 6 rats in the group. Data are given in percentages
with values from control rats taken as 100%.

*Significantly different from control values at p <0.05.
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phosphodiesterase was not significantly'Tltered'when compared with controls.

The cyclic AMP levels were significantly decreased from a cohtrol value of

l 2010.17 to O. 69&0 06 pmol per mg of tissue. The reduction in endogenous

cyclic AMP concentration was reflected in a marked increase in the cyclic AMP

Y

binding capacity of prostatic protein kinase which rose from a control value

of 0.31%0.01 to 0.66%0.08 pmoles’ cyclic AMP bound per mg of protein. While the

cyclic AMP-independent protein kinase showed only a slight rise, the cyclic

AMP-dependent form of the enzyme was significantly increased from 0.39&0.08

to 1. 24:0 08 nmoles of 32? lncorporated/? min/mg protein. After the 28-day
withdrawal permod in rats previously given cadmium for 45 days, cyclic AMP
levels and~adenylate cyclase activity returned to centrol values. However,
the cyclic.AMP binding by pretein kinage as well as the getivity of the cyclic
AﬂP-dependent and the .independent forms of prostatic p;otein kinase. showed &
significant drop compared tOztheb“treated“'ﬁalues and were, in fact, even“

lower than those seen in the control group.

5. METABOLIC EFFECTS OF AN ACUTE DOSE OF CADMIUM

aA. Effects of Acute Cadmium Treatment on Blocd Glucose, Serum Urea, Hepatic
Glycogen and Gluconeogenic Enzymes

To examine whether stimulation of hepatic gluconeogenesis and cyclic AMP

synthesis could also be produced by administration of a single large dose of

‘cadmium, rats were injected intraperitoneally with 60 mg of cadmium chloride

per kg and killed 1 hr iater. Whereas acute treatment with cadmium decreased
hepatic glycogen levels, it produced a significant rise in the concentration

of blood glucose and serum urea (Figure 9). However, acute cadmium treatment

failed to significantly alter the activity of any of the fouxr key giuceneoqenic

enzymes examined.

N
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FIG. 9

Effect of acute cadmium treatment.on blood glucose, Serum urea,
‘hepatic glycogen and gluconeogenic enzymes. Each bar represents the
mean * s.e.m. of 4-5 animals in the group. Rats were administered
cadmium chloride (60 mg/kg; i.p.) and killed 1 hr later. Data are
expressed in percentages with control values taken as 1Q00%.

*Significantly different from control values at p <0.05.

-
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B. Effect of Acute Cadmium Treatment on Hepatiec Cyelic AMP Metabolism.

khlthough-the four key gluconeogenic enzymes remained unchanged‘in.aﬁimals'
acuteiy exposed to cadmium, this treatment ‘id increase both the basal‘aﬁé the
fluoride-activated form(s) of adenylate cyclase. Additionally, adﬁinistration
of an acute dose of this metal elevated cyclic AMP levels, but decreased the
activity of hepatic phosphodiesterase (Table 11) |

6. PROTECTIVE EFFECT OF SELENIUM ON CERTAIN HEPATOTOXIC MANIFESTATIONS
OF SUBACUTE CADMIUM ADMINISTRATION

.y .

Since seleniumﬁhas been repﬁrted to prevent testicular necrosis caused by
cadmium treatment (147); it was of interest to examine if selenium could also
aféord protection against cadmium-induced elevation of hepatic glucoﬁeogenic
enzymes. A 7-day multiﬁle dosing schedule of cadmium administratioﬁ was
selected becaﬁge it was found to induce certain changes in carbohydrate met-
abolism reseébling those produceé by chronic cadmium exposure.

A. Effect of Subacute Administration of Cadmium on Hepatic Gluconecgenic Enzymes:
Prevention by Selenium

¢ Subacute effects of cadmium, selenium and selenium plus cadmium on various
key hepatic gluconeogenic enzymes are presented in Figure 10. Administration
of“badmium-(l mg of CdCi2 pef ké} twice a day for 7 days significantly |
elevated the activities of PC to 135%, PEPCK to 142%, FD-Pase to 142% and
G6-Pase to 138% of the control values. %In contrast, exposure to selenium

(1 mg of Seo per kg) twice a day for the same period of time failed to produce
any significant change in hepatic enzyme activities examined. However, when
the same dose of selenium and cadmium were administe;ed similtaneously, the
activities of all four gluconecgenic enzymes were significantly lower than

those noted for rats given cadmium alone, and were in the same range as control

values.
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TABLE 11

EFFECT OF ACUTE CADMIUM TREATMENT ON HEPATIC CYCLIC AMP METAROLISM

Each value represents the mean t s.e.m. of 4-5 animals in the
group. Rats were administered cadmium chloride (60 mg/kg; i. P.) and
killed 1 hr later. Data are also given in percentages (in parentheses)
with values from control rats ta\én as 100%.

Parameter Measured Control Cadmium-Treated
. ( - "
- -
Adenylate Cyclase s L
{pmol/mg protein/min) (-F) 2.7%0.3 520.4
(100 (160) *
(+F) 22.4%1.1 31.5%1.2
(100) (141)*
PDE ' © 13.320.18 - 9.5%0.13
(nmol/mg protein/min} } {100) - (71)*
cyclic AMP ' 0.8210.08 1.69:0.11 .
(pmol/mg) _ (100) (206) *

*Significantly different from control values at P <0.05.
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FIG. 10

Protective effect of selenium on cadmium-induced alterations in the
activity of hepatic gluconeogenic enzymes. Each value rep¥esents the
mean + s.e.m. of 5-6 rats in the group. Animals were administered cadmium
chloride (1.0 mg/kg, s.c.), selenium dioxide (1.0 mg/kg, s.c.} or both
twice daily for 7 days: Enzyme activities were calculated as micromoles
of .substrate metabolized per milligram of protein per hr. Data are given

in percentages (in parentheses) with values for control or. cadmium-treated
animals taken as 100%. )

i
*Significantly different from control values at p <0.05.

tSignificantly different from values of cadmium~treated rats at

" p <0.05.
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8. Effects of Subacute Exposure to Cadmium, Selenium or Both on Hepatic Cyclic
i AMP levels .

Since selenium effectively prevented the cadmium effects on gluconeogenic
enzyme%: the question whether selenium also prevented the cadmlum-induced
elevation of hepatlc cyclic AMP content was examined. Table 12 shows that

B

subacute exposure to' cadmium resulted in a marked incigasg in the concentrapion
of endogenous cyclic AMP in hepatic tissue. Tfeatment with selenium alone
falled to 51gn1f1cantly alter hepatic cycllc AMP; however, when selenlﬁs-was
admlnlstered concom:.tantly with ca?imlum, elevation in the cycl:.c nucleotide
level was similar to that Eoted in cadmium-treated rats.

7. EFFECTS OF SUBACUTE CADMIUM ADMINISTRATION ON GLUCOSE TOLERANCE AND
' INSULIN SECRETION IN INTACT RATS '

A:\lnfluence of Cadmium on Glucose ﬁglerancé
Since chfonic, subacute as well as acute cadmium‘treatment induced hyper—‘
glycemia, it was of interest to examine if subacute cadmium treatment altered
the ability of intact rats to handle a glucose load. Results in Figure 11
demonstrate the effects of subacute exposure to cadmium on resting b;ood
glucose levels and glucose tolerance in intact rats. Bleood glucose conc—

3

entrations were‘determined immediately before and 15, 30 and 60 min after the
glucose load (2.0 g/kg). Rats pretreated with cadmium displayed hyperglycemia
and reduced glucose tolerance as reflécted by significant elevation of blcod
_glucose values over those attained by control rats at 15, 30 and 60 min after

the glucoge load.

B. Effects of a Glucose Load on Immuno Reactive Insulin of Rats Exposed to
Cadmium

Since cadmium treatment induced glucose intolerance in rats, we were
prompted to investigate the effects of cadmium on insulin secretory response.
Figure 12 demonstrates that immediately prlor to glucose administration, serum

IRI concentration of rats pretreated with cadmium was markedly depressed.



it

109

2

TABLE 12 .
EFFECTS OF SUBACUTE EXPOSURE TO CADMIUM, SELENIUM OR BOTH
ON HEPATIC CYCLIC AMP LEVELS '

Each’value represents the mean % s.e.m. of 5-6 ratg in
the group. Animals were administered cadmium (1.0 mg of
CdCly per kg, s.c.), selenium (1.0 mg of SeO; per kg, s.c.)
or both twice daily for 7 consecutive days. Data are also

given in percentages with values from control animals
taken as 100s%.

Dose : Cyclic AMP Level %

Treatment (mg/kg/day) (pmol/mg tissue) Cpntrol\
v
Control 0.0 ! 0.79+£0.15 100
Cadmium 2x1.0 1.90+0.11 . 241+
Selenium 2x1.0 0.82+0,26 104
. X ) ’
Cadmium + T 2x1.0 - 1.7320.21 219*
Selenium 2x1.0

*Significantly different from control values at p <0.05.



“\/ | ‘ 110

Q
.
;
800 '
S 700f-
3 ., © CONTROL
3 600~ @® Cd {2x1.0mg/kg/day; 7 days)
3
L, 5004
[%p}
o
= 400
O :
8 300 (17)* ;
(100)
O 200} | 1
[wu] 3
_ | | ~ 1
100 ®poo) R :
! I ‘] ' [ l

0 15 30 ' 60
TIME AFTER GLUCOSE ADMINISTRATION (MIN)

FIc. 11

Influence of subacute exposure to cadmium on glucose tolerance.
Each point represents the mean * s.e.m. of 4-~5 rats in the group.
Rats were pretreated with cadmium chloride (1 mg/kg s.c.) twice daily
for 7 consecutive days. Glucose tolerance test was initiated 24 hr
after the administration of the final dose of cadmium by giving a
glucose load (2.0 g/kg i.p.). Data are also given as percentages
{(in parentheses) with values from control animals taken as 100%.

*Significantly differentifrom control values at p <0.05.
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FIG. 12

Effect of a glucoée load on immuno reactive insulin of rats

i

®Cd (2x1.0mg/kg/day; 7 days)

exposed to cadmium. Each point represents the mean % s.e.m. of

4=5 rats in the group. Rats were pretreated with cadmium chloride
(1 mg/kg s.c.) twice daily for 7 consecutive days. Glucose (2.0 g/
kg i.p.) was administered 24 hr after the final dose of cadmium.
Data are also given as percentages (in parentheses) with values from

the control animals taken as 100%.

*Significantly different from control values at p <0.05.
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~ Glucose administration (2 g)kg) prodﬁced prompt elevation in.sgfum IRI conc-
entration which like the glucose level, peaked‘at 15 min intexval. In the
control groué, élucoée load evoked ;'ndrmél elevation in serum IRI level;

‘however, in rats pretreated with cadmium, sigﬁifiqant suppression of giucose
stimulated serum IRT inc?ease was noted at'lS, 30 and 60 min intervalsy.

C. Influence of Cadmium on Phentolamine-Stimulated Increase in Serum IRI Levels

a .
Since cadmium has been reported to release catecholanineyg from adrenals

(289), and catecholamines'can influence insulin secretion as well as glucose

levels, the question whether the impaired pancreatic function was due to
: phd

o

increased catecholamine release or-due to some other effect of cadmium on the
pancreas was investigated. Administration of 20 mg/ké of phentolamiqe, an
alpha blocking agent, caused an increase of 266% in IRé levels of normal rats,
whereas the same dose caused only an 83% rise in cadmium—exposed‘animals
(Figure 13). A similar trend was observed when rats were gi;en 1oﬁer doses
of phentolamine (10 and 4 mg/kg).’

8. EFFECT OF SELENIUM ON CADMIUM INDUCED ALTERATIONS IN PANCREATIC
PUNCTION

A. Effects of Selenium on Cadmium-Induced Loss of Glucose Tolerance

. Results in Figure 14 demonstrate'the effects of subacute exposure to
cadmium, selenium and selenium plus cadmium on resting blood glucose levels
and gluccse tolerance in intact rats. Blood glucose concentrations were
determined immediately before and 15, 30 and 60 min after the glucose load
(2.0 g/kg). 1In contrast to cadmium, seleﬂiﬁm pretreatment failed to alter
significantly both the resting glucose level or the normal response to a
glucose load. Simultaneous administrétioﬁ of selenium with cadmium resulted
in e;evation of resting blcod glucese, but the increase was significantly lower

than that observed in the group exposed t6 cadmium alone. Similarly, simultaneous

4
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FIG. 13

Influence of cadmium on phentolamine-stimulated increase in serum
IRI levels. Each bar represents the mean * s.e.m. of 5-6 animals in
the group. Animals were administered cadmium chloride (1.0 mg/kg, s.c.)
twice daily for 7 ddys. Phentolamine mesylate (4, 10 or 20 mg/kg) was
administered 24 hr after the final injection of cadmium and serum IRI
levels were determined 15 min later. Data are exﬁressed as percentages
with values from control rats taken as 100%.

*Significantly different from control wvalues at p <0.05.

+Significantly different from values of control rats administered
phentolamine at p <0.05.
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FIG. 14

Effects of gelenium on cadmium-induced loss of glucose tolerance.
Each column represents the mean % s.e.m. of 4-5 rats in the group.
Rats were pretreated with cadmium (1.0 mg of CdCly per kg s.c.),
selenium (1.0 mg of SeO; per kg s.c.) or both twice a day for 7
consecutive days. Glucose tolerance test was initiated 24 hr after
the administration of the final dose(s) of cadmium and/or selenium
by giving a glucose load (2.0 g/kg i.p.). Data are also given above
each column as percentages of the values from the respettive control
groups.

*significantly different from control values at p <0.05.

tSignificantly different from the values of cadmium-pretreated
rats at p <0.05. '
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administration of selenium markedly impfoved the cadmium;induced-glucose
intolerance as judged from significantly lower blood glucose levels th§n those
of cadmium—t%;ated ?ats at various time intervals. It may be noted howevér,
that in rats receiving both cadmium and selenium, glucose levels at 15 and 30
min intervals were significantly highgr than thé respective control values.

