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1. INTRODUCTION

L]

The heavy metai lead is the most ancient environmental pollutant ..'
released by man into the biosphere. As a result, occupational lead . o -
_ poisoning/has created a major concern amongst metal—processing populations
for several centuries. However, in the present circumstances where 1ead
s utilized in the automotive industry‘and in other widely distributed
products, the generel populace has become e_victim of environmental
contamination by this heavy metal (1-4). -

. R ‘ ) . .
~ Although lead is a non-essential element, there is no effective

homeostatic mechanism to deal with an increasing intake of this heavy

metal. COnseQuently, lead aceumulates in the body with advancing ;ge {(5,6),

L4

with large amounts being deposited in bone and to a2 lesser degree in certain

soft tissues. The ubiqﬁitous nature of 1eed in the environment and its,

o

potential hazard to man has stimulated studies designed to elucide;e the

mechanisms of certain physiological and toxicological reactions to this

. A
heavy metal (7-10) In view of the'fact that young children may be more

eusceptible than adulte to prolonged low-leval lead exposure (11), it has
" been of cohsiderablé*intereat to determine the effects of this heavy metal

on neonatal animals. . The present dissertation is concernaiqmiharily with

* »

the elﬁcidation of acute, subacute and chronic effects of lead on
LY

carbohydrate metabolism and certain biochemical parameters associated with

growth in rats. ' ' ) - : : y . ; ,;’
Since lead wae previouely found to produce an elevation in the concentration

of blood\and urinary glucose (;I.2,13), the influence of this lieavy metal ras

examined the glucose-synthesizing capacity of both liver and kidney cortexf

lin paréi;ular, the effect of lead was ihvestigated on the.activities of the

four key gluconeogenic enzymes, pyruvate carboxylase, rhosphoenclpyruvate

™
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. carboxykinase, frﬁctose 1,6—diphosph(fese and glucose 6—phospha£ase. In

adﬂition. changes in the concentration of blood glucose' and gserum urea, a

s

producF of'protein catabolism, were determined following lead treatment.

Since the c0ncentration of blood glucose can be elevated by the process of

“hepatio glycogenolysis, the effect of lead treatment on hepatic glycogen

levels also was determined.

- . L] -

Although the exact meonanism(el underlging hormonal modulation of hepatic
Iéﬁé,renal carbohydrate metaoolism is still‘unknown{ it has been postulated
that stimulation of membranal adenylate cyclase and the.oonsequent elevetion
of endogenous cyclic AMé levels may{pe involved in tne control .of glucdse

ynthesis. Indeed, administration of exogenous cyolic AMP has been found to |
enhance the processes of gluconeogenesie and glycogenolysis thus resulting in
an elevation of blood glucoee and urea levels (14). This apparent similarity

between the effects of cyclic AMP and lead on - carbohydradte metebolism prompted

' gtudies on the influence of this metal on the renal and hepatic cyclic AMP-

- s v

adenylate cyclase system. In addition, the effects of subacute and chronic
lead treatment on the responsiveness of hormonal-activated- aden&late cyolase
activity were examined in liver and kidney.. Since lead has a long biological
half-life, it was of interest to.determine'whether lead-induced alterations
persisted upon cessation-of, heavy metal administration. Thus, the infiluence

of 4~week cessation of lead treatment was examined on various metabeolic

alterations in rats previously given the metal for 45 days.

It is of interest that the lead-induced changes in carbohydrate metabolism

resemble those of insulin deficiency produced by alloxan or insulin anti-
serum (15). These observations suggested that metabolic alterations found in

lead-exposed animals might be due, at least in part, to lack of insulin. In

" order to examine this possibility, rats pretreated ‘'with lead were challenged.



pre

o - ) - ' »
with a glucose lcad and the subsequent time-course of;gluoose clearance
as well as alterations in serum insulin levels was mohitoéed.

Chronic lead poisoning in man is known to result "from inhalation or
ingestion, a process which is rather, slow but continuous. One of the(:
congéluences is the excretion of small amounts of lead throggﬁ the mother's’ =~ ..
milk to the neonate. It was therefore of interest to detergine whether
chronic exposure of neonatalrrats, believed to be more susceptible than adults,
to oraL lead would result in any‘funcqional and/or biochenical abnormalities .
in‘renal and hepatic.fissuel In this regard, new-born rets were'administered
rulatlvelylowamounts of 1ead either from heavy metal-treated lactating
females or by gastric intubation, and the changes in renal gluconeogenfg’
enzymes, hormonal responsiveness of adenylate cyclase as well as endogenous
cyclic AMP levels were measured. In additionf since prolonged lead exposure
may affect mammalian growoh prooesses, nucleic acids and protein levels were
determined in“renal, hepatic and pulmopa;y tissue, as well as the incorporation
of thymidine into DNA by these tissues. The observation that a single ‘

o

intracardiac _injection of lead produced a wave oﬂ\mitotic activity and DNA

L 9
synthesis in mouse kldney {16) prompted us to examine whether lead treatment

would also affect nuoleic acid- levels and synthesis in rat live;, long and
‘kidney. ‘ |
Although the preoiseﬁﬁechanisms underlying the initiation of cell.
proiiferation femain to;be elucidated, various fhﬁestigatora have pfooosed
that altergtions in polyamine b;osynthesis es\hell as modulayion_of the
adenylate cyclase;cyclic AMP system may play a roleﬁan the stimulation of
nucleic acid synthesis (17,18)1 In order to investigate the mechanisos

involved in lead-induced alterations in macromolecular synthesis, we

"~ determined the endogenous_conoentration of putrescine, spermidiﬂe and spermine

»" ) ) . ..




in'reﬁ_kidnef, liver and lung, as well'as adegylafe cyclese activiey.and
cyclic AMP levels in these tissues. _ -

Reeults of'the.present investigation demonst:ate that expoeure to lead‘
produces cerxtain functional and biochemical aleerations in heﬁet;c,-renal,
pancreatic as welieas pulmonary.tissuesl The.heevy metal-induced changes_

- in'renal and hepatic carbohydrate metabolism mey be'eesociaeed with enhanced
*cyclie AMP eynthesis. Since lead treatment suppressed insulin secretory
activity, the heavy meﬁaleindﬁced q&abetogenic effects may be relatedlto'an
apparent laek of insulin. lin-addition, the heavy metal-induced alterations -
‘in reeel; hepatic and pulmohary DNA synthesis may be related to modulatibn

of the adenylate cyclase-cyclic AMP systee in chronically—exposed rats.