'B. Effect of Selenium on Cadmium-Induced Suppression of IRY ﬂelease in Response
To a Glucose Load

Since selenium partia;ly amelioratéd the cadmium-induced glucose intolerance, /}—
it was of interest to study if selenium also improved the cadmium-induced
suppregsion of pancreatic function. PFigure 15 shows the effect of cadmium,
selenium and seleniﬁm plus cadmium on serum IRI le;els of iats.challenged
with a glucose load. Immediately prior to glucose administration, serum IRI
goncentyation of rats pretreatéa Qith selenium remained within the normal
range whereas that of rats éxpoéed-to cadmium was markedly depressed. Although
rats exposed to cadmium and selenium simultaneously also‘digp%gyed lower than

‘ - L
normal serum IRI levéls, these were significantly higher than those observed |
in rats pretreated with cadmium alone. Although in animals pretreated with
cadmium a significant suppression éf glucose-stimulated serum IRI increaée
was noted, the rats pretreéted with selenium alone displayed normal elevation
in serum IRi levels. In animals receiving selepium and cadmium simultaneously,
glucose load elicited consistently greater increases in serum IRI concentration
than it did in the group pretfeated with cadmium alone; however, increases 'in
serum IRI levels.at 15 and 60 min intervals were still iower than those of

control rats.

C. Effects of Selenium on Insulinogenic Indices of Normal and Cadmium-Treated
Ratg Follcowing Glucose ILoad

Insulinogenic index, the term which expresses the ratioc of serum IRI
(microunits of IRI per ml of serum) to blood glucose concentration (milligrams

-of glucose/ml of blood), is believed to reflect pancreatic secretory activity
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FIG. 15

Effects of selenium on cadmium-induced suppression of immuno-
reactive insulin (IRI) release in response to a glucose load. Each
column represents the mean * s.e.m. of 4-5 rats in. the group. Rats
were pretreated with cadmium (1. 0 mg of C4Cl,y/kg s.c¢.), selenium
(1.0 mg of Se03/kg s.c.)} or both twice a day for 7 consecutive days.
Glucose load (2.0 g/kg i.p.) was administered 24 hr after the admin-
istration of the final dose(s) of cadmium and/or selenium. Data
are also given above each column as percentages of the values from
‘the respective control groups.

*Significantly different from control values at p <0.05.

+significantly different from the values of cadmium-pretreated
rats at p <0.05.
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{291). Wwhen the data were expressed in terms of insulinogenic indices

-~

A
(Table 13), a definite trend seemed to emerge. Immediately before and 15,'30

and 60 min after the glucose load, selenium faiied to afféct significantly

"the insulinogenic index. 1In contrgét, cadmium pretreatment resuited }p
markedlsr reduced insulinogenic indices at levery time interval tesi:ed, suggesting
-that cadmium produces a decrease’in pancreatic secretory activit§. Although

the group reéeiving 5oth cadmium and selenium also had significantly reduced
insulinogenic indices, the decreaseé were‘less pronounced than those seen in

rats pretreated with cadmium alone, and the insulinogenic indices at variou

time intexvals were significanfly greater than those of cadmium-treated Yats.

»\
D. Effects of Subacute Cadmium and/or Selenium on Estimated Tbtal Insulin
Released During 1 hr Following Glukose Administration - a

Data in Table 14 éhow the total amount of IRI released in various groups
.during the 1 hr periecd after glucose leoad, as calculgted by integrgfihg area
under the appropriate curve. It can be seen that'tﬂe total amount of IRI
released by cadmium intoxicated animals was significantly lower than in‘control
animals. Selenium treatment, by itself, did not significéntly al;er the
amount of IRI released. However, in rats receiving both selenium and cadmium
simultaneousi&, significantly more IRI was released than in ¥ats receiving

~

cadmium alone.

9. PREVENTION BY ZINC OF CADHIUM—INDUCED ALTERATIONS IN
PANCREATIC FUNCTION

A. Effects of 2inc on Cadmium-Induced Glucose Intolerance

Many of the manifestations of acute cadmium toxicity in experimental
animals caﬁ be eliminated by prior or simultaneous injection of zinc ;alts.
Thus, zinc administration has prevented cadmium-induced testicular damage
(135), the toxaemia-like condition in pregnant rats (292) and the teratogenic

effects of cadmium (293). It was therefore of interest to examine if zinc

could also alter the response of pancreatic tissue to toxic effects of cadmium.
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TABLE 13

EFFECT OF SELENIUM ON THE INSULINOGENIC INDICES OF NORMAL AND CADMIUM-

TREATED RATS FOLLOWING GLUCOSE LOAD

A

-

Each value represents the mean % s.e.m. of 5-6 rats in the group.
Animals were pretreated with cadmium (1.0 mg of CdCly; per kg, s.c.),
selenium (1.0 mg of Se0; per kg, s.c.) or both twicg a day for 7 days.
- Glucose (2.0 g/kg) was administered 24 hr after the final dose(s) of
Insulinogenic index represents a ratio
expressed as serum IRI (microunits per milliliter)/blood glucose
Data are also given in percentages with

cadmium and/or selenium.

{milligrams per 100 ml).
values from control (in parentheses) or cadmium~treated animals

[in brackets] taken as 100%.

Insulinogenic Index at
Time After Glucose Administration

Dose
Treatment ‘ —
(mg/kg/day) 0 min 15 min 30 min 60 min
Control 0.0 0.2520.001  0.21%0.010 0{2410.029 0.210.006
(100) (100) (100) (100)
Cadmium 2x1 0.11#0.003 0.10%0.009 0.12+0.011 0.07%0.004
' (44)* {48) * {50)* (33)*
[100] [100] [100] [100] -
Selenium 2x1 0.23%0.003 0.21%0.018  0.26%0.017 0.19%0.009
' (92) (100) (108) (91)
Cadmium + 2x1 0.15$0.006, 0.15+0.006 . 0.14+0.013 0.13%0.001
Selenium 2x1 (60) * (71)* {58)* (62} *
[136]% » [150]+ [117]+ . [186]+

*Significantly different from control values at p <0.05.

+8ignificantly different from values of cadmium-treated rats at R-<0‘05'
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TABLE 14

EFFECTS OF SUBACUTE CAD‘HIUM AND/OR SELENIUM ON INTEGRATED IRI
LEVELS OVER_A 60 MIN PERIOD AFTER ADMINISTRATICN OF
A GLUCOSE LOAD

Each value represents thle mean + s.e.m. of 5-6 rats in the
group. Animals were administered cadmium chloride (1.0 wmg/kg,
$.C.),. selenium dioxide (1.0 mg/kg, s.c.) or both, twice daily
for 7 days. Data are also given in percentages (in parentheses}
with values from control animals taken as 100%. -

Dose EStl?atEd Total Percent of

Treatment (mg/kg/day) In?:iianséizifd Control
Control 0.0 3167£205 (100)
Cadmi um  2xl.0 21294146 . (6Ty*
Selenium 2x1.0 | 31264138 (99 -
Selenium + "2x1.0 2916+149 (92)F
Cadmium . 2x1.0- ' .

e

*Significantly different from control values at p 0.05.
tsignificantly different from values of cadmium-treated group
at p <0.05.
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BloodlgluCOSe concentratfbss were‘determised immediately before, as well
as 15, 30 and 60 min after the glucose load (2.0 g/ko‘i.p.) {(Figure lé).’ P o '
Althoﬁgh zlnc failed'to alter the resting blood glucose level, exposure to
cadmium significantly elevated it to 122% of the control valse. Simultaneous

:admlnistratlon of zine and cadmium resulted in a blood glucose level that was
signlflcantly lower than that observed in the group exposed to cadmium alone.
Peak blood glucose values in response to the glucose load were attained at

15 min in all groups examined; however, this value in cadmium~pretreated rats
was significantly greater (38%) than that of control animals. Rats pretreated
with zinc as well as cadmium attaised blood glucose level that was in the

saoe range as that of control animals. Similarl?, at 30 and 60 min intervals,

cadmium-pretreated rats atteined significantly higher blood glucose levels

than those of zinc or zinc plus cadmium pretreated rats; the results from the
latter two groups not being 51gn1f1cantly dlfferent from those of the control ¥

‘ -~
rats. ﬁ \

B. Effects of Glucose Load on Serum Levels of Ifmmuno Reactive Insulin of Rats
Exposed to Cadmium and/or Zinc

Since zinc, when administered concurrently with cadmium, prevented cadmiﬁﬁ-
induced glucose intolerance, it was of interest to exaﬁine if the cadmium-
induced pascreatic suppression also was prevented by zinc. Fiqure 17 demos-
strates'that-immediately before glucose administration,~serum concentration of
IRT of rats pretreated with zisc remained within the normal range. In contrast,
the serum Iﬂ!iaevel in rats exposed to cadmium was considerably depressed.

Rets exposed to cadmium and zinc simultanecusly on the other hand, displayed
noxmal serum IRI content. Gldcose administration:(z g/kg) produced prompt
.elevation ip serum IRI concentration, which like the glucose level, peaked at
the 15 min time point. In the zinc group, glucose load evoked a normal

elevation in serum IRT level however, in rats pretreated with cadmium, stat-

4

a1
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\ FIG. 16

Effects of zinc on cadmium-induced glucose intolerance. Each bar
represents the mean % s.e.m. of 5-6 animals in the group. Animals
were administered cadmium chloride (1.0 mg/kg; s.c.), zinc chloride
(2.0 mg/kg; s,c.) or both twice daily for 7 days. Glucose tolerance
test was initiated 24 hr after the administration of the final dose(s).
of cadmium and/or zinc by giving a glucose load (2.0 g/kg; i.p.).

Data are also'expressed in Percentages (in parentheses} with values
from the respective control groups taken as 100%.

*Significantly different from control values at P <0.05. -

'Ii“Significantly different from values of cadmium-pretreatgd rats
at p <0.05.
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FIG. 17
4
Effect of cadmium, Zine and zinc + cadmium on immunoreactive

insulin (IRI) release” in response to a glucose load. Each bar represents
the mean #+ S.e.m, of 5-6 rats in the group. Animals were administered
cadmium chloride (1.0 mg/kg; $.C.), zinc chloride (2.0 mg/kg; s.c.) or
both twice daily for 7 days. Glucose (2.0 g/kg; i.p.) was administered
24 hr after the final dose(s) of cadmjium and/or zinc. Fach point rep-
resents the mean t s.e.m. of 5-¢ animals. Data are also expressed in

bercentages (in parentheses) with values from the respective control
groups taken as 100%.

*Significantly different from control values at p <0.05,.

'i'significantly different from values of cadmium-pretreated rats

at p <0.05. , ;
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istically significant suppression of glucose-stimulated serum IRT increases
- 1
was noted at.15, 30 and 60 min. In animals receiving zinc Plus cadmium
simultaneously, glucose load elicited consistently greater increases in serum -
IRI concentrations than it did in the group pretreated w1th cadmium alone, and

was not significantly different from the control values.

C. Effects of Subacute Cadmium and/or Zinc on Estimated Total Insulin Released
Over 1 hr Period Following Administration of a Glucose Load

-

Table 15 shows the total amount of IRI released in various groups in the

1 hr period after glucose load, as calculated by integrating the area under tﬁe
appropriate curve. It can be seen that the total amount of IRT releaeed by
cadmium intoxicated animals was significantly lower than in control animals.
Zinc treaument, by itself, did not significantly alter the amount of IRT

. >}
released. However, in rats receiving both zinc and cadmium, significantly
more IRI was released than in rats receiving cadmium alone.

10. PREVENTION BY ZINC OF CADMIUM-INDUCED ALTERATIONS IN HEPATIC
' AND TESTICULAR METABOLISM -

A. Protective Effect of Zinc on Cadmium-Induced Alterations in Hepatic Glycogen,
Gluconeogenic Enzymes and Serum Urea

Since zinc could prevent certain effects of cadmium on glucose hcmeostasis,
we were prompted to examine_if this element could also protect against the
effects of cadmium on hepatic gluconeogenesis. Adm;nlstratlon of cadmium
51gnlf1cantly elevated the act1v1t1es of PC, PEPCK, FD-Pase and G6-Pase (Table 16).
On the other hand, exposure to zinec failed to produce any significant change in
the activities of these four enzymes. When zinc and cadmium uere administered
concurrently, the activities of all four gluconeogenic enzymes were significantly
lower uhan those noted for rats given cadmium alone, and were in the same range
as control values. In contrast to the gluconeogenic enzymes, cadmium treatmene

resulted in a reduction of hepatic glycogen level. Although zinc by itself
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TABLE 15

EFFECTS OF SUBACUTE CADMIUM AND/OR ZINC ON INTEGRATED IRY LEVELS
OVER A 60 MIN PERIOD AFTER ADMINISTRATION OF A GLUCOSE LOAD

Each value represents the mean t s.e.m. of 5-6 rats in the
‘group. Animals were administered cadmium chloride (1.0 mg/kg:
s.c.), zinc chloride (2.0 mg/kg; s.c.) or both twice daily for
7 consecutive days. Data are also given in percentages (in
parenthedes) with values from control animals taken as 100%.

Estimated Total

‘Treatment (mg?iZiday) In?:iinxnséiii?d Pezziziozf
Control 0.0 _ 29384266 (100)
Cadmium 2x1.0 1691493 - (58%)
Zine . 2%2.0 3010£201 (102t)
Zinec + | 2x2.0 2903£220 (997)
Cadmium 2x1.0

*Significantly different from control values at p <0.05.

t+Significantly different from values of cadmium-treated group
at p <0.05. - ‘
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F
TABLE 16

! .
PROTECTIVE EFFECT OF ZINC ON CADMIUM~INDUCED ALTERATIONS IN HEPATIC
GLUCONEOGENIC ENZYMES AND GLYCOGEN, CYCLIC amp
AND SERUM UREA LEVELS

Each value represents the mean * s.e.m. of 5-6 rats in the group.
Animals were administered cadmium chloride (1.0 mg/Kg: s.c.), zine
chloride (2.0 mg/kg; S.c.}) or both twice daily for 7 days. Data are
also given inp percentages with values for control (in parentheses)
or cadmium treated (in brackets) taken as 100%.

——

Treatﬁent
Parameters S :
Examined Control Cadmium " Zinc Zine + Cadmium
pC 30645.7 430213.7 316+4.8 3058.8
(100) (141)* (103) (100)
[100] [73]+ [71]+
PEPCK 9.8%0.61 18.1+2. 04 . 9.05%0.69 10.6+1.09
(100) - (185) * (92) (108)
{100] [s0]+ [59]+
FD-Pase 6.05£0.31  7.8640.50 6.4940.07 6.24+0.29
(100) (130) * (107) (103) -
[100] [83]+ [79]+
G6-Pase 2.32%0.13  2.90+0.11 2.35%0.26 2.3040.05
(100) (125) * (101) (99)
[100] [81]+ [797+
Glycogen 2.18+40.2 1.43%0.09 1.95$0.16 2.2310.26
(100} (66) * (89) (102)
[100] f136]+ [156]+
Urea 17.640.50 28.441.15 18.440.51 18.440.51
= (100) (161) * (105) (105)
[100] {651+ (65]+

*Significantly different from contrel values at P <0.05.

tSignificantly different from values of cadmium—

treated rats at P <0.05,
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was without aﬁy appreciable effect when given in combination with cadmium,
it prevented the cadmium-induced fall in liver glycogen. Cédmiﬁm treatﬁent
also increésed serum urea by 61% and this rise was effectively prevented by
simultaneous administration of zinc, although zinc alone was without any
significant effect.