Data in the present. 1nvestigation show that young mammals are more susceptible
to low levels of lead, and that chronic neonatal studies may provide an

app#opriate experimental model for the study of the etiology of lead

toxicity.




2. LITERATURE REVIEW

I. DISTRIBUTION AND SOURCES OF LEAD IN THE ENVIRONMENT

The existence and mining of lead has been known for approximately 4500
years. Throughout the Egyptian, Greek and Roman Empires lead was utilized
in items such as tiles, pipes, cisterns, pewter, cosmetics, drugs, pigments
and glazes.. Indeed: historical evidence indicates that depleéion of lead-
silver ores as well as excess dietary levels'of lead may have been a
contributing factor to the decline of the Roman Empire (1,2,5). In additien
to the traditional employment of lead in pigments, pipes, glazes and !
ammunitién, contemporary usés include storage batteries for automobiles

.-

(litharge, red lead and other oxides), antiknock components of gasoline

(tetraethyllead, tetramethyllead), solders, pesticides (lead arsenaté) and
‘stabilizers in the plastics industry. Lead is also employed in sound and

radiatioﬁ shielding, and is alloyed with copper in the production of brass

and bronze. (3,5,19). Although the largest amount of lead is utilized in the

manufacture of lead-acid batteries, emission of this heavy metal into the

’

biosphere is primarily due to the combustion of automotive and aviation

fuels containing organic lead additives {approximately 66.6% of the total

emissions of lead in Canada in 1970) (19). Lead distharged from automobile

1

exhaust may reach levels/of 200,000 tons per year in North America alone.

.

“In the producticn of pper, nickel and iron the amount of lead discharged
in Canada iS\IQQQ_gs/iaste was 22.2% of 21,417 tons. It is thus evident
that the potential for environmental contamination by lead is marked since
the meial is utilized and emitted as a by-product in a wide variety of

industries.

A. Lead in Scil, Water and Ambient Air

\‘j

\

Lead accumulates in the soil surrounding lead-utilizing industries and



heavily travelled roads. However, metallic dispersal thiough rainfall
remains low since its solubility in water is negligible (3). 1In soil,.the

. , .
concentration of lead may reachﬁ?pﬁ;oximately 1000 ppm at roadgide, and hay
range from 50 to 100 ppm at a‘aistanc;wof 400 feet from roads as well as
in rural districts where automobile tra;fic is less {2,3,20,21). It has
‘been shown ;hat the lead present in the secil in the form of par?iculate
lead compounds such as lead bromochloride (PpCl.Br) is derived from the
exhaust of a;tomobiles through the process of combust@ion of lead alkyl-
" containing fuelg (3,22). A further source gf lead as alkyl vapours (fEL)
accounts for only a small fraction of airborne lead, since its atmospheric
half-life is short {approximately 1 hr} and less than 0.1 ug/m3 of TEL is-
p;esent in the ambient air t23). The combustion of lead alkyls is
responsible for about 90% of the airborne atmospheric lead, which can exist
in a wide range of particle sizes (from 0.0l u to several I in diameter).
In urban'areas, the'masg mediap diameter of particulate leéd is 0.25% qu,
and in generai 50-90% of.urban atmospheric| lead is found in fine particles
smaller than 1 u. Lead particulates emitted in vehicle exhaust are generally
smaller than 5 p in diameter (3,5), and some investigators report that up
to 70% of lead-containing particles at¢ smaller thah 0.3 p- It has been
established "that the fine granules are of particular danger environmentally
since both_theirrabsorption and half-life is markedly increased as compared
to the larger particles (23,24). ‘

Airborne concentrations of lead vary diurnally, seasonally, and
geographically. The concentration of metal rises during the fall and winter
months (3). In urban areas the average atmospheric lead levels may vary

. . 3
from 1-10 ug/ma, although concentrations as high as 40-70 ug/m  have been

cbserved in morning rush-hour traff%p or on heavily travelled roads (2,3,6).
K

"ﬁ
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During an average 24 hour period lead levels in the largest Canadian cities

have been shown to reach values ranging from 1.Q - 4:8 ug/m3 {25).

. o

Trace ounts of 1ead.éay also be presehhjin water supplies. Soft water
sources, wh::L acidic.conditions'aré common, yill take up lead into.solution'
Y L4 .
more reédily than hard water. The average lead content of ri&ers and lakes
is approximately”l-lo uwg/1, Qell within the WHO-recommended limits of 0.1
.ppm (3). Although water is not considered to be a hazardous source Bf

environmental lead, metal levels in drinking-water may become elevated in

older houses with lead piping (3,6,26}.

B. The Presence of Lead in Vegetation

\

Vegetation is also known to be a source of lead for humans. Various

studies demonstrated that the concentration of-héavy metal in roadside
plants ranged from 100 ppm at roadside to 2 ppm at a distance of 400 fe%E%
{2,3). The highest concentrations of lead have been observed in cereals
such as corn, soybeans, oats, wheat and riée. Soluble lead compounds were

S
found to be taken up and concentrated in the roots of other types of plants
including carxrots, potatoes, tomatoes and the roots of several leafy vegetables
(3}, whereas metal dustfall from vehicle exhaust coated plant leaves and tops
(3,27). It is of interest that -various plants treaged with lead ;ompounds
exhibited a maréed impairment in photosynthetic reactions,,the.signifiqance

of which remains to be elucidated (28,29).

C. Possible Miscellaneous Environmental Sources of Lead

It is not essential for the population at risk to reside in close
proximity to the more common sources of lead emission in order that a
hazardous level may be attained within the individual. Indeed, one's

personal environment may contain more important sources of lead, including



house paint {interior or exterior), coloured printed material, *various

-

lfeods, or acidic beverages stored in glazed vessels (5,26,30,3l). Paint
chips contain up to 20% lead, and the soil surrounding lead-painted houses
may contain thelmetéi in a concentration range of 200-500 ppm (32). ‘Iﬁdeed,
‘the ingestion of lead-containing paint fragments is éne of the‘major causes
of lead poisoning in children (1}). In addition, lead pigments used in
coloured inks, and coloﬁred printed material may céntain as much as 4000 ppm

lead. : t

.

Investigations performed on farms in high- and low-level lead production
¢ . :

districts indicated that significant amounts of lead gére found in milk

(6-25 pg/100 ml) from 1ead—contqminated cattle as compared to animals e%posed
to the low-level amounts (33). Canned milk ceoncentrates may also contain
significant amounts of heavy metal (0.6 - 5.8 ug/100 ml), and these may
provide an additional hazard for the infant.populafion, a high-risk group for

*

iead poisoning (34). Other foods containing significent levels of lead
e

o N

‘Eiclude cheese, meat, fish, dried fruit, grains, wine and some canned pioducts..
Acidic beverages such as orange juice, .coffee, tea or wine may leachlup to

1.5 ppm lead from improperly fired glazed vessels in a‘one-half hour period
(35,36). "Moonshine“.alcohoi, often distilled'through lead-containing pipes,

1

also contains appreciable amounts of lead, and consumption of these beverages ‘
results in toxic maniféstations amongst these individuals (1,3). It is

thus evident that the many sources contributing lead to the environment

potentiate the hazard of accidental ingestion of this’metal in humans.
\

ITI. DISTRIBUTION OF LEAD IN MAMMALIAN SYSTEMS

.

A. Routes of Lead Absorption

The respiratory and gastrointestinal tract provide the major routes

of entry for lead into mammalian organisms. Some lead compounds, including

N\



" than inhaled (3,24,37-39).

tetraethyllead (TEL), tetramethyllead (TML), lead acetate and lead oleate o
are also apsorbed through the skin (19). The twe principal sources of" inhaled

lead are atmosﬁheric emissions from vehicle exhauet and industrial discharge.

| ) ., . ] . T
The mean daily-absorption of this metal through the respiratory tract has "'

“been estimated to be between 2-60 ug, dependent on conditions. such as_the

amount of air inhaled and the'atmocpheric concentration of-leadi{B 24).

Cigarette smcking may also add eignificantly to the body burden pf lead, at _

n

a 1eve1 of about 1l ug of 1ead per. cigarette (24). Various inveetigatore : -

-

studying experimental lead inhalation have determined that resptratory

absorption under controlled conditions ranges frcm 30-60% depending on the .

L]

particle size: It is generally accepted that 40150% of particles.under lqy

in diameter are deposited in the respiratory tract; however, particles
. ] ) ' _ :
larger than 2 u are also retained, via deposition on mucous membranes and

subsequent transfer to the esophagus where the'metal,is.ingested-rather

- +

The mean daily intake of lead via ingestion has been eetimated'to be

200-300 ug (range of 30-500 ug) (3,6,7)." A daily ingestion of -1'mg for a . -

‘pericd of several months;has been found to result in qlinically‘lead-' '

intoxicated children. while a dietary level of 2-3 mg/day'is required-to‘

'produce toxic symptoms in adults. In addition, absorption from the gastro-

intestinal tract in adults is about 5-10%, while children absorb 25 to 50%
of ingested metal (40, 41). In view of the fact that yourng children display a
marked tendency to ingest non-food items such as dirt; paper and paint chips,

a condition known as pica, ingestion is thus a critical factor in enVironmental
.t -

lead toxicity amongst the young (5,6)2 . . - L
The absorption of various lead compounds ‘depends on certain phfsical

properqies including solubility. Inoréanic 1ead acetate, lead chloride, lead




" “calcium or phosphorus, 1ow dietary protein, iron deficiency, vitamin D

o

o

Aintake may reduce.lead absorption to a certain degree, and elevated, dietary

4 ot R . . \. -

carbonate and lead oxides are readily absorbed via. the gut, as are the'.
organic compounds tetraethyllead and tetramethyllead (24,41). Absorption

of dietary lead'may also be influenced by other factors such as stomach pH,"

dietary protein, minerals, and vitamins. Lead absorption from the gastro-

intestinal tract is enhanced in conditions of acidic pH, low dietary

administration and hign dietary fat content (7,42,43). F high mineral

‘calcium exerts a protective effect as evidenced by the prevention of metal -

'mucosal,binding sites (43,44). In'contrast,-the addition of 0.4% zinc to S

considered in any study which deale with environmental lead_pollution.

absorption from the gastrointestinal tract, possibly by competition at

‘0.1% 1ead in the diet enhanced metal toxicity as.evidenced by increased

-

tissue lead 1evels and pathological changes {44). The presence of whole

milk in the ‘diet enhanced lead absorption in adult animals, which may
. )
partially explain the ele:ated absorption of .the metal in young animals

-

whose- diet primarily congists of milk (45,46) . It is thus evident that the

ahsorption‘of lead is dependent on a variety of factors which phould be

.