B. Protection by Zinc Againgt Cadmium-TInduced Elevation in Hepatic Cyelic AMP
‘Levels

Subacute éxposure to cadmium ;esulted in a marked increase.in hepa;ic
cyclic/AMP concentration (Table 17). Treatment with zincﬁglone failed to
alter hépatic cyclic AH# levels significanﬁly. However, when z§nc was admin-
istered at the same time as cadmium, the observed elevation in hepatic cyclic
AMP level was. prevented and the vé;ues éemained in the fange of control rats.

C. Effects of Cadmium and Zinc on Adenylate Cyclcase Activity and its Responsiveness
to Hormonal Stimulation ‘ T

Results presented in Figure 18 demonstrate that cadmium-induced elevation
of hepatic-cyclic AMP level waé accompanied by enhancement in thé activity of
the cyclic aMP synthesizing enzyme, adenylaté cyclase. Epinephrine, fluoride
and glucagon were all able to stimulate adenylate cyclase activity in both
normal and cadmium-exposed animalg; however, in cadmium-treated rats, glucagon
and epinephrine stimulated the enzYmatic activity fo lgvels higher than in
the corresponding controls whereas fluoride did not. Furthermore, although
zinc by itself did not alter the sensitivity of adenylate cyclase to epinephrine,
glucagop or fluoride, administrétion of this trace element concprrently with
cadmium significantly prevenﬁed the cadmium—stimuléted increases in the
activity of both the basal as well as the hormone-stimulated forms of the
hepatic enzyme.

D. Influence of Zinc on Cadmium-Induced Alterations in Testicular Cyclic aMp
and Prostaglandin F levels ] -

Since zinc has been reported to protect animals against cadmium~induced
gonadal necrosis (135), it was of interest to examine if it'also exerted

=~
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TABLE 17

PROTECTIVE EFFECT OF ZINC AGAINST THE CADMIUM-INDUCED INCREASE IN
HEPATIC CYCLIC AMP LEVELS

Each value represents the mean t s.e.m. of 5-6 rats in the
group. Animals were administered cadmium chloxide (1.0 mg/kg; s.c.),
zinc chloride (2.0 mg/kg:; s.c:) or both twice daily for 7 days.

Data are also expressed in percentages with values from control
animals taken as 100%.

Treatment Dose Cyclic AMP lLevel Percent of

(mg/kg/day) (pmol/mg tissue) . Control
Control 0.0 0.7410.01L ~ 100
Cadmium 2x1.0 1.36%0.06 184+
Zine 2x2.0 ‘ 0.80+0.03 _Jlos
Zinc + 2x2.0 0.79+0.02 107
Cadmium 2x1.0

*Significantly different from control values at P <0.05, v

tSignificantly different from values of cadmium-treated group
at p <0.05.
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of hepatic adenylate cyclase to epinephrine (EPI), glucagon (GLUC) or
fluoride (FL). Fach bar represents the mean # s.e.m. of 5-6 animals

in the group. Rats were administered cadmium chloride (1.0 mg/kg; s.c.},
zinc chloride (2.0 mg/kg; s.c.) or both twice daily for 7 days. Data
are also expressed in percentages (in parentheses) with values from

the respegtive control groups taken as 100%.

*Significantly different from control values at p <0.05.

tSignificantly different from values of cadmium-treated rats at

P <0.05. Y

[P
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_\prqtective eff;cts on thé testiﬁﬁidr_cyclic AMP and prostaglandin F 1evels;
Data in Table 18 demonstrate that although caémiumrinduced drop in‘cyclic
AMP.conceﬁtration was ﬁot étatistically significﬁnt, the total tesgicula:
.cyclic AMé content was markedly reduced by cadmium t:ggtment. ‘Zinc, on the
other hand, failed to significantly alter the concéntragion as well as content
of tESticulaf cyclic.AMP. Ho&ever, when zinc.was administered concurrently
with cadmium, a significant increase was noted in testiculaf cyclic AMP conc-
entration as well as content. Although administration of cadmium andkor zinc
failed to significantly alter the concentration of testicular PGF, cadmium
treatmen£ reduced the total PGF contentiof testes. Similarly, although zinc
treatment alone failed to alter testicular PGF when administered concurrently
with cadmium, it prevénteé the cadmium-induced deéression of tegticular PGF

content.

11. LONG TERM EFFECTS OF ORALLY ADMINISTERED CADMIUM ON NEONATAL RATS
Since it is the long term exposure to small amounts of ingested cadmium

that presents a potential health hazard, it was of interést to'examine

whether orally administered cadmium alsP produced various toxic manifgstations

produced by parenterally administered cadmium. In order to achieve appropriate
‘Eﬁmitoriﬁé over the aﬁ;unt of éadmium administered as well as simulating a

more phySiological mode of cadmium exposure, new bdrn rats were administered

cadmihm (0.1 or 1 ug/g)y orally as cadmium chloride sclution by intubation.

A. Growth of Young Rats Following Daily Oral Deses of Cadmium Chloride

Body weight changes (growth).of new born rats exposed to two different

doses of cadmium are shown in Figure 19. There was no significant difference
in body welght gain of those young rats recelving daily oral doses of
0.1 ug/g cadmium {(as cadmium chloride) daily over the period of 43 days.

However, young rats.receiving higher doses of cadmium (1.0 ug/g) displayed a
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TABLE 18 /

INFLUENCE OF ZINC AND .CADMIUM-INDUCED ALTERATIONS IN TESTICULAR
. CYCLIC AMP AND PROSTAGLANDIN F LEVELS

Bach value represents the mean * s.e.m. of 5-6 rats in the
group. Animals were administered cadmium chloride (1.0 mg/kg;
s.c.), zinc chloride (2.0 mg/kg, s.c.) or both twice Qaily fok 7
dayg.~ Data are also given in percentages (in parentheses) with
values from control animals taken as 100%.

Cyélic AMP Levels Prostaglandin F Levels
Treatment Dose -
- (mg/kg/day) pmol/mg nmol/testes P gm/mg- n gm/testes .
Control 0.0 2.87+0.10 7.5§i0.40 . 5.40%0.55 14.19%1.46
{100) (100) (100) {100)
Cadmium 2x1.0 2.35+0.27 3.9510.33 4.8410.46 9,65+1,36
{(82) (52)* - {90) (eg)*
Zinc 2x2.0 3.15+0.14 8.32+0.62 ‘ 5.95+1.04 15.51%2.7
‘ {110) {110} (110) (109)
Cadmium + 2x1.0 -~ 3.9240.30 10.1240.76 4.51+0.89 14.71%3.66
Zinc 2x2.0 o (137) % (134)* (84) {(104)

*significantly different from control values at p <0.05.

tsignificantly different from values of cadmium-treated rats at P <0.05.
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FIG. 19

Influence of neconatal exposure to oral doses qﬁ cadmium chlorlde
on body weight changes {(growth). Each column represents the mean
S.e.m. of 5-6 values in the group. One day old rats were administered
water (control) or caﬂmium (0.1 or 1.0 1g/g) as a cadmium chloride
solution for 43 days. :

*significantly different from control values at p <0.05.
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slight but siéﬁificant'depressioﬁ.in g?owth rglative to the control group.
Figure 20 shows a photograph comparihg the appeﬁrance of a normﬁi 25 day old
rat with aée ﬁﬁtchedfrnts exposed to eithef.o.l or 1.0 ug/g cadmium orally.
The?e appégred to be no noticeable diffe;ence in the appearance of rats
neonatally eipésed to 0.1 ug/qg cadmiuﬁ. However} animals expoéeﬁ to the
higher dose of cadmium (1.0 ug/g}, as indicated in tﬁe lower panel, seemed to

be smallex in size as compared to control or low dose exposed rats.

B.. Effects of Chronic Cadmium Ingestion on Testicular Cyélic AMP and Prosta-
glandin F Levels - .

" Since short term parenteral adﬁinistration of cadmium altered both the
testicular cyclic AMP apd prostaglandin F content, it was of ihterest,to

examine if oral long'termA;admium tréétmentlalso céuld manifest such chanées.
Data in Table 19 demonstrate that daily administration of low (0.1 ug/g) oxr

high dose (1.0 ug/g) of cadmium for 45 days caused a significant drop in
endogenous cyclic AMP leveié of the teste;, whether expressed és pmol/mg

tissue or nmol/orgén. 'Similarly,‘a marked fall iﬁ the testicular prostaglandin F

concentration or content was observed upon oral cadmium treatment. ,

ﬁ

’ .

C. Effects of Cadmium Ingestion on Blood Glucose, Serum Urea and Hepaéic
Glycogen Levels . _ . \\

Data presented in Table 20ldemonstrate that although the low dose \\\
(0.1 pg/g) of oral cadmium for ﬁS’daYs caused significant elevation:iqublood
glucose. The increment of blood sugar was alse significantiy greater than céntrol
values in rats exposed to the higher level og'cadmium (1.0 ug/g). 'In contrast,
both doses of cadmium markedly reduced hepatic glycogen content. 'Similarly,
serum urea levels were significantly increased in rats exposed t; either dose
of cadmium, Furtﬁermore, the:alterations in glucose, glycogen and urea weré
of a greater magnitude in animals exposed to the higher dose of the heavy metal.

D. Effects of Cadmium Ingestlion on Hepatic Gluconeogenesis

Since like parenteral administration, cadmium ingestion elevated blood



. 133

FIG. 20

Photograph comparing the appearance of normal 25 day old rat
(top panel) with age-matched rats exposed to 0.1 ug/g cadmium -
(middle panel) or 1.0 ug/q cadmium (bottom panel).

e
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TABLE 19
INFLUENCE OF CHRONIC CADMIUM EXPOSURE ON TESTICUi.AR CYCLIC AMP
AND PROSTAGLANDIN F LEVELS
Each value iepresents the mean % s.e.m. of 5-6 aﬁimals
in the group. Rats were administered cadmium (0.1 or 1.0 ng/g}
orally in the form of cadmium chloride solution (0.005 ml/g),
for 45 days. Data are also given in percentages {in parentheses)
with control values taken as 100%.
Treatment Dose(of/c?dmlum 9¥C11C AMP Levels Prostaglandin F Levels
' Hg/g pmol/mg nmol/testes P gm/mg n gm/testes
Control 0.0 3.6520.08 10.2320.27 3.35%0.19 9,72+0.55-
(100} (100) (100Q) (100} |
Low Dose 0.1 3.18+0.10 B8.04%0.22 2.25%0.09 5.6710.21
(87)* (79)* (67)* {58)*
High Dosé . 1.0 2.94%0,.11 7.4710.27 2.08x0,.06 5.05%0.31
) (81)* (73)* (62)* * (52)*
*Significantly different from control values at p <0.05. <

A
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TABLE 20 .

EFFECTS QF ORAL CADMIUM ADMINISTRATION ON BLOOD GLUCOSE,
SERUM UREA AND HEPATIC GLYCOGEN LEVELS '

-

Each value_represents the mean * s.e.m. of 5-6 animals

'in the group. Rats were administered cadmium (0.1 or 1.0

ug/g/day) by intubation in the form of cadmium chloride
solution for 45 days. Data are alsc given in percentages
{in parentheses) with control values taken as 1l00%,

~

Cadmium .  Cadmium
Treatment Control (0.1 ug/q) (1.0 yg/g)
Glucose 79.845.3 97.4%5.8 108.549.2
(mg/100 ml) (100) s (122)* (136) *
Glycogen 1.47+0.11 0.69+0.08 0.44%0.06
{g/100. g) (100) (47)* (30)*
Urea ' . “20.0#0.51 _ 26.8%0.74 41.6+3.14
(mg/100 mi} {100) h (134)* (208) *

' *Significantly different -from control wvalues at p <0.05.

V.4

I
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glucose and urea and lowered hepatic glycogen content, we were prompted to

examine if orally administered cadmium also enhanced the activities of various

N

hepatic gluéoneogenic enzymes. Data in'Figur;:21 demonstrate that long term"
‘oral administrarion of the low dose of cadmium (0.1 ug/g/day) diﬁ indeed

' f’ﬁ"‘\e}evate the. activities of PC, PEP&K, FD-Pase and G6-Pase. Likewise, the 45-
day high dose of cadmium (l 0 wg/g/day) treatment resulted in significant
enhancement of the activltles of the four key gluconecgenic enzymes and the

--1ncrement was of a greater magnitude than that seen in rats exposed to the

low doses of the heavy metal.

‘

E, Effect of Long Term Oral Cadmlum Admlnistrataon on Hepatic Adenylate Cyclase
Activity .

As the alterations of hepatic carbohydrate metabolism after subacute .

eadmium-exposure were accompanied by changes in hepatic cyclic AMP metabolism,
\it was of intereer to examine whether a similar relationship existed betwaen‘
these two parameters following chronic oral exposure to the ﬁeavy metal.

~ Daily administration of cadmium at a éese of 0.1 or 1.0 ug/g by intubatiqn
for 45 days elevated hepa;ic Eyclic_AMP levels by 32§ and 57%, respecriveiy.
This increase of heéatic cyclic AMP Qas accompanied by enhancement in the
activity‘ef the cyclic AMP synthesizing enzyme, adenylate cyclase. 'Epinephrine,

_-flueride ds well as glucagon were all able to stimulate adenylate cyclase
activity in normal and cadmium-exposed animals; however, in the latter group,
both giucagon and epinephrine stimulated enzymatic activity to levels higher
than those seen in corresponding controls (Figere 22). 1In' contrast, the
sensitivity of hepatic adenylate cyclase to fluoride_stimulation remained
similar in both control and cadﬁium exposed animals.