B. FactorsInvolved in Lead Uptake and Metabolism

'Althougn iead belongs to.the IVa group of elements,‘it exhibits a
tendency to parallel the group'IIa elements (e.g. calcium, strontium) with
respect-to certain metaboiic‘parameters {5,6). In duodenum, the presence of
lead in the diet (2op¢pg/day or greater) was found to significantly depress.
the transport of calcium-45 ang strontium-85 {4?}& gowever, low levels of
dietary calcium are known to.enhance the gastrointestinal uptake of several -

minerals, including magnesium, strontium, zinc and lead, and under these

experimental conditions, the concentration of lead was elevated in blood,



»bane,‘mer -and'.kidneys‘ (42,43). Low dietary phoephorus as vell as the
adminiatration of vitamin D also enhanced the body burden of lead (42). _
In mammals. the absorbed lead concentrates in regions of bone formation,

) and this metal has been proposed to interfere with calcification,,throqgh

competitive inhibition of calcium phosphate formation, the major componenq', '

-

of apatite crystal., In addition;jiead has -been found to occupy the lattice :

“

{ntersticee of the‘apatite crystalline structure, as determined by x-ray‘

<

diffraction. “The high affinity of lead for bone formation sites is
important especially with respect to human toxicity, since immobilization
of the me;al by bone prevents its accumulation in soft tissues (5,48). ) ST

C. Lead Retention and Tissue Distribution

,3‘?3 Kinetic studies using a radioactive isotope of lead (2°3Pb) revealed

- ) -
thaﬁ human'subjects retain 50-60% of intravenously injected lead in the blood
as compared to 30- 40& of an inhaled dose for periods up to 150 houra after

exposure (39). Chamberlain et al. (39) estimated that the half -life of
+ inhaled lead was about 15 days. 1In human volunteers_expoeure to lead via
\ ' o L : -

' the oral route resulted in the retention of approkimately 10-15%‘ef an

administered dose of metal 96 hours latdr (49). Singe’chronic ingestion’Bf "

3 mg. of lead ﬁér day for a pericd of 4 months produced a concentration of

50 ug/ioo ml metal in blood, it was estimated that'with 8. months of treatment

- L]

at this dose of lead clinical symptoms of lead intoxication would ensue and °

LY

-the levels of metal would reach 80 ug/100 ml in blood (38) It-is of

-
.

interest that ghinﬁ-,ﬂ. £ed #0-210 ug of lead daily for 3.days absorbed about T
2 o . W - .
53% of the mttal and retained an average 18% of the administered dose (40)

20 Pb was retained after 1 week,

. ‘ 210
while adult animals excreted up to 60% of the injected lead-( Pb or Pb)

In rat pups 90% of an intraperitepeal dose of

.

after 7 days (50,51). Although adult rats receiving water retained less thén



-

..

l

(52). Thus, it appears that the route of administration, age and dietary,

. was 7-fold greater in suckling rats as coupared to adults (50). In humans,

ilead concentrations in the ncrmal population have been determined by

.« . ’ N
-9 : Ty J

o 12 -
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1% of an cral'dosc cf Pb after 6 days, mature animals fed a milk diet
retained about 20% of the oral dose cf lead. 1In light of the fact that

milk enhancee lead absorption it is not surprising that, 4 days after an , . "

oral dose of 203Pb suckling rat pups (5-7 days old) retained 85% of “the metal

factors contribute to lead retention. _ - ;

In both man and experimental animals, about 90% of the total body

v

burden of lead is stored in bone, and. only about 1% remains circulating
freely’in the blood (2,9). One day after intravenous lead administration,
10% of the metal is present in blcod, liver and kidneys, while lung and
 heart contain about 5% of the element. studies with radioactive lead showed
that a 10-fold decrease in metal’ occurred by 3 ‘days. In kidne&, the . v
disappearance of metal from this tissue was only 2—fold by 3 days, while a

.

10-fg&d decrease was cbserved after 14 days (51).‘-Significant amounts of

[ R .-

lead have also been found in brain, teeth and hair of lead—exposed animals

'(33¢44,50). It is of interest that the distribution,pf lead in the brain

r . 4

several investigatcrs {53,54), and tiBSue lead content was found 'to decrease

‘in the following order: bone > hair > aorta > liver'- lymph nodes > kidney

cortex > pancreas = prostate or ovary > spleen > lung = brain. ,Although
occupatiqnally-exposeq workers exhibited a similar pattern with reepect to
tissue lead content, noticeably higher lead levels wexe preeent;in bone, hair,
Iitpr"and brain (53). With increasing age, the conc::z{ation of lead became
elevated in renal cortex, lung and bone (53-56). As expected, industrialized

"
populations possessed markedly higher blood lead levels as compared to - .

:unacculturated populations (57): Within various organs, lead is tightly

.
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bound to cells, and is probably associated with'lipid 6r,1ipoprotein,
components oflmembranes. In partioular,'this metal isfknown to bind
stronély‘to mitochondria in liver, kidney, myocardium and_erythroc?tes,
and may alao interfere with membranes of other- organelles (58). In addition,
lead is 'tored in ‘the nuclei of renal tubular epithelium and some other cells,
in the form of lead-protein intranuclear inclusion bodies (5,7 /8)." At the,
molecular level, the metal may’ interact with sulfhydryl’ {in particular, .
dithiol), carboxyl, amino, - imidazole ‘and phosphate groups, and thus has a o

. considerable potential for_inflicting damage on various enzyme systems (5).