1

F. Effect of Chronic Cadmium Ingestlon on Serum Insulin and Pancreatic Ac1d
- Ethanol-Extractable Insulin Concentration

As already shown in Table 20, chronic exposure to oral c?dmium also

induced hyperglycemia. It was thus of interest to investigate if seyrum IRT

s

&‘:
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ENZYME ACTIVITY (PERCENT OF CONTROL)

200~ . coNTROL T(187)*
Cd (0.1ug/9) ) .
Cd (1.0ng/9) (]65)
. ~ 161)*
41 K : 132+
150 3oy (182
(121} | (19)
(100) {100) (100) (100)
T |
100~ . x :
4 1 1 1
50 ' '
T N 1 N N N
PC PEPCK FD-Pase | Gb6-Pase
- - - - e — e i ‘fm . .
FIig. 21 .

Stimulatory effect of orally administered cadmium on hepatic
gluconeogenic enzymes. Edch column represents the mean * s.e.m. of
5-6 values in the group. Neonatal rats were administered water (control)
or cadmium (0.1 or 1.0 ug/qg) as cadmium chloride solution for 45 days.

Data are given in percentages {in. parentheses) with valués from ~F
control rats taken as 100%.
f

*Significantly different from control values ‘at p <0.05.

N
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FIG. 22

Influence of chronic oral cadmium treatment on the responsiveness
of hepatic adenylate cyclase to epinephrine (EPI), Glucagon (GLUC) or
fluoride (FL). EBach column represents the mean * s.e.m. of 5-6 animals
in the group. Neonatal rats were administered water {contrel) or cadmium
(0.1 or 1.0 ug/g) as cadmium chloride solution by intubation daily for
45 days. Data are also given in percentages (in parentheses) with

values from control rats taken as 100%.

*Significantly different from contrel values at P <0.05.
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levels also were altereA'hy oral éadmium tkgatment. Data in Table 21 demon-
strate that administration of gadmium (0.1 ug/g/day) for 45 days failed to
significantly alter £he_basal serum IRI level; Howéver; the maintenance of
normal IRI levels in face of hyperglycemia sugggstea a poséible decrease iﬁ
. the ratjo of blood glucose to serum insulin indicating in a suppression of
pancreafic insulin secretory activity. We therefore examiﬁed the influence
of cadmium exposurelon pancfeatic IﬁI content. Although cadmium treatment
failed to exert any significant effect on pancreatic weight, the IRI conc-
entration of the pancreatic tissue was markedly reduced in rats exposed to

this heavy metal.

G. Influence of Long Term Cadmium Ingestion on Insulin Secretion from Isolated
Rat Islets :

Subacute cadmium treatment was found to induce glucose intolerance

(Figure 14) and impair the glucose-stimulated increase of serum IRT levels

. (Figure 15). Furthermore, since long term exﬁosure to oral cadmium reduéed
pancreatic insulin as well as the insulinogenic index, the question whether
cadmium-induced impairment of pancreatic function could be localized to the
level of pancreatic islets alép was investigated. Data in Tablg 22 illustrate
the effect of oral cadmium treatment on IRI release from isolated islets in
response to varying glucose concentrations. In the presence of 50 mg% gluceose,
the raté of IRI release from_islets of control animals was not significantly

different from that noted in rats exposea to low dose of cadmium (0.1 pg/g/day)

" ¢

for 45 days. However, in the presence of‘150 mg% glucose, although there

was over 100% increase in the rate of IRT release from control islets, there
was no appreciable change from the islets of low dose cadmiﬁmjequsgd rats.
Similarly, in the presence of 300 mgs glucose, whereas the rate of IRI release

from control islets increased by over 250%, this increment in the rate of

IRI release from islets of low dose cadmium exposed animals was only 113%,

“
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TABLE 21.

SERUM INSULIN LEVELS AND ACID ETHANOL*EXTRACTABLE INSULIN
CONTENT OF PANCREAS FROM CADMIUM-EXPOSED RATS

Bach value represents the mean t s.e.m. of 6 rats in
the group. Rats were administered cadmium (0.1 Lvg/g/day)
by intubation in the form of cadmium chloride solution for
45 days. Data are also given in pexrcentages (in parentheses)
with control values taken as 100%.

Serum Insulin ° Pancreatic Insulin
Treatment :
eatmen (MU/ml) - . (U/g)
Control . 3842.9 4.27%0.49
' (100) (100)
¢d (0.1 ug/g/day) T 41%3.7 2.54+0.56
for 45 days (108) (60) *

*Significantly different from control values at P <0.05.

‘91
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TABLE 22

EFFECTS OF ORAL CADMIUM ADMINISTRATION ON INSULIN RELEASE FROM
ISOLATED RAT ISLETS

Each value represents the mean t s.e.m. of n incubations
from 4 rats in the group; each n represents one batch of 5 islets.
Rats were administered cadmium (0.1 or 1.0 ng/g/day) by intubation
.in the form of cadmium chloride solution for 45 days. Data are
expressed as Bunits'of IRI released by § islets over the 90 min
< incubation period, as described under experimental procedures.
Data are also given in percentages (in parentheses) with control
values taken as 100%. .

- Rate of Insulln Release in Presence of Varying
Amount of ° Glucose Concentrations . {(UU/S Islets/90 min)

Treatment Cadmium

(1g/9) Glucose (mg¥)<\
50 ~ 150 N300
Control 0.0 12813 (n=20) 270114'(n=20) 450227 (n=20)
: (100) (100) {100)
Low Dose 0.1 112£15 (n=20) 131+14 (n=20) 239113 (n=20)
(88) (49)* {(53)*
Control 0.0 135+14 (n=20) 28732 (n=19) 549+£53 (n=20)
{100) {100) {100)
High Dose 1.0 132420 (n=18) , 161%20 (n=18) 217432 (n=18)
(98) C(56)* (40)* ?

*significantly different from control values at p <0.05.
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It is .of interest that the islets ocbtained from rats exposed to the higher

amount, of cadmium (1.0 pg/g/day) for 45 days also-elicited a similar

~

suppression of IRI release in response to different glucose concentrations.

H. Influence of Long Term Cadmium Ingestion on Ultrastructure of Beta Cells
in Isblated Islets

~

The ultrastructure of the beta.cells in isolated‘islets'from control rats

appeared normal in comparison to the islets fixed in situ, as described by
Munger {(294) and Lacy (295). The beta cells in the isolated islets wereﬂllﬁlted
by a continuous plasmaAmembrane and contained round or oval nuclei (N);
surrounded by double nuclear membranes. The cyfoplasm contained an aﬁundance

of rough endoplasmic reticulum composed, in lamellar'arrangement, of two
membranes with ribonucleoprotein granules attached éo their outer suffaces
(Figure 23). Golgl complex was comgrised of smooth membranous sacs that were
’usual%y found in perinuclear position; The remaindef of the cytoplasm contained :
sparcelydisgersed mitochondria and numerous secretory granules.: Thé specific
granules of the beta cells were individually enclosed by a definite agranulér
limiting me&brane. Between the granule and the limiting membrane, there was
frequently a clear space devoid of any detectable dens;ty. The granule itself
usually occupied an eccentric 9051t10n with respect to the limiting membrane,
and was presumed to represent the storage form of insulin (295). The mito-
chondria of édult beta cells were frequently rod—éhaped in profile and possessed
numerous parallel cristae.

Similarly, beta cells of islets from rats exposed to cadmium (0.l wg/g/day)
for 45 days also were examined electron microscopically at ultrastructural
levql. Preliminary results indicated in Eigure 24 demonstrate some degenerative
change; in the beta cells, possibly explaining insular origin of marked hyper-

glycemic action of this heavy metal. The beta cells of cadmlum-exposed rats

appeared normal except for the frequent occurrence in the cytoplasm of circular
Al
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FIG. 23

Electron micrograph of a portion of a normal beta cell from isolated
islet of 45-day old control rats. Beta cell nucleus (N) showed some
condensation at the nuclear membrane (NM). Also present in the cytoplasm
were rough endoplasmic reticulum (REM) , secretory granules (SG), and

'mitochondria (MT). Glutraldehyde osmium fixation x 10,000.

(Prepared through the kind courtesy of Professor J. Metuzals, Department
of Anatomy, Universipy of Ottawa.)
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Electron micrograph of a portion of a beta cell from islets isolated
from cadmium-exposed rats. Neonatal rats were administered cadmium
(0.1 ug/g) as a cadmium chloride solution through intubation daily for 45
days. The beta cells of islets f¥om cadmium-exposed rats appeared normal
cexcept for the occurrence in the cytoplasm of circular membranes (SM) or
rod-like structures (RS), enclosed by smooth limiting membrane as well
as more frequent occurrence of "empty vacuocles" (EV). Glutraldehyde
osmium fixation x 17,000. (Prepared through the kind courtesy of
Professor J. Metuzals, Department of Anatomy, Universit¥y of Ottawa.)
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mémbranes (SM) or rod-iikg strﬁbturés (Ré)'enclosed by smooth 1imitihg membrane;
These. structures may xepresent a form of degenerating mitochondria. ﬁowevér,
'tﬁe possibility also e;ists that'these may actually be lysosomes (Fiqure 24).
Another interesting feature of thé béta.cells from cédmium—exposed rats was

the more frequent occurrence of "empty vacuoles" (EV)idevoid of any detectable;.~
density (Figure 24) which may represent dégranulatioh of the‘seéretory beta

granules or saccules.
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V. DISCUSSION



147 ° : v

l. RESPONSE OF HEPATIC AND RENAL CARBOHYDRRTE HETABOLISH
TO CADMIUM TREATMENT . .

]
L3

The fhcréasing enviﬁonmenfal levels of éadmium, its cumulative nature and - 4l
its toxicoldgical potential, ail waxrant studieé on the métabol%c effects of
this heavy{;etal. The results demonstrate ;ﬁat cadﬁium‘intoxication disturbs
glucose'homeostasis, ih that parenteral administration of cadmium'to rats reduces
liver glycogen 1§vgls and inéreases the éoncentration of bloed gluéose. Mbreover;
chronic treatment with cadmium mérked1y~glevates the glucoheogenic potential
oé liver, as'indica;edlby augmentation in the aétivities‘of hepatic PC, PEPCK,
FD-Pase and GG;Pase; the four key, rate-limiﬁing'gnzymes involved in the form-
qtion of glucose'f;om‘non-carbohydrate precursors. The obserjgd enzymic increases
as well as the changes in biood glucose and hepa;ic glycdgen persigted even
after discontinuation of cadmium admiﬁistration-for ereeks. Recent}y, prplonged

‘ “o

cadmium treatment was found to lower the levels of hepatic glycogen through
stimulation of th; glycogenolytic enzymel phosphbrylase a (82 121). Our data
are in accord with thesqgfindings and since the elevation in blood glucose
and the depre551on of hepatic glydogen were apparent as early as 1 hx gfter N
the admlnlstratlon of cadmlum, it is possible that the ohserved hyperglycemlc ' h ¢
response'mlght be due, at le?st in part, to liver glycogenolysxs. It is of
intq;est that cadmium also causes the release of adrenal catecholaminESm(289).
Since epinephrihe enhances glycogenolysis, it i; possible that glycogenclytic
effect of cadmiym is partly a reflection of éatecholamine release from the
adrenal medulla.

Evidence indicates that the;e is a close relationship between altered
kidney and liver function apd changes in the gluconeogenic capacity of these
two tissues (217,221)w It has been suggested that glycosuria is a consequence

of lowered renal tHreshold to glucose (119). However, the mechanisms involved

in the maintenance of normal or elevated blood glutose levels despite the
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increased loss of glucose through the urine have not yet been fully clarified.

-

-Changes in gluconeogenesis are lmportant to metaholic adaptations in man and

other 15,-part1cularly'1n responge to changing phyeiologié'and patholqgic n
condit'ons (179). Our study shows that althouggwacute exposure to cadmium
failed to stimulate gluconeogenic enzymes, exposure to the heavy metal for 45
days resulted in significans.increases'in the activities of the glﬁconeegenic

enzymes, both in liver as well as in the kidney cortex.

It seems unlikely that the gluceneogeni%"proeess plays, any significant role
»in the initial elevation of blood glucose seen at 1 hr after acute cadmium

r e
*

administration, but i€ is conceivable that the enhanced capacity of ﬁepatic
) - .

and renal cdkgical tissues towtfansfo;m non—carbohyérate substrates.into glucose
cg?tributes to the maintenance of elevated blood.g%uéose levels following.
chrghic exposure to this heavy metal.‘ Our results alsc show that acute or
chronic administrae}on of cadmium éroduces a tise in the concentration of seeum
urea. Since. urea represents the chief metabolic preduct of proteih and amiqo
acid catabolism (220), the present data seem to be consisfent Qith the suggestion.

-

‘that cadmium alters protein metabolism. Indeed, admlnlstratlon of .cadmium to

rabbits has been_ﬁeported to enhance productlon of the hepatio soluple protein
metallothionein, retard growth rate and produce serum protein dyscrasias_ (82,

83?. The observed elevation of serum urea in rats chronically exposed to

cadmium could also be related to enhanced glucose synthesis from proteins and

’ '!..

. amino acids.

2. INFLUENCE OF CADMIUM TREATMENT ON CYCLIC AMP METABOLISM

LY
Chronic cadmium treatment was shown to alter glucose homeostasis by

enhancing the conversion of glycogen lnto glucose through activation of phos-
- 'G’
phdrylase a (82), as well as by elevating the glucose—synthesizing capacity
. . - .

of the liver amd kidney cortex by stimulating the activities of the four key

[P
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gluconeogenic enzymes. Likewise, administraticn of cyclic AMP not only

stimulatadglycogenolysiéby'activatingphééphorylase a, but also enhanced the

process of gluconeogenesis by stimnlat%ng the various gluconeogenic enzymes
{179). Recent 1nvestigations on the mechanism by which cyclic ‘AMP exerts its

diverse effects seem to have concentqated‘én‘the ability of this nucleotide .

o

to stimulate protein kinase'éctivity (23§,249,298,290). Cyclic AMP acts as a
mediator in the glycogenolytic effect of epinephrine in liver and this effect

has been shown to be mediated by activation of phosphorylase kinase. Chambaut

. +
et al. (298) proposed that in liver, like‘sgveral other tissues, cyclic AMP

acis on- protein kinase by binding to a receptof subunit 1eading to dissociation

v

of the enzyme into active catalytlc subunlt and cyclic AMP—receptor complex.

It has been presumed that alteratlons in the level of cyclic AMP result in a

.

. concomitant change in the activity of‘cycllc AMP-independent ot the active =
form of the enzyme. The change in kinase activity consequently alters Fh%‘~
rate of phosphorylation of various proteins such as histones, ribosomes and

enzymes.
- ' . \\ A
The .present study demonstrates that chronic exposure to cadmium signifi-

.

cantly elevates'the cyclic AMP levels of hepatic tissue. The incréase in the

- endogenous cyclic AMP concentration is also reflected by a decrease in the At

cyclic AMP-binding capacity of hepatic protein kinase. Although the low doge™

et

of cadmium failed to prcduce any 51gn1f1cant change in the actlv;tles of either
cyclic AMP—dependent or independent forms the enzyme, treatment with the
higher dose markedly reduced kinase activ&fy; asséyed.in the presemce of.
.cyclic AMP Furthermore, the kinase act1v1ty rctlo, an 1nd1cation of th<=_:“E
relative act1v1ty of cyclic AMP-dependent and indepenggmt protein kinase, was
also reduced by this dose of the heavy metml. It seemaiirobable that the

cadmium-induced alteratlons in hepatic carbohydrate metabolism might' be related

to modulation of tﬂe cyclic AMP~protein kinase system. In sharp contrast to
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.

this tissue, cadmium treatment led to a significané ﬁecrease in the cyclic

AMP levels of the renal cortex, which was accompanied by an increase in the .

cycliﬁ AMP binding cééacity of protein kinase. While the 0.25 mg/ky dose ailad.

to’apéreciably change the kidney cortex proteiﬂ kihasg ratio, treatment with

the higher dose o{,cadmium'increased it; It is difﬁicult at pregent to reconcilen

these fiﬁdihgs since both cadmiﬁm as well aslcyclic AMP have been found to
produce mgrgfd enhancement of renal”gluconeogeni; capacity (265). Héwever,

: ; T .

the possibility gxistslthat the observed decrease in kidney cortéx cycliec AMP

ma; be due to\enhancgd breakéown by phosphodiesterase and/or increased urinary

excretion of this nucleotide due to tubular damage. Indeed, chronic exposure®

to cdadmium in man and experimental animals has been found to produce renal

i which often includes proteinuria, glycosuria, aminoaciduria,

tubular 'syndro

bypercalciuria, g paired concentratﬁgg ability and altered acid excretion. ~

-

Furthermore, although the classic observations of Sutherland and-:co-workers
provided strong evidence for the role of cyclic AMP in the action of epinephrine
on hepatic glycogenolysis, recent observations (272,273) suggest the existence

of an additional mechanism(s) for catecholamine action on liver carbohydrate

metabolism. These receng\ﬂata would seem to support the view that epinephrine
stimulates hepatic glycogenolysis and'glucbnebgenesis partly by a®hmechanism st

which does not involve a rise in intracellular levels of cyclic aMp (273).

’ .

Cyclic AMP, which mediates the action of a gumber cof hormones, has also

L4

been shown to control the Fegulation of a variety of cellular functions.

There is evidence indicating that cyclic DMP may be involved in the regqulatibn
L4

.

of '‘cellular function of male and female reproductive accessory organs (299).
Since testes are very sensitive to the toxic effects of cadmium, it was of
interest to examine the influence ofuchronic cadmium treétment on testicular
. adenylafeicyciase-cyclic AMP-protein kinase gystem. Purthermore, as the
accessory reprodﬁctiﬁe.tissues are dependent on testiﬁular biosynthesis of

.o
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androgens for maintenance of'their glandular activity, the influence of this .
heavy metal was investigated on cyclic AMP metabolism of the prostate gland.
The bresent study shows that chronic treatment with cadmium produced a signif-
icant increase in testicular adenylate cyclase activity without any change

in the endogenous levels of cyclic AMP. The lack of -any significant alteration.

sdn testicular ¢yclic nucleotide may have' been due to the concomitant increase
- .

in its: metabolism by phosphodiestesase. This was also reflected in the-unaltered

binding capacity of testicular protein kinase preparations obtained £
cadmium-treategd ratsf However, the activities of both the cyclic AMP-de endent
and the -independent forms of protein kinase were reduced following heavy metal
administration. It is of interest that cessation of cadmium administration &
for 28 days follow1ng a 45- day period of daily cadmium exposure failed to fuily
restore the testicular cyclic AMP metabolism. Cyclic AMP has been 1mplicated
as an intracellular "second messenger" in the actions of gonadotropins on
testosterone syntheSis in mammalian testes (300). In addition, cyclic 2

has been found to enhance the phosphorylation of certain histones in sejgjal
body tissues including the testes and the prcstate glands (301, 302). The f
decrease in the actiVities of both 'forms of protein kinase may exert a pro~
nounced effect on the control of DNA Yeplication and transcription. Lee and
Dixon (154) studied the effect of cadmium on spermatogom@nd found that the .
rate of incorperation of thymidine into DNA was markedly decreased follow1ng

a single dose of 1 mg/kg of the heavy metal, suggesting that cadmium 1nhibited
the testicular DNA synthesis. 1In addition, recovery from infertility following

]
exposure to a single dose of cadmium wis prolonged indicating that both the

&N
replicating and the differentiating stem cell populations may have been affected
by this heavy metal. 1In the Prostate, daily injections'ofil mg/kg of cadmium
over a 45-day interval markedly reduced tissue levels of cyclic AMP. This

response could be attributed to decreased adenylate cyclase since degradation

of cyclic AMP by,phcsphodiesterase-to 5'-aMP was not significgntly altered.

#
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Cadmium caused a marked. incyrease in the availability of cyclio'AMB binding

sites to protein‘kinase preparations of the prostate gland. However, the
hY - .
increase in protein kinase binding capacity, probably represents-aushift in the

equilibrium between free and bound cyeclic AMP in response to a reduction in
the endogenous pool of cyclic AMP as reflected by an increase in the total
number of free receptor sites present in the tissuse. Despite the low levals

of prostate cyclic AMP, the activities of both the cyclic AMP-dependent and
N :

‘" the independent forms of protein kinase were iQCIQQSEd; This response is of

particular interest in light of the fact that the proatate gland underwent a
mild atrophy in response to cadmium treatment.  However, a similar respohse

involving both cyclic AMP—depenBen; and independent protein kinase has been

reported in the atrophied prostate gland following‘castratgon (303). Discontinu-
ation of treatment for 28 days in rats previously exposed to cadmium redfuced
the heavy metal induced alterations in prostatt? cyclic AMP., However, in the

case of cyclic AMP binding by protein kinase, as well as the activities of

both the cyclic AMP-dependent and the independent forms of the enzyme, the
increases in the "treated" group were reduced to even lower than the control

values following heavy metal withdrawal. It seems that organ atrophy and

’

impaired cyclic AMP metabolism are importapt cadmium~-induced biochemical alter-
p .

ations in the rat prostate gland, although the possibility that these changes

might reflect impaired testicular testosterone biosynthesis and subsequent

-

ptostatic regression cannot be excluded. This may be particularly important

in the light of recent evidence which indicates that cyclic AMP plays an
intermediary role in androgenic responses of the prostate gland (304). However, -
the degree of prostatic atrophy seen follow1ng cadmaum treatment was not as

marked as that observed after hypophysectomy or castration suggesting ttat

, ]
some testostercne stimulation of secondary reproductive organs was still

occurring.
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Cadmium is known to either activate or inhibit a large numbexr of enzyme'
-systems in vivo and iE”EEéEQ (25). Even though cedmium affects cyclie-hMP
metaboiiem, the exact biochemical conseeuenees of cadmium—indueed alterations
in cyclic aMP levels andlprotein kinase activity of rat testes and prostate
giands are difficult to assese. Lee and Dikou (154) found that cadmium treat-
ment inhibited the thymidine uptake into spermatogonial cells of the testes

and suggested that cadmium might interact with both phosphate and base sites
of DNA and thereby affect the unwinding and rewinding of DNA which is essentlal
for replication and transcrlption. It is conceivable that cadmlum—znduced
alterations in cyclic AMP metabolism might regulate gene exéressien Fhrough
cyclic AMP-dependent phosphorylation of nucleoproteins by protein kinase (301},
in a mannerlsimilar to that shown by Langan (249) for the action of glueegon'
on cyclic AMP metabolism and on the subsequent biosynthesis of hepatic preteius.

“

v

3. THE INHIBITORY EFFECT OF CADMIUM ON PA%JCREATIC SECRETORY
ACTIVITY: GLUCOSE HOMEOSTASIS

The pancreas has been ﬁound to accumulete.fairly higu_;éncentrations of
cadmium} surpassed only by those of kieneys and liver. This is of particular
interest since repo;ts ineicate that cadmium has injurious effects on the
cellular erchitectureAES well as on the functional capacity of the pancreatic
tissue. Voinar (124) was the f;rst to demonstrate that administration of
cedmium (ilv.I'into rabbits produced hyperglycemia and decreased the hypo—-
glycemic and convulsant effects of insulin. Furthermore, Barbieri et al. (125)
observed that cadmium treatment induces alterations of pancreatic function. -
Upon histological examination, they found evidence.of an increased ratio of
alpha to beta cells. This ghift in the cell type ratio was considered to be
indicative of diminished insulin-secretive activity. 1In eoncordance with
thisg report, Havu (126) found that in fish {Corpus Scorpius), intramuscular

injection of cadmium resulted in accumulation of this heavy metal in the islet’
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tissue; Furthe:more,iit was found that iike alloxan, cadmium accumulation -
was associated with necrotic lesions of beta cells, hypergiycemia'and glycosuria.
Although all these reports implicated altered insulin secretory activity,

. / .
it was not until 1973 that Ghafghazi and Mennear {127) demonstrated that admin-

;-

istration of a.single dose of cadmium (6 mg/kg, i.p.)} produced glucose
intolera;ce in intact mice, thétwwas associ:ted with a decreased pancreatic
secrefory activity as evidenced by decreased insulinogenic indices in cadmium-.
treated mice. |
As indicated_eaglier, chronic (45 days) administratién of cadmium (0.25
or 1.0 mg/kg/day) was found to result inlenhancement éf hepatic gluconeogenic
enzymes, cyeclic AﬂPlleveis andih;pcd glucose concentration. It has been
observed that insulin deficiency caused either by insulin antiserﬁm or alloxan
treatment also increases glLod glucose, cyclic AMP as well as the rate of N—
giuconeogenesis in the liver (179,250,255). ‘These observations, together with
the facts that pancreatgé tissue has an extremely high affinity for cadmium
(77,82) and that decreased pancreatic function has been reported in man and

mouse {127,133), suggested that metabolic alterations caused by exposure to
.- ’ .

—

cadmium ﬁight_be due, at least in part, -to lack of insulin. To examine this
possibility,‘F ;;day multiple dosing schedule of cadmium administration was
selected whicﬁiresulted in certain changes in carbohydrate metabolism regembling
those produced by the chronic (45 day} mode 5§Pcadmiuﬁ administration. Thig
subacute éxposure of rats{to cadmium (1 mg/kg, twice daily for 7 days), like -
the chronie treatment, produced hyperglycemia, augmentation>of the activities
of PC, PEPCK, FD~Pase and G6-Pase as well as an elevation of hepatic cyclic

AMP ievels. Results obtained in these experimeq€? also demonstrated that
hyperglycemia in rats produced by subacute cadmium treatment was indeed
accompanied by hypoinsulinemia. In addition, cadmium-induced suppression of

pancreatic function was further unveiled upon administration of a glucose load;

pn



155

-

ih contrast to éontfol animalé, cadmium-exposed rats demonstrated a mérked ‘
gluqosqhintolerance that was associated with a significant decrease in the
glucose-gtimulated insulin release. Consequently, when the data werelexpressed
in terxms of insulinogfnic indices, a marked reéu?}ioh in this ratio was noted
in cadmium pretreated rats, suggesting that éadmium produces a decrease in
pahc;eatic‘secretory activity. Similarly, calculation of the fotal amount of

insulin released in the 1 hr period following glucose load demonstrated marked

suppression of ihsulin release in cadmium-intoxicated animals as compared to
controls, These observatioﬁs agree, at least in part, with those of Ghafghazi
and Menne&r (127) who found that subacute administration of cadmium (4.0 mg/kg/
day; 15 dgys) significantly decreased the resting.IRI concentratibns of mice.
-Although ho glucose intolerance was observed by these investigato;s, it was

pointed out that due to cadmium-indgqﬁﬁ renal damage, enhanced urinary glucose
excretion could ha;e masked the giucose intolerancg. Indeed, Ithakissios and
-co-workers (128) reported that although chronic cadmium administéation failed
to produce persistent hyperglycemia during glucose tolerance test, animals
excreﬁed éignificantly'more glucose in their urine thgn did the control amimals.
Although cadmium suppresses pancreatic function, the precise biochemical
mechanism of” this action remains unknown. -Since cadmium has been reported to
release catecholamines frém adrenals 6289), and catechoiamines can influence
insulin secreticn as well as glucose levels, it was of interest to examine if
suppressed pancreatic secretory activity was due to increased catecholamine
release or due to some 6ther effect on the pancreas. Administration of
20 mg/kg of phentolamine, an a-adrenergic blocking agent, caused an increase
of 266% in IRI levels of normal rats, whereas the sape dose caused only éﬁ

83% rise in cadmium*exposed/animals. A similar trend was observed when rats

were given a 1owe§ dose of phentolamine (10 mg/kg). Pancreatic beta

-

cells contain a-receptors, the stimulation of which suppresses insulin

.
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releasé. On the o%hervhand,.pancreatic hetg cells 3130 contain B-receptors
which whén stimulatéd, increase the release of this hor@one. Phentolamine
stimulates the release of insglin by blockinégthe a-suppressive effect and
unmasking the B-stimulatory effecﬁ éf the.ciﬁculat g catecholémines. Qur
results demonstrate that fhe‘normal sharp increase in serum IRI levels in
respoése to phéntolamine‘is suﬁstantially 1ﬁhibited in cadmium-exposed rafs.
This indicates that suppressed pgncreatic function cqgld not be dﬁe to the

increased catecholamine secretion alone, because the unmasking of B-raceptors

would lead to insulin secretory response of a greater magnitude, when circulatory

f
levels of catecholamines are enhanced. Our data are in accord with those of

]

Ghafghazi and Mennearl({;7) who demonstrated that adrenal;ctomy did not prevent

‘ /
the cadmium-induced glucose intolerance. More recegtly; Ghafghazi and Mennéar
(129) provided further evideﬁce to demonstrate that cadmium has‘direét inhibitory
effect on the ability of pancreas to secrete insufinﬂ. They reported that

3 and 5 x 10"414)

perfusion of the isolated rat pancreas with cadmium (1 x 10°
inhibited the insulin secretory response to glucose (300 mg%), indicating that
cadmium may be inflicting damage directly at the-level of pancreatic insulin

secretory mechanism(s). s

4. EFFECTS OF CHRONIC ORAL CADMIUM ADMINISTRATION ON NEW-BORN RATS

.