D. Heavy Metal Excretion

-

-

 Since much of the ingested lead is not absorbed from the gastrointestinal
tract, a.large proportion of the metal is eliminated unchanged in the feces.

For inorganic lead compounds the ratic of fecal to urinary lead may attainva

- 3
level of 100:1 (5). However, after 1sotopic lead administration ( DPb or 2;?Pb)

data demonstrated a ratio of_S:l (39,59). Fecal excretion of intravenously- -
injected lead was highest during the first d days,'and'reached‘a plateau by

d days. Similar obseruations were made with regard to urinary lead 559}.
nlthough the administration of calciumﬁdisodium\ethylenediaminetetraacetic '
acid (EDTA) mobilized bone-lead and enhanced urinary excretion, fecal
elimination of lead was not altered by this treatment (60) Lead is usuall?
cleared from the blood via glomerular filtration: however, some tubular ot
reabsorption occurred in the presence of excessive amounts of metal in hlood
(ll. Thus, determination of urinary and fecal metal elimination may be usefull

as. a diagnostic tool in the clinical screening of industrial workers and

children for lead poisoning (59). .

III: CLINICAL PICTURE OF LEAD TOXICITY IN HUMANS

.Some of the toxic manifestations associated with chronic inorganic lead

%
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poisoning -include pallor, weight .loss, constipation and. acute abdominal f&

colic. Damage to the central nervous system and kidney characterized by '

encephalopathy, peripheral neuropathy, and- nephropathy (occaeionally - . iy
acccmpanied by secondary gout) are more severe toxic manifeséations.- In
general, toxicity in adults arises from occupational expoeure to lead (the

/‘\
 MOSt common aymptoms‘being anemia and colic). While the toxic effects.are

; less severe and more readily reversible in/adults, the oppoaite ie true

-.in children. Since early:indications of lead poisoning may remain

unnoticed in small children, it is conceivable ‘that acute encephalopathy may

[3)

develop prior to a proper diagnosia of the condition. In light of the fact

that ‘brain damage in the form of lead encephalopathy is irreversible in o
. 2 % ‘
almost~a11 cases (3,5, 11), reliable diagnostic tests must be developed. o

A. Lead Toxicity in Adults as a Result of Occupational Exposure

-
’

* The majdr clinical sympt?ms associated with occupational inotganic Qead .

poisoning include imp#ired hematopoeisis, renal ction and peripheral

neuropathy (8). In contrast, organic lead prod
nervouglsystem as evidenced by nervous iFritability, emotional instability,

increased tendon reflexes, tremor and anorexia without“any alterationg in

porphyrin metabolism (4). If the patient suryives the acute phase of organic

‘lead-inflicted central nervous system excitati n, complete recovery-fronfthe'

T a
»

”'metal-induced effect is poaaible 4).

v

Various . investigators have shown that lead interferea with the biosynthesis .

Q) of heme, probably through an inhibition of the enzymes G-aminolevulinic acid

dehydratase and heme synthetase in erythrocytes (9, 61l=-63}. In addition, other »

]

enzymes involved in heme formation, §~aminolevulinic acid aynthetase and

coprogenase were reported to be inhibited in the presence of excess amounts

of 1ead .(more .than 40 ug/loo ‘'mt blood) (5,9).. Clinically, the urinary
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excretion of intermediary metabolites such as §-aminoclevulinic acid and

coproporphyrinogen increased as the concentration of metal rose in the

blood. Similarly, 6~ALA and protoporphyrin IX also remained elevated as

blood metal levels increased (64,65). It is of interest that.d-aminolevulinic

acid dehydratase returned to normal amounts in industrially-exposed men upon

.termination of exposure tc-lead - (66). Although reduced glutathione (GSH)- C

was decreased after lead exposure, an increase in glutathione reductase

' .actiVity was observed and Howard (67) suggested that such a'mechanism wou?d )
. . " ,

compensate for the effects of lead binding to sulfhydryl groups. hhereas

"a reduction in a- and 8-chain synthesis was not found in blood obtained from

lead workers, a reduction in blood globin synthesis occurred in vitro {68).

Other anomalies in blood chemistry attributed to result from elevated metal

lpvéI:\iE\Elood include augmentation 1n uric acid, bilirubin, serum glutamate-

b

oaaloacetatetransaminase and gluoose {9,12). Theranemia associated with

lead poisoning is microcytic and hypochromic, and occasionally there is a -

significant population of basophilic stippled reticulocytes (9,64}. ‘
Acute or chronic lead intoxication often involves nephropathy characterized

by proximal tubular dysfunction, agsociated with mitochondrial degeneration,

,'aminoaciduria and glycosuria. An enhanced excretion of fructose and citrate
fwas.also observed 4in lead-poisoned humans; howeVer, the Fanconi syndrome is

?not unique to this metal (13,69). In addition, lead- inflicted nephropathy

may be aBBOciated yith "saturnine" gout which results from an interference in
*

the tubular secretion of uric acid and thus plasma levels of uric acid remain

elevated {5). In Australia, when ‘cases of childhood lead poisoning were

nonitored.after several.years,rit.was reported tha jor cause of death

‘was renal failure which probably occurred during child (70). Renal biopsy

of inddstrially lead-exposed workers exhibited diffuse interstitial
s



fibfosis as well as mikdochondrial changes and intranuclear lead inclusion
bodies. Although the influenCe of lead on renal function is not as severe
as the hematologic effects of the metal, this non-essential &lement may be
a contributing factor in the etiology of various forms of kidneyﬂdisease.