The present study demonstrated that parenteral administratioh of cadmium .
induced biochemical or functional lesions in several organ systéms, including
the hepatic, renal, pan;reatic and testicular tissués. However, chroﬂic cadmium
poisoning in man is usué;ly the result of inhalation or ingestion, presenting
a rather slow but continuous exposure. Furthermoée, Murthy and Rhea (58) have
reported that human milk contains, on the average, 0.0ié ppm of cadmium. It

was therefore &f interest to examine if chronic ekposure of new-born rats to

‘oral cadmium would produce the functional or bilochemical lesioﬁh whigp were -



157

observed following the parenteral adminlstration of cadmium In order toK
stimulate a more phy51ological mode of cadmium exposure as well as monitoring
the amount of cadmium administered, new-born rats were given cadmium (0.1 or
1;0 ug/é) by intubation as a éadm;um chloride solution kapprcximately 0.005 1l/q9).
Administration of a low dose of cadmium (0.1 ug/q) for 45 days railed to
apprec;ably alter the growth rate of new-born rats; however, the higher dose
{1.0 ug/q} resulted in a &light but sxgniflcant suppression of body weight galn.
Like chronic injection of cadmium, oral administration for 45 days resulted in
hygerglycemia, uremia and qiminution of hepatic glycogen. furthérmore, ora}ly
administered cadmium ®levathd the activi?ies of hepatic ‘gluconeogenic enzymes,
;yclic AMP levels as we;l as the adenylate cyclase activity. The responsivenesé
of hep?tic adénylate cyclase to stimulation by epinephrine and glucagon also
was similariy enhanced by oral cadmium. -
In contrast to the parenteral mode of cadmium expdsure, oral administration
of cadmium (0.1'ug/q/day) for 45 Qays failed to-significantly alter the.basal

IRT levels. However, the mainrenance of IR levels to basal values in light
or the observed hyperglycemia could be indicative of suppressed_pancreatic )
functicon. 1Indeed, determinatioh of pancreatic IRI content revealed that in
the c%dmlum—exposed rats, there was a marked redu?tlon‘of endogenous IRI levels.
This means that the cadmium-induced suppre551on-6é pancreatic function may be
due to a reduction in the synthesis and/or release of insulin. In order to
assess the responsiveness of the islets of.Langerhans to glucose, islets
isolated from the pancreas of control as well as cadnium-exposed animals were
incubated in vitro and their rate of insulin release was determined in the
presence or_yarying concentrations of glucose. 1In presence of 50 mg% glucose,
there was no significant difference in the rate of IRT release. However, in

: " :

presence  of*higher glucose concentrations (150 mg% and 300 mg%), the islets

from cadmium-expdsed rats released significantly less IRI than that from control
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animals. Thesé éxpgriméhts indicate. that long-term exposure to orai cadmium
may indeed inflict lesions at the level of panc¥eatic iglets and ﬁore specifically,
at the level of the pancreatic beta cells. Recently, Ithakiséios;gg_gl; (130)
studied tpe effect of multiple injection of cadmium on insulin secretion from
perfused rat pancreas; They found that whereas gdministration of 0.25 mg/kg
dose of cadmium every second day for 70 doses failed to siénificantlykalter
the amount of insulin secreted from peffused pancreas, 70 doses of 0.5 mg/kg
caused a marked inhibition in the amount of insulin secreted in response to
glucose stimulation. ' It is of interest that earlier gtudies had presented
eﬁidence indicaﬁing~that cadmium possessed a marked“pancreotoxic ‘potentiél.
Barbieri gﬁigé, (125) reported that cadmium administration resulted in accum-
uiation of this me%al in the rabbit pancreas and that this accumulation was .

S

accompanied by a decrease‘in the ratio of beta to alpha cells. In addition,

"Havu (126) observed necrotic lesions of pancreatic beta cells in fish, Cottus

scorpius, injected with cadmium. OQur data‘provide evidence to suggest that
£

exposure to this heavy metal produces functional impairment of pancreatic islets.
~

It is possible that the diminished insulin secretory activity.qby be related

to a.net red?ction in the number of pancreatic beta cells, as observed by
Barbieri et al. (125). The observation that ethanol-extractable insulin content
of ﬁhe pancreas was reduced following chronic cadmium exposure lends additional
support to this hypothesis. \Howevef, impaired insulin synthesis could also
result in lowered pancreatdi® insulin content.

In order to confirm structural viability of the.beta cells following the
isolation of the islets, electron microscopic examination was carried ocut. The
beta cells from control islets appeared normal and contained intacg organelles
including.numeroug’secretdﬁy granules. However,‘greliminary examination of

beta cells from cadmium-exposed rats revealed sgome. degenerative changes. The

beta cells from cadmium-exposed rats appeared normal except for the frequent
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occurrence in the cytoplasm of strucﬁures resembling a form of dégénerating
mjtochondria. Furthermore, there was a more freQuent occurrence of “empty .
Vacuoles"rthat appeared to be secretory‘saccules‘devoid of th? dense granulesr
that are supposed to contain insulin. These obéervations maylpossibly prpvide
further evid;nce for insular origin of marked. hyperglycemic effect of cadmiﬁﬁ.
Insulin release is always thought of as being strictly a calciuhfdepsndenf"

: phenomenon-(30§). At a critical cytosolic calcium concentration, an interactian
between calcium ion and the microtubular-microfilamentous system is preéumeé

éo result in emiocytosis of the insulin secretory granules (305,306). Elevation
. of é&tqsolic calcium can be achieved by uptake of extracellular calcium and/or
translocation of intracellular calcium from vacuolar system (306). Recently,
Ghafghazi and Mennear'(léQ) demonstrated that perfusion of isolated rat pancreas
with cadmium inhibited insulin secretory response to glucosé, tolbutamide and
potassium iens. Furthermore, perfusion of the inhibited organ'with a combin-
aéion of glucose and theophylliné_resulted in partial revefgal of the observed
inhibition. Since theophylline is believed to result in intracellular trans-
location of calcium; Ghafghazi and Mennear (129) hypothesized that cadmium-
induced inhibition of glucose-stimulated insulin secretion may be mediated,

at least in part, Efféugh an inhibition of calcium uptake by beta cells.

Indeed, supportive evidence for this hypothesis was obtainéd in the same
laboratory when.Esfosito—Avélla (307) demonstrated th;t incubation of isolated

5

mouse islets with cadmium (1 x 10 ° and 1 x 10’ M) and glucose (300 mgs)

reduced the uptake of 4Scalcium. Mitochondria constitute the major source

2

of intracellular calecium available for translocation into the cytosol. Thus,
if following chronic ?admium exposure, pancreatic damage extends to the level
of the beta cell mitochondria, it reﬁains poss}ble that cadmium may not‘only-
be interfering with calcium uptake, but that it may also be interfering with

the translocation of intracellulaf caleium.

-

B

-
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5. PROTECTIVE EFFECT OF SELENIUM ON.CERTAiN HEPATOTOXIC AND PANCREQTOXIC

MANIFESTATIONS OF SUBACUTE CADMIUM ADMINISTRATION
) ke p

The biologicai actions of metals, both essential and non-essential, are

—

often heavily conditioned by metal ion antagonism, i.e. one metal may induce .
a biological effect by_altering the requirements for another metal(s) (25).

The work of Parizek (135,292) first.demonstrégéd the effectiveness.of ;inc in
preventing the cadmium-induced testicular damage. Since then, éeveral other
manifestations of cadmium tbxicity have also‘been reported to be either.prevented
or reversed by the admin;stration'of zinc, including hypertensionATlGI),
terétoge§ic effect (293) and carcinogenic effect (146). Furthermore, it has

now been iecognized that cadmium effeéts can also be profoundly altered or
abolished by several other agents including selenjum (147), copper (308), calcium
(65) or iron (309).J The biochemical basis of suc@ éntagonistic effects are

still largely unexplored, és are their roles in maniféstations of toxiéity of
heavy metals in man {25).

Mason and Young (147) have shown that-seleniuﬁ i§ apﬁfdximately 00 timé;
as effective as zine 'in breventing testicular injury produced by cadmium.
Since cadmium administration altered pancreatic function and carbohydrate \&\
metabolism in the rat, it was of interest to assess the metabolic effects of
selenium and to investigate if selenium affofded any protection to the various
metabolic and functionai alterations caused by cadmium. Selenium,‘when given
subacutely to rats, failed to alter either the gluconeogenic potential or the
cyclic AMP levels of hepatic tissue.  Schearer (316)‘similarly reported that
selenium-administration does npt cause changes in the concentrations of
glycolytic or citric acig,cycle intermediates in rat liver. Howéver, our
experiments demonstrate that when selenium ig administered simultaneocusly

with cadmium, it completely prevents the cadmium-induced activation of the

four key gluconeogenic enzymes. 'éimilarly, although selenium treatment by

K
[

i ' : . ' - »
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itselfrfailed to change‘;he‘resting_blood glucose or serum IRI levels, wheﬁ
administered concurrently with cadmium, it significantly improves the cadmfﬁm“khﬂ\
induced suppression of serum IRI and the eleévatipn of'blood glucose. Never- Hﬂ
theless, .simultaneous jadministration of these two Slements. failed to significantly
reduce the cadmlum—induced elavation of hepatic cyclic AMP levels. Pretreatment
with selenium and cadmlum also significantly ameliorated the . glucose tolerance'
'_and insulinogenic¢ indices, indlcating improved pancreaélc secretory actlvity.

The mechanism by‘which seleénium affords partial proteétioﬁ to cadmium—in@uced
pancreatic damage and altered hepatic metabolism is, at present, obscure. -
Cadmium has high affinity for sulfhydryl (SH) groups. Also, SH inhibitors including »
alloxan and cadﬁium chloride have been reported tolinduce selective necrosis

' iﬁ the beta éell region (126). Therefore, as has HFen postu%atéd-by Gunn

et al. 6153) for the testes, it is possible that seleniﬁm.teméorarily complexes
with cadmium preventing sufficient free cadmiﬁm from reacting with pancreatic

SH groups. Scott (311) reported that chicks fed selenium-free diet showed

severe degeneration and fibrosis of the pancreas even when diet wagsupplemented

with all nutrients known to be required. This observation points to another o
. iy H . :

possibility that cadmium might igh some manner be interfering with the avail-

ability of selenium, essential pancreatic integrity,'ﬁhich is partially

. Al
overcome by administration of exogenous seleniumu( Still another mechanism

of the protective effect of selenium cam be derived from the observation that

R

SH-inhibitors, including alloxan and cadmium chloride reduce the amount of

.

pancreatic zinc (126). Zinc deficiency has.been reported to markedly suppress
pancreatic function (312) and selenium, €ither by direct competition or
- indirectly by protecting SH groups from free cadmium might spare zinc which

- -

is essential for normal pancreatic function.
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6. PREVENTION BY ZINC OF CADMIUM-INDUCED ALTERATIONS IN
"PANCREATIC AND HEPATIC FUNCTIONS

< <. Cadmium is closely related to zine and}is;foupd wherever: dinc is found
- - . b\‘

in nature. Although cadmi&m and zinc'have'simi;ér.qhemicai Rgggértieé; eéch .
'glgment affects the mammalian organism diversely‘énq iq handleg differéntly“
by. it.’ Zinc is an essential tracé element neceésaff for - the maintenance of
fnéfmai biochemical functions and whose absérption énd turnover are under homeo-

static Fegulatqry‘mechanisﬁé (24). Cadmium, on the other hand, is a highly

toxic, non-essential element that does not obey homeostatic control and accumulates

» .

. - . . ) : i
in the organism with age (46,313). o ! /frﬁ\ﬁ{U

Since Parizek 5&3'5)‘ demonstrated that cadmium-induced testicuiarl degeneratio

-

g\\< could be prevented by zinc, it was of interest to examihe the subacute effects

>

~ of zinc as well as its abiiity to prevent the cadmium-induced alteréfions in
% . - - -
pancreatic and hepatic functi®ns. The results reported in this study demonstrate

i ¢

-that the toxic effects of cadmium on heﬁatdc metabolism and pancredtic function

> * -

iy LT . .. _ . :
swented by simultanecus administratidn of zine. 1In rats,
: . A : .
). N

o

tment resulted in suppression of Pancreatic function as

can be‘effectiﬁely

subacute cadmium tre

4 . *
demonstrated by marked reduction of glucose tolerance associated with a decrease
& - . . RN

M’
L4

in the-gigcose-stimulateé insulin release. The mechanism by which cadmium
' > ‘. : i
‘ suppressés'the ;nsulin secrétory responée is not clear:
’ : . ‘ : N
'Con§iderabie attentiop has been directed‘tq\the possible importance. of
-zinc in the aetiologfqof déhbeté%ég fhere appears to be‘significantly'léés F

\ =,

zinc concentrated in the diabetic pancreas in comparison to the normal tissue
4 Fy o b

' (314).° Furthermore?“keveral invesEajatbrsjhavez;eported decreased glucose ;
» + . : . . / - . -
tolerance and glﬁcose-st;hulated insulin re1e§se in zinc-deficient rats (24,

. Cd o i

‘312). This iﬁbairment in-1lnc—deficient$animals appears to be similar to
: . ] ) . o

that reported in .the present gtudy for cgdmium;intox§Cated rats and is of

parﬁiculqr-interest'in view bffthe present finding that the pancreotoxic = =

=~ ’ 4 - - ' *

-
- . . -7 . . .
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effects of cadmium were prevented by simultaneous administration of Zinc.
o _-‘-' )

This suggests that cadmium, as an d?ntimetabclite“ of zinc may be suppressing

the pancreatic function eitier: by replacing functional zinc or by. altering

'the availability of the essential trace metal; the effect (s) being overcome
R |
by the exogenously administered zinc. ~

There is evidence that SH groups play an important role in the mechanism(s}
leadlng to the release of stored insulin from pancreatic beta cells (126 315~

317). These observations are wof interest since like” alloxan (a potent diabeto-
. b . 58]

’ genic:agent), cadmium lS also a potent SH inhibitor (126). The exact mechanism
by which: the interaction Wlth pancreatic SH groups results in altered 1nsulin
secretory act1V1ty is not known. However, studies indicate that both the

mono- and dithiol-inhibitors (including cadmiumJ are potent zinc releasers in

sculpin islets (126). Since 21nc~thiol 1nteractions are known to cceour in
un h . i

biological systems, lt is possible that exogenous zinc might be ‘affording
‘Protection against cadmium-induced pancreatic damage Ly 1nteract1ng w1th SH

‘ groups (and thus\breventing SH-cadmium interaction and the consequent loss of

zinc). As pointed out earliér, it is of interest that administration of selenium
¢ , “

simultaneocusly with cadmiumtalso partially Prevented the cadmium-induced

¥
pancreatic damage. It was suggested that selenium might afford protection to
the pancreas by preventing the cadmium-$H interactions and consequently sparing

caHmium~induced 2inc 1oss. Thig hypothe51s may represent a common mechanlsm
by which two diverse elements, zinc and seleniumf“might act to pPrevent the »
cadmium-induced pancreatic damage. v ' .
Insulin:{educes the blood glucose level not only by}1ncreas1ng the
&immbranai transport of sugars, but also by enhancxng the conversion of glucose .
into glycogen and triglycerides and decreasing the hepatic glucose production
(318) Conversely, insulin deficiency caused ther by* insulin anti—serum_

or alloxan treatment increaees ?lood glucose cyclic AMP as well as glucose

fav i

- a . .
- .
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synthesis in the liver and reduces its glycogen content (179,250,255). Since

these obsgnﬁétioqs appear td'be‘similar to those nbted in cadmium-intoxicated

animals, it' seems likely that the effects of cadmium treatment may be due; at -

_ . . _ !
least\in part,. to a lack of insulin. Furthermore, the ability of zinc to

prevent various cadmignr?mduqed;hepatotoxic effigis may be related indirectly:
to its protective effect against “cadmium-induced insulin diminution.
Cadmium treatment resulted in increased serum urea level.' Since cadmium

is known to cause kidney damage (82), the high blood urea level could be due,

at least in part, to renal damage. Simultaneousﬁakﬁ]@%{ration of zinc aiSO'

prevented cadmium-induced uremia.