Anotner manifestation of industrial lead tonicity is peripheral neuropathy
-charactefized by weakness in the flexor and extensor muscles of the wrist
and arm ;zz;ist—drop“). This syndrome does not appear to be related to most
cases of amyotrophic lateral sclerosis or multiple sclerosis although
elevated 1ead levels have been observed in neurcmuscular tissue in patients
suffering-from amyotrophic lateral sclerosis (71,72). Indeed,-the prominent
features assoclated with lead—inflicted geural damage were shown to be a iofm of
motor neuron‘disease as\reflected by reduced maximal motor conduction velocities in
the median and ulnar nerves (73) Thus,inorganic lead compounds may exert
deleterious effects on hematopoiesis,\fenal functionrand the nervous'system.
Ié‘is of interest that these disorders may beleffectively treated‘with

various chelating agents (3,5).

B. Environmental Exposure of Children to Lead and Subsequent Symptoms

*

Although lead poisoning'in“young children occurs frequently in urban
areas, the syndrome is often not diagnosed correctly until severe toxic
' symptoms become overt. In general, while childhood lead intoxication is

asymptomatic, the manifestations seen involve irritability, constipaticn,
FL

ataxia and anorexia. As the disease progresses, vomiting and anemia develop

followed by encephalopathy (11). The highest incidence of lead -poisoning

occurs between the ages of 1-5, predominantly amon@st children situated in [ co”

dilapidated houses or near heavily travelled roads. Whereas lead poisoning
in adults is now a rare occurrence, the toxicity of this heavy metal is a
major health problem amongst urban children. The main source of lead

dvailable Fo children\is ingestion of non-food items such as paint-chips,

" . .
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coloured paper and road-side dirt, a condition known as pica.' It“is of
interest that acute infection and dietary factors such as iron, protein and

;//&:saloric intake play no major role in the deéglopment of clinical lead

goisoning (74,75). It is thus evident‘that the indiscriminant emission of
, lead which readily enters the soil subsequently serves as a primary’
source of ’poisoning amongst children. f" -~
One of the prominent manifestations of lead toxicity -commonly seen
amongst children is damage to blood—forming elements. Various investigators

-.(q,ll,76) noted a reduction in erythrocyte G-aminolevulinic acid dehydratase
activity and elevation in free-erythrocyte protoporphyrin accompanied by
increased blood lead levels in metal—poisoned children. Chisolm et al. (77}
found that by administration of a challenge dose of a chelating agent, a
certain amount of lead was mobilized into urine, and it was suggested that
the guantity mobilized may be .employed as an index of impaired heme synthesis. i
In addition. acute lead poisoning in children ispmanifested by the Fanconi
syndrome of proximal tubular dygfunction, characterized by enhanced excretion.
of glucose, amino acids and phosphatg (13).. ‘ .

In recent years, much interest concerning lead toxicity has been focussed‘
on the central nervous system. During the most severe stages of lead'

. poisoning encephalopathy develops characterized by ataxia, semi-coma,
convulsions, and finally death (ll). In patients surviving an aﬁtack of 'l‘
acute encephalopathy“there is an estimated '30-40% chance of permanent brain

| damage, associated with cortical atrophy. Less severe signs of neurological
damage include learning disahilities, seizures and memory defects. Hyperactive’
behaviour is a common feature noted in young school children previously

. exposed to lead (78,79). Evidbnce indicates that more detailed studies on

the'influence.of lead on the central nervous system’ are necessary in order to

1 ‘
ascertain the effects of this heavy metal on behaviour in children.
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A. General Toxicity

The toxicity of lead compound in experimental animals is dependent
on the chenical'form of metallic ement used as well as‘:'on the'route of

administration. The intravenous

-r

5 for inorganic lead salts in rats is

e intraperitoneal LD_. . ranges from 150-1600

50
mg/kg and is related to the amount of uptake from the peritoneal cavity

' (3,86). It was found that lead acetate, a soluble lead salt, possessed the

lowest I.D ‘ (3). In contrast, TEL was found to have higher toxicity when
given intravenously'to rats at a dose of 15 mg/kg (80). Although data for
the acute oral toxicity of most lead compounds ic experimental animals still
remains to be, elucidated, lead arsenate was found to have an oral LD50 of
825 mg/kg.in-rats,‘and 125 mg/kg in rabbits (3). Exposu;e of animals to
elevated temperatures (95 °p = 35° c) reduced the survival time after an acute
toxic dose of lead (81). It is of interest that administration of various

cheleting ageﬁts’failed to influence the lethal action of a toxic dose of

* .

lead (3} . . '

B. chromosomal and Rggg__uctive Abnormalities

.

" 8ince lead is known to interferé'ﬁith processes at the nuclear level and

‘i; associated with an increased frequency of miscarriages and abortiops

amongst female industrial workers (82), several studies were undertaken to
examiqé the effect of lead on chrcmosomes and certain aspects of fertility.

In addition, the observation that 1ead-poisoned children exhibited a tendency

to be shortex and weigh less than normal children (74) further suggested that ]

exposure to this metallic element interfqred with the processes of grcwth and

developpent. . - ,
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(a‘ Embryonic Development and Sexual Maturation

Administration of lead to immature male or female rats produced a -

slight retardation in body weight gain accompanied by a marked inhibition of

sexual maturation (83) In female rats treatment with lead produced a

decrease in-ovarian weight, a delay in vaginal opening and retardation in

- onset of the estrus cycle. a condition fur@her aggravated upon reduction of

dietary protein (83). Immature male mice administered "lead displayed a

marked reduction in fertility, as evidenced by a reduced ratecin pregnancy '

s

) when metal-treated males were bred with untreated females (84). 1In addition,

an enhancement in the mutagenicity index, a proportion of early fetal deaths,

was significantly higher amongsthlead-exposed mice. Similarly, Hildebr;;d

et al. (85) showed that treatment with lead reduced fertility in male rats as

evidenced by testicular degeneration and oligospermia. It is of interest that
intravenoﬁs administration of lead to female rats during the 9th through™ 16th

days of géstation induced a high incidence of fetal resorption (86)." In this

stud&, erternal and skeletal anomalies as well as urogenitallmalformations

especially in the kidney were observed predominantly when lead was given‘on
’ . 'y ! . ’