It has been postulated that cadmium is rendered innocuous by its rapid
. ‘ t )
incorporation into a pro;Pin called metallothionein whase synthesis is stimulated

-
4 F

by cadmium (319). Recent studies also suggest that zinc may stimulate the N

At - ~—

formation of a metallothionein-like protein, which in addition to concentrating

zinc,!mﬁralso sequester cadmium (320). This may therefore represent another

, . -
detoxifying mechanism. T

» ¢ - '
Cyclic AMP is believed to play an'important role in processes of gluconeo-

genesis as well as glycogenolysis (226,32%1). In the present. study, cadmium

caused a significant elevation in hepati¢- cyclic AMP content. » Since admin-

istration of cyclic AMP has also been found to increase bleod glucose and

ah

urea levels, enhance synthesis of glucose from non-carbohydrgte precursors and
lower hepatic glycogen concentration (234,250,251,266), it would appear that
the cadmiynrihduced changes in hepatic carbohydrate metabolism resemble those

produced by cyéiig RMP, Furthermore, since ijisulin deficiency has been found

4}

to elevate the hepatic cyclic aMP concentratiomn (179%, the observed increase

in cyclic nucleotide levels may be related to thg\cadmiumrinduced insulin
. N

LYo
\oxd
o ' -

deficiency:
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The cadmium-induced elevation of hepatic cyclic AMP was accompanied by

stimulation of the basal, epinephrine-as well as glucagon-stimulated fornjs)
of adenylate cyclase. However, the responsiveness of the enzyma to . fluoride

remained unaltered. This is concordant with the view that fluorlde ion acts

L]
\

through some direct action.on the catalytic component and not through the
hormone-discriminators (322) Intoxication with cadmium lncreased-the
responsiveness of hepatic adehylate cyclase to epinephrine by a greater degree
than to glucagon. This may be relevant to the recent findlng shaﬁ the state-
of diabetes increases the epinephrine-sensitive adenylate cyclase activity of
rat liver (323).. Possibly, the protective. effect of zinc agaiﬁ%t cadmium-~ R
inouced changes in hormone-sensitivity of hepatic adea;late cyclsse Ay be"

secondary to its prevention of pancreatic damage by cadmium.

In conclusion, exposure to cadmium produces marked alterations in carbo-

“~\\\‘H‘*Efdrate‘metabolism of kidney cortex and hepatic tissue. Glucose homeostasis
T~

is a complex Phenomenon involving Enterplaylbetween several hormones and A

various metabolic pathways. The present investigation demonstrates that cadmium
) . . : .

administration causes disturbances in glucose homeostasis. In order to help

visualize the possible'sites‘of cadmium action, a general scheme is presented

in Figure 25.showing some of the possible control points which may be affected

. *

by cadmium exposure. Glucagon, epinephrine and cortisol represent three,.of

_ the five" magor hormones known to raise blood gluccse level which may inelude
synthesis of new glucose from non-carbohydrate precursors (gluconeogenesis)

or breakdown of liver glycogen (glycegenolysis). Both d§ these processes

involved in glucose production are enhanced in animals treated with cadmium
! '

as is the release of adrenal medullary hormone, epinephrine. It remains

possible that release of glucagon or.cortisol'mey similarly be altered by

k) 7

cadmium. Cyclic AMP is known to promote hepatic glucose production through
enhanced \NEtrate uptake, gluconeogenesis and glycogenolysis. Cadmium also

enhances cyclic AMP formation. Following cadmium treatment, the responsiveness
. ' . L

-~
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of adenylate cyclase to epinephrine and glucagcn is alsc ‘enhanced. Insulin _
is the only hormone »/at acts to lowexr blood glucose levels.q This hormone
not only promotes the utilization of glucose by facilita g its entry into
cells, but it also stimulates the polymerization of glu ose into glycogen.
Furthsrmore, insulin inhibits some of the effects of glucagon or epinephrine

on glucose production as well as cyclic AMP synthesis. One of the important

effects of cadmium seems to be its ability to depress pancreatic insulin
productionland/or release.ﬁﬁRenal tissue also plays an important role in glucose
excretion and hence may act to reduce blood ugar level; however, the gluconeo-'
genic potential of renal cortex is also enhanced following cadmium exposure. .

The present‘investigaticn demonstrates that cadmium possesses a wide

toxicological potential as it cap produce bidchemical or fungtional lesions

in hepatic, renal, pancreatic, prostatic as yell as testicular tissues. Exposure

to cadmium disturbs glucose homeostasi that this metal reduces “liver glycogen
levels, increases the concentration of urinary and blood glucose and enhances‘
the gluconeogenic potent1a1 ofvllver and kidney cortex (Flgure 25). The.
alterations in hepatic carbohydrate metabolism resemble those produced by -
exogenously administered cycllc AMP and may indeed be associated with and
probably triggered by stimulation of cyclic AMP synthesis seen in response to
cadmium treatment. It is also of interest that cadmium-induced alterations

in gluccse'homeostasis‘resemble'those‘caused either by insulin anti~serum or
alloxan treatment. The diabetogenic effects of cadmium may therefore be

related to abnormal insulin secretory response observed in cadmium—treated rats,‘
as ref ed by glucose intolerance and suppression of glucose- or phentolamlnc-
stimu;:i::\;nsulin release. It may be of significance that similar hepatotoxic
and pancreotoxic effects were observed in neonatal rats chronicaily exposed

. ot :
to relatively low levels of cadmium via the oral route. Although the exact

\.ﬁl

mechanigm(s) ‘underlying cadmium toxicity is atjll cbscure, it is likely that
% . : y

af = “

»



~/

168
| \ | - D
pancreatic or hepatic sulfhydryl groups may»represéat a bossible site
§pnsitive to cadmium action. Furthermore, the ability of zinc and selenium
to afford protection against cadmium—induced lesions in both hepatic and
pancreatic functions indicates that interactions between ' these metals may
underlié the abgerved hepatotoxic and pancreotoxic = effects of cadmium in
mammals. It is apparent that a_clearer understgnding of trace elé&agt metabolism
will be' fruitful not only to cur understanding of heavy metal toxicities, but

also to the development of adé&hete prophylactic and detoxification measures

against the inadvertent exposure to heavy metal pollutants.

~
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VI. SUMMARY . ) ’ - ' Y

There is sufficignt\gyidence to indicate that cadmium is a highly toxic

L}

pollutant, posing a potential hazard to animal species. Within‘the‘past two
decades, industrial production and use of éadmium has increased substantially

(93).‘ The worrisome void in our knowlgdge of long-range consedquences of

cadmium exposure has stimulated considerable interest' in the study\of métabolism;
toxicity and interaction of cadﬁiﬁm with other compéﬁnds. The purpose of the‘
preseﬂ% investigatiﬁn wg; to examinéhﬁhe effects of cadmium exposure*ﬁﬁ;Eﬁrbo-

hydrate metabolism and to elucidate the mechanism(s) by which this environmental

pollutant alters glucose homeostasis. In addition, the possible protective

. . ¢ .

effects of selénium and zinc on cadmium-induced biochemical and functional
. ‘ - i N \‘ N

lésions were invedtigated. \ < ! )

Data in the present study deménstrate that daily intrapéritoneal admin-

istration of cadmium chléride {0.25 or 1.0 mg/kg} for 21 orJAS days increased

the activities qf pyruvate carboxylase’ (PC), phosphoenqlpyruvate éarb;;ykinase \
(PEPCK) , fructbse l,G-diphosphétase (FD-Pase) and glucose 6-phosphatase
(GGTPase) in rét liver. Furthermore, chroﬁic cadmium treafment caused time-
and;@ose—dependént in?igases in blood glucose and urea concentration and a

- . . .
decrease in the lj;9x% of hepatic glycogen. Moreover, chrénic cadmium treatmént
markedly elevatedfcyclic AMP  levels and the activity of hepatic adenylate

- N .
- . . N
cyclase. Thé observed increase in endogenous cyclic AMP content was also
. l'

. | .
reflected bé a decrease in the cyclic AMP binding capacity of hepatic protein

kinase and a reduction in the.kinase Activity ratic. These results indicate Y
that the hyperglycemia induced bf chronic cadmium treatment is accompanied by
enhanced capacity of the hepatic tissue to syntheéize‘glucose-and that the
aiféred state of hepatid carbohydrate metabolisp in cadmium intoxicated rats

may be related to changes in hepatic cyclic AMP system. Discontinuation of
£ ) R
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~ cadmium administration for 14 days in rats pretreated with cadmium chloride

(1.0 mg/kg) for 2; days, failed £o rééersg\the observed changes in hepatic
cyclic AMP or carbohydrate metabolism. A simiiar persistence'ofgmétabolic
alteraéions-waé noted in rats treated with caﬁﬁgpm for 45 days and subsegquently
maintained without additional treatment for 28 days.

glthough livér is.the major site of glucéseAsynthesis, renal gluconeo-
genesis is gléo known to‘contribute to glucose production. Evidence has also
been presented to dem?nstrate that daily intrapéritoheal injeétion of cadmiﬁm
chlor?dé (l.Q;mg/kg) for 45 days enhanced renal gluconeogenesis as evidenced
Sy significané incréaSe in kidney cortex PC,.PEPCK, FD-Pase-and Gb-Pase.

Furthermore, as in the case of liver, discontinuation of.heavy metal treatment”

for 28 days fgiled to restore the observed‘ﬁiochéﬁical alterations. 1In

contrast to ﬁhe hepatic tiésue, cadmium treatment.lgd to g'significant decrease -
in‘the cyclic AMP levels‘;f re#ql cortex which was accompanied b} an increase

. )
in the cyeclic AﬁP binding capacity of protein kinase. Although the lower dose
(0.25 mg/kg) failed to appreciably change kidney cortex protein kinase ratio,
treatment with the higher dose (1.0 mg/kg) of cadmium increased it significéﬁtly:

It is difficult at present to reconcile these findings since both cadmium as

-

- 4 K

well as cyclic‘AMP have been found to produce marked enhancement in rénal
gluconeogeﬁic cép;éity. However, the possibility exists ,that the'opserved
decreése in kidney co?tex cyciic AMP ﬁay be due to enhanced breakdown by
phosphodiesterase and/ox increased urinary excretion of this nucleotide due to
"tubular damage.

Daily intraperitoneal injection of.cadmium chloride (1.0 mg/kg) for 45
days also was found to exeft gonadotoxic effecté,_ab ;Efleéted by decreased
prostatic and testicular weights of mature .rats. In the'pwoséate gland,
chronic treatment Qitﬁ cadmium reduced cyclic AMP sy%thgg}s.t Cyclic AMP binding

to prostatic protein kinase was increased féllowing cadmium administratioq, as

-
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was the_ activity of the cyclic AMP—depeedent form of protein kiease. in’
contrast, testicular adenylete cyclase was: stimulated by cadmium treatment.
However, the eedogenoue cyclic AMP levels remained unaffected since the increase
in testicular adenylate cyclese was offset by a ccncomitant increase in the:
activity of phosphodieeterase. Although the activities of the cyclic AMP-
dependent and the independent forms of testicular protein kinaee were signifi-
cantly depressed the binding of cyclic AMP to protein kinase frcm(testes cf '
cadmium-treated rats was not affected. Discontinuation of treatment for 28 days
resulted in a reversal cf several of the cadmiumjinduced changes .in prostatic
cycliceAMP metaboliéh. chever, the weight of the proetate glahds remei;ed
essentially in the same renge as that seen in the 45—daya“treated_group." ie
the case of testes, cessation of cadmium treetment restored adenylete cyclase
and protein kinase (the cyclic AMP-dependent form) activities back to normal.
However, endogenous cyclic AMP levels, the cyclic‘AHP binding capacity of
protein kinase, as well as testicular phosptcdiee%erase and the clic AHP?
independent form cf protein kinse were still significantly reduc in the
“withdrawn group.™ Data sugcest thet cyclic AMP met olism'infbcth the Primary
and the secondary reproductive ctganS‘of the eale rat is eltered following
chronic cadmium treatment and that the metabclic changes pereist even éd days
following the termination of daily exposure to the heavy metal.
- .

Treatment with an acute dose of cadmium chloride (60 mg/kg) decﬁeﬁeedr ‘
hepatic glycogen content i c§'after injection. In addition, acutelfadmium.* ' :;’
expcsere increased blood g}ucbsé; serum urea and hepatic cyclic AMP ’synthesis. :

However, the gluconeogenic enzymes remained relatively unaffected in these

animals. The results indicate that- although the gluccnecgenic process may not
=% '

—~—

play a signiflcant rcle in the initial elevation of blcod glucose seen at 1hr

after cadmium administration, the enhanced capacity of hepatiC'end rene‘a"l:ccrticalI

A

.

tissues to synthesize glucose does contribute to the maintenance of elevated

blood glucose levels during chronic expoeure to the heavy metai.

. . - .
[T - ! . ¢ . Lo
. ’ . .
i H . ) F)
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In’ contrast to the acute effects, subacute exposure to cadmium (chl

1l mg/kg, twice daily for 7 days) was found to induoe changes in hepatic

metabolism that were qualitatively similar to those resulting ﬁigm chronic
cadmium treatment. Data demonstrate that hepatic cyclic AMP level was enhanced,
as was the activity of basal; epinephrine as well as glucagon—stimuiated form(s)

of adenylate cyclase. Evidence also has been presented indicating that subacute
‘ N _
cadmium exposure reduced testicular cyclic AMP and prostaglandin F levels.

Whereas cadmium treatment (cdclz, 1 mg/kg, twice daily for 7.days) increased

-

blood glucose concentration, .the serum levels of: insulin were suppressed.
Furthermore, administration of a glucose load to cadmium pretreated animals

resulted in decreagsed glucose tolerance that was associated with a marked
’ ,
oo . R
suppression in the glucose—stimulated insulin release.. Results demonstrate

that the normal sharp increase in serum “insulin levels in response to phentol-
amine’ {an a-adrenergic hlocking agent) was also substantially inhibited in

cadmium-exposed rats, indicating that uppressed pancreatic ‘function could not
. 8 \

. ’
be due to. increased adrenal catecholamine secretion alone. These results

;demonstrate that cadmium has diabetogenic effetts and that the observed alter-
ations in hepatic oarbohydrate and cyclic AMP metabolism may, at least in part,

be due to the relative lack of insulin.
. o 7 . .
In contrast to cadmium effects, administration of selenium (Seoz; 1 mg/kg, -

-

twice daily for 7 days) failed to alter appreciably the activigies of gluco—
neogenic enzymes hepatic cyclic AMP, blood glucose or serum ins lin 1evels,

glucose tolerance or the pancreatic secretory actiyity. However, administration

5f selenium concurrently with cadmium completely prevented the cadmium—induced

'

increases in hepatic gluconeogenig enzfmes. Furthérgorer_treatmsnt with

eeienium ameliorated the cadmium-induced hyperglycemia, hypoinsulinemiu,
L . Y . L .
glucose'intolerance and thg suppression of pancreatic secretory activity,

vhereas it failed to alter significantly the cadmium-induced elevation of

, '
s ¢ . 31 ! ’ . t
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hepatic cyeclic AMP levels. ‘Data provide evidence'whigh suggests that

alﬁhdugh selenium alone is without any appreciable effect; when administered
' 0] II . - \-‘;-;J .
concurrently with cadmium, it prevents to varying degrees, several of the

-
.

cadmium—indqged metabolic and fpnctional‘changgs:
| Similarly, eviéence_ﬁas beeﬂ pgesenéed which shows that subacute adﬁin—'
istration of zinc (ZnCl,, 2 mg/kg, twice daily for 7 days) £ lequﬁoalter
;ctivities of'hepétic gluconeogenic enzymes, cyclic AMPAsfnthesis, as wel; as
glucose qleai§nce and insulin release in response tO‘# glucose load. “Testicular'
cyclic AMP and pfostagiandin F levels remained unaltered\as.wédl. However,
zinc, when administered along with cadméﬁfj effeétively-prevented the cadmiﬁm—
induced lesioné in hepatic, testicular a6 well as pancreatic functions.
-~ » e P :
In order to simulate a more physiological mode of cadmium exposure, new-
born rats were given déd;ium {0.1 or 1.0 u;/g) as cadmium chloride solution
by intubation. Data demonstrate that administration of a low aose of cadmium
(0.1 ug/g) for 45 days failed to appreciably alter'the growﬁhdgate of new-b
rats; however, the higher dose (1.0 ﬁg/g) resulted in a slight but significant .
suppression of body weight gain. Like chronic injection of caémium, oral .

. ’ P
administration for 45 days resulted in hyperglycemia, uremia and diminution of
J . .

w
hepatic giycogen. Furthermore, or&lly'administered cadmium elevated the

activities of hepatic gluccneogenic enéymes, cyclic AMP {levels ané enhanced

the adenylate cyc%ase activity‘as well éé its reuponsi;e' ss to stimﬁlatibn

by epinéphrine and glucagon.. However, aimarked fall in testicular cyclic

aMp and.prostaglaﬁdin F levels was observed ;ﬁ nerborn ﬁats receiving oral | « 7

7

cgdmium for 45 days. as expected, the various biochemical altergtions cbserved
with the higher dose of cadmium (1.0 pg/g) were of a greater magnitude thanf)
thosé noted with the lower doge of the heavy fetal (0.1 ug/g).

i o .
Data also demonstrate that although oral administration of cadmium .f)ﬁ\
. ; 3 : )

w

: ' i . . _
- {0.1 wg/g/day) foé)45 days failed to alter significantly the basal serum.

3

insulin levels, pancreatic insulin coqtenﬁ\fig markedly reduced i?dic&ting
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that insulin synthesis gey‘be impaired.. Furthermore, when the islets isolated

/ .
from cadmium—exposed ts weie incubated in presence of varying glucose conc-
. / . . ) .
entrations, a msrked duotion was observed in glucose-stimulated insulin s -

release. These dete indice;egthat cadmium suppresses the synthesis end/or

release of insulﬁn and the damage may be localized at the level of pancreatic

islets.

W

The presdiit investigation demonstrates that cadmium treatient increases a

. -
the concentration of blood and urinary-glucose and rpduces liver glycogen

\ levels. Furthermore, this pollutant also ehhances the potential of hepatic

and renal tissues to synthesize glucose. Since these alterations in carbo-

Y

hydratE"metabqlism resemble those -produced b§ cyclic AMP, it is possible that
the cd&miumwinduced metaﬁolicléhehges may-be essocieted with and probably
‘triggered by stimulation of cyclie;kﬂp'synthesis.' Eurtﬁermore, eadmium was
shown‘to suppress pencreaticlissulin synthesis and/or release. Since cadmium-

induced metabolic alterations resemble those seen during experimental or - “ ,

clinical diabetes, the results indicate that the diabetogenic effects of s

.

cadmlum may, at 1east in part, he a consequence of the relative lack of ;nsulln.
s b

Neonatal exposure. to\felatlvely 1ow levels of cadmimm via the

-route also

was found to exert 51;}ler effects on_the hepatic, gona&ET?as~ﬂe\1
Fand v

tlsques. Furthermore, several of the cadmeqprlnduced le;:qu could be k\_‘/

prevented or modified by cgfrerrent Qf,etment with elther aine or selenium. \&\\‘

The present 1nvejfigatlon indicates that a clearer understandiqg of trace
- . '

“element interactions will be fruitful “to our understanding of cadmium toxicity -

and also o the deyvelopment of adequate prophylactic and detoxification

A\

measures agaiﬂsﬁrthe inadvertent exposure té heavy metal pollutants:

v » ' : . s
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* Daily inﬁraperitoneai administration cf-cadmium chloride {0.25 cr 1 0
mg/kg) for 21 or 45 days 1ncreased the activities of pyruvate carboxylase (PC),
‘phosphcenclpyruvate carboxykinase (PEBCK) ructcse 1l G—diphcsphatase (FD—Pase)
and glucose 6-phosphatase (G6-Pase) in rat liver. Furthermore, ¢hronic cadmium
treatment-caused time~ and dcse—dependent increases in blccd glucose and urea
ccncentratlons and a decrease in the levels of hepatic glycogen. These alter-
‘ations were accompanied by a marked elevation in cyclic AMP levels agd the
activ1ty of hepatic adenylate cyclase. The increase in endogenous cyclic AMP
- content also was reflected by a decrease in the cycllc AMP blndlng capacity cf
hepatlc protein kinase and a reduction in the kinase act1v1ty ratio. Discontinu-
ation of cadmium admlnlstratlon for 14 or 28 days in rats pre-treated with
cadmium chlcrlde (1.0 mg/kg) for 21 or 45 days, respectlvely, failed to reverse
the - observed changes in hepatlc cycllc AMP or carbohydrate metabolism.

SLmllarly, daily intraperitoneal 1n3ectlon of cadmium chlcrxde {1.0 mg/kqg)
‘ for 45 days enhanced kidney cortex EC, PEPCK, FD—Pase and G6-Pase and dig- ‘
continuation™of heavy metal treatment for 28 days failed to restore the observed
enzymic alteracions. Cadmium treatment led to a 51gn1f1cant lcw;rlng of ¢
cyclic AMP ‘levels of the renal cortex which was accompanied by an- increase in
the cyclic AMP ginding Capacdty of protein kinase. W%hile the 10;;r dose
(0:25Img/kg) failed tc'appreciably change the kidney correx protein kinase
ratio, tremtment with the higher dose (l.O.ﬁg/kg) of cadmrum significaitly
increased it. FGEEEEEﬁaie, adminietration of cadmdum (l.O'mg/kg) for 45 days
decreased prostatic and testicularqweights. In the prostate gland, treatment
with ‘the heavy metal reduced cyclic ‘AMP synthesis bct enhanced cyclic AMP
biading to prostatic protein kinase as well ag the accivity of cyclic AMP~

dependent prctein kinase. Whereas the testicular cyclic AMP levels remained

unaffected, the activities of adenylate cyclase and phoaihggigaterase were
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elevated following exposure.to the heavy metal. In‘ccntrast; the activities
~of cyclic ANP—dependent and independent forms of testicular protein kinage

werea significantly depressed but the cyclic AMP binding activity remained
unaffected in cadmium—treeted animals. Discontinuation of treatment - for 28 days
in rats that had previously baen . given the heavy metal for 45 days_; resulted in
a raversal of several of the cadmien-induced changes in cyclic AMP metabolism
of the prostate gland. However, the weight of the prostate glands remained
essentlally in the\same range- as that seen in_the 45-dey "treated group " In
the case of testes, cessaticn of cadmium treatment restored adenylate cyclase
and protein klnase ﬂthe‘cyclic AMP—dependent,form) activities back to normal.
However, endogenons=cyclic‘AMP levels, the cyclic AMP binding capacity of
protein kinase, as well as testicular phcspngdiesterase andhthe cyclic AMP;

independent form of protein kinase were still significantly reduced in the

"withdrawn group." ‘ '

Treatment with an acute dose o%,cadmium chloride (60 mg/kg) decreased
hepatic glycogen content 1 hr after injection. In addition, acute cadmium
exposure increased blocd glucose, serum uree and hepatic cyclic AMP synthesis.
Howecer, the gluconeogenic enzymes remained relatively unaffected in these
Animals. - In contrast to the acute effects, subacute exposure to cadmium
(CdClz, 1 mg/kg, twice daily for 7 days) was fcund to induce changes in hepatic:
carbchydratevmetabollsm that were qualltatlvely similar to thoge resulting
from .Chronic cadmium treatment. Furthermore, the hepatic cyclic amp leﬁel
was enhanced, as wag the .activity of basal, epinephrine~ as well as glucagon-
stimulated form(s) of adenylate cyclese.' Administration of a glucose load
in cadmium pretreated animals resulted in decreased glucose tolesance that. -
was associated with a marked reduction in the glucoseustimulated insulin
release. Purthermore, the normal sharp increase in serum insulin 1evels in | >

‘¥

regponse to phentolamine was substantially inhibited in cadmium-exposed rats.

7
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Unlikezgadmium,nadministr§£ip§‘of-SGlenium (Sebzg'l mg/kg,‘téice daily.

for 7 days) failed to alter significaﬁtly thé activities of glucéneogenic
engymesy hepatié cyclié AMP, blood glucose or serum insulin levels, élucose
E ﬁolerance or the pancreatic secretory activity. However, administration of =~ ~
selenium concurrently with cadmium, completaly pr;vénted the cadmium—induceé '
increases in hepatic gluconeogenic enzymes, ameliorated tﬁe cadmium—in?uced hyper-
glycemia, hypoinsulinemia, glucose intolerance aﬁd-thg‘suppreSSion of pancregtic

W

secretdry activity, but faileé to alter signifiéantly the cadmium-induced .~ )
\elévation‘of hepatic cycligkAMP.: gimilarly, sﬁbacute.administratiqn of 'zinc
,(ZnCl;, 2 mg/kg; twice daily for 7 days) failed to alter the act%yities of
hepatic gluconeogenic enczymes, cyclic AMP,.as well as glucose clearance aﬁd
insulin rélease in response‘to‘a glucosé load. Likew;se, testicular cyélic :
AMP and prostaglandin F levels remained.relatively unaltered by zinc.‘ However,
when zinc was administetred along with cadmium, it effectively prevented the
cadmium-induced lesions \n hepatic, testicular as w§il,as'pancreatic functions.

Orél administration of cadmium chleride (0.1 or 1.0 ug Cd/g, by intubation)
to neonatal rats for 45 days a;so enhanced the hepatic glucconeogenic potential
_ as well as blood glucose and hepatic cy;lic AMP levels. The activity of ba;al,
glucagon as well as epinephﬁine-stimulated forﬁ(s) of adenylate cyclase also
was enhanced. Although the basal.séfum insulin levels remained rélatively.
unaltered in rats.chronica}ly expoéed”to cadmium (0.1 pg/g), the levels of
panhreatic insulin declined sharply. Furthermore, when the islets isclated from
cadmium~exposed rats were incubated-in presence of varying glucose concentrations,
a marked reduction was seen in glucose—stimﬁlated releage of insulin,

Data presented in thi;}dissertation deponstrate that cadmium possesses
considerable toxicological potential as this heavy metal ‘induces biochemical

or functional lesions in testis, prostate, liver, kidney and pancreas. The

observed derangement in carbohydrate.metabolism and gonadal functicon may be



s 205 -

. .’ ' ) N I ’
! E _ . _ ' .
rélated to alterations in cyclic AMP synthesis. Furthermore, the present study
supports the contention that- the diabstogenic effects of cadmium may be related
“to suppressed insulin synthesis and/or release. Oral administration of cadmium
to new-born rats also induced lesions“that appeared to be qpalitstively similerf
to those produced bf oerenteral treatmant with-thg“metal. The obsetrved
cadmium-induced metaholic altefetions could be”effeotively prevented or modified
by concurrent treatment with either iinc or selenium. The results have been

discussed in relation to the possible mechanisms of cadmium toxic1ty and to the

role of sulphydryl groups in the protection exercised by zinc and selenium.