-day 9, in doses ranging from 35 to 70 mg/kg. McClain and Becker -(86)

~ determined that the amount of lead transported by the placenta was less than

0.10% per hour, which was capable of producing fetal metal levels of about

¢
8 ug per g within 24 hours after maternal lead administraticn. In the golden
hamster, 1ead also initiated similar fetal malformations characterized by

stunting or complete absence of the tail (87). Thus, interference with normal

reproduction is one of the symptoms associated with lead-inflicted poisoning

'

. in mammals.

~

(b) Chromoscmal Aberrations

In mice fed lead in ﬁhe diet, 1e§kocyte chromosomes .were examined after

i



preparation of bone marrow cultures. Muro and Goyer (88) found that lead
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'

tréatment induced a higher frequency of chromosomal aberrations in the form

.of gaps, breaks and fragments. However, gaps or unstable.segments of chromatin

. were occasionally seen in control animals. The authors suggested that

activation of lysoeomai enzymes, particularly deoxyribonuclease, may be
partially responsible for the increased number of unstable gaps and that their.

proéression into the stable aberrations was evidenced by a breakage ia the
chromatin (B8). Similarly, examiﬂati;; of normal human leukocytes cultured

in vitro with lead acetate revealed that this metal was capable of induction
of chromosomal aberrations (39). In this study, an increased frequency of

breaks was observed in cells incubated with lead for only 24 hours, while some

'dicentriclchromosomes were seen 48 hours later. In contrast, other

investigators failed to note any marked effects of lead on cﬁromoscmal
structure {90). At present, a controversy seems to gxist as to whether or
not- lead has the capacity to inflict damage to cells at the chromosomal level.

C. Central Nervous System

(a) Ultrastructural Alterations.-

Since the effects of lead on the cen 1 nervous syetem are a-promineut
feature associated with childhecod poisoningy many erperiments have been
performed to determine the influence of this metal on brain structure and
function. Chronic administration of lead to animals from birth resulted in
a dose-dependent retardatiOn in body and brain weight gain without any -
associated alterations in gross pathology (9l1). - Similarly, Pentschew and
Garro (92) found a decrease in brain weights which was acccmpanied by a
_characteristic brown discolouration of the cerebellum in lead-intoxicated

immature rats. In addition,.lead appeared to produce a retardation in

.

_neuronal maturation, as evidenced by a reduction in myelin content, smaller

+ '1
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neurons, and decreasedneuriteprocess proliferation of the neuropil (93).

It is of interest that the cerebral cortical and cerebellar regions .

the highest sensitivity to lead as compared to other brain regitns examin
(92,93). However, structural alterations in conditions of lead
encephalopathy occur predominantiy‘within the cerebral'vascular system (94-96).

Roy et al. (94) fouhd that treatment of chick embrycs with lead acetate.produced

-

a thinning of vascular endothelial cells, Tmitochondrial swelling and alterations

L »

in endoplasmic reticular formation,‘an index of endothelial cell degeneration,

and the observed changes were.associated with hemorrhage in the brain. In
experiments where .encephalopathy was produced in infant rats suckling from

lead-treated females, alterations in central capillary functionl! were observed,

'particularly in the cerebellar region (95).. This increase in capillary

permeability resulted in edema as well as elevated levels of lead, sodium,
iron and gerum alpumin in brains of immature animals, and was followed Ly

hemorrhage in cerebellar and striatal regions 1eading eventually to death

-(92.95,96{. It is of interest that withdrawal from treatment was €ollowed. by

‘complete recovery from the lead-inflicted brain damage (92). Additional

. evidenge to suggest that lead ‘interferes with the function of the blood- - T‘!!

brain’ barrier was previded from studies utilizing the uptake of injected
dye (trypan blue) into striatum, cerebellum and spinal ‘cord, in which it. was

found~that the dye entered the brain only after metal treatment (92} Data

" suggest that damage to the cereq‘llum is of particular importance, especially

since lead primarily causes disturbances in this locus, the reinn
responsible‘fcr:hmtor coordination.

"As in tne case of inorganic metal, organic lead compoundsalso produce
a uariety of leSions in the rat central nervous system and appear not to be
restricted t¢ any particular neural locus. Administration of TEL produced

slight neurgne damage, calcification of neurone ‘nuclei, decreased neuroglial
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vacuolation and perivascular .edema; whereas TML treatment caused extensive

neurone damage, nerve tract degeneratiocn, increased neuroglial vacuolation
and gliosis (97). ‘In addition’ cerebellar degeneration, - neurofibrillary

. . .
tangles, a characteristic feature of neurone degeneration,wereobserved in

pyramidal cells of the frontal 'cortex and hippocampus of rabbits given TEL

(98). Irrespective of whether lead exists in the organic or inorganic form,
: L]

a prominent feature.oi metal toxicity is damage to the'central nervous system .

-

" of animals.

{b) Metabolic Alterations in the Central Nervbus.System '

. -

Tne lead-inflictéd retardation of.rat.train maturation was alsoi
demonstrated with the use of certain bicchemical parameters. Michaelson {99)
noted that lead reduced the cereLellar wet weight‘in‘three week-old rat pups
and the observed fall in sizeAwas accompanied by edema and lower DNA content
in thisybrain region:, Since the levels of metal in the cerebral.cortex were
;bout‘one-half the amount seen in cerebellum, it is not surprising that lead-
inflicted ultrastructural and biochemical changes occurred less often in the

cerebrum (99). Treatment with 1ead was also found to reduce the conversion

of glucose into amino acids, particularly glutamine, in cerebellim, cerebral
cortex and torebrain: The observed depression in glycolysis appeared to be
independent of'permeability.across the blood-brain barrier, since equal
amounts ot radiocactive glucose were fOund in brain regions of control and
treated rats (100).

. Alterations in various central nervous system mediators have also been_
postulated tc play a role in the toxic effects of lead on the central nervous
system. The most prominent change observed in metal-treated animals is an .
increased turnover cf brain norepinephrine (NE) (101). In addition to
increased levels of norepinephrine, Silbergeld’and Goldberg found that lead

enhanced the uptake of C-tyrosine into forebrain synaptosomes (101). It
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was also demonstrated ‘that this metal increased levels of 3-methoxy-4-
hydroxymandelic acid (VMA), the major metabolite of norepinephrine, both in

the whole brain and urine of mice (102). Similarly, lead-treatment elevated

the concentration of norepinephrine in whole brain of rats (103). In contrast,.

_inhibition of the norepinephrine—stimulated form of cerebellar adenylate

cyclase was observed in vitro using concentrations which approximate.those

utilized in vivo (104) The effects of lead on other mediators are less

well defined, .although some evidence . indicates decreased dopamine levels (105).

L

- decreased turnover of acetylcholine (101,106), and a reduction in Y-aminobutyric

acid (GABA) synthesrs (107).

Organic lead compounds also produce a variety of biochemical alterations

. in the central nervous system Triethyllead, at a.concentration of 2 5 f"' '

markedly reduced the incorporation of 355 into-sulphatides of-rat cerebellum .
in vitro (108). A significant lowering of Cu, Fe and Zn was observed in °

s o)
.

frontal cortex, cerebellum and hippocampus of organic lead-treated rabbits,
. T [} . . . .

suggesting that lead may interfere in a competitive manner with these'essential

elements for metalloenzymes or other metalloproteins,{which are involved in
normal central nervous system function_(log).. At present, the precise

mechanisms by which lead affects central nervous system metabolism still remain

{c) Behavioural Alterations Produced by Lead . - L

Chronic exposure of children to lead has been attributed to rei'lt in
hyperactrvrty and other asymptomatic behavioural abnormalities. Exposure of

rats or mice to low levels of lead from birth produces a behavroural disorder

characterized by elevation in motor .activity, aggressiveness, tremors and

.peripheral ataxia (110). Surprisingly, administration of phenobarbital to

lead-treated rats resulted in an increase in hyperactivity, while the rgverse

occurred in the présence of d- or 1l-amphetanine (111). 1In light of this

+
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observation it was found that various amphetamines have been employed in
the treatment of “1ead-induced hyperactivity“ in children (111) T T
“Various investigators have attempted to determine a correlation between

metal-inflicted behavioural changesrand alterations in the metabolism of

-+ -

neurotransmitters. Some data suggest that enhanced central catecholaminergic
function may play a role in 1ead-induced hyperactivity, although central
'cholinergic ‘and serotonergic pathways may also play a minor role (101 103, 112). -

LY »
However, it is clear that more exten31ve studies are necessary before.any

r

‘meaningful parallels between neurochemical alterations  and behavioural
anomalies can be drawn.

Increased lead absorption in children has also ‘been attributed to slow
the Iearning'rate,_even<after withdrawal from metal treatment. Exposure of
suckling rat pups to oral or injected lead'wasnfound to result in a reduction

~in the performance in a light/dark-discrimination water T-maze, 5-9 weeks after

~

cessation of treatment. However, no changes in spontaneous locomotor activity

were observed in these animals. It is also of interest that blood lead
<

-lzz;ls in intraperitoneally-injected animals were not significantly different

£ controls at the time of the T-maze trial, indicating that the actual L

' presence of metal may not be an essential deterrant for learning (113} In

)

addition, decreased T-maze performance was cobserved in offspring of treated

adult rats (114), even without any lead present in the maternal or necnatal

diet. suggesting that this metal possesses gametotoxic or teratogenic
properties. Although simple learning ability was similar in treated and
control'animals, discriminatory or habit-reversal tasks were markedly decreased
aftek lead treatment in rats (113 114) In lambs, exposure to low levels of
lead through the mothers' milk was found to retard the learning of visual
discrimination problems as the concentration of metal reached 24 ug/100 ml in

blood, -a level known to be considerably lower than the maximum recommended
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amount of 40'ug/160 ml kllS). The ability of lead to produce'abnormal

behavioural alterations in animals clearlz ihdicates that further studies

-

are essential in order to re—evaluate the influence of metallic exposure

on human behaviour.

D. Effects of Lead on the Hematological System

The greatest proportion (approximately 90%) of lead present in blood‘is .

bound to erythrocytes. In conditionswherethe iron levels are subnormal,
the uptake of lead into blood and tissues is enhanced (116) It h;q}been e
shown that whereas lead does. not interfere:with iron uptake, high concentrations ,E-
of- iron in vitro or in vivo can inhibit the uptakeiof lead by ethyrocytes
(117). Farkas (118) postulated that iron and lead compete for a specific low
molecular weight binding gite, found after fractionation of the hemolysate.

It is of interest that addition of iron to the incubation medium failed to

‘atfect the. binding of 1ead to hemoglobin and other cellular components,*but
reduced the ‘amount of lead bound to the low molecular weight protein. Data

thus suggest that iron and leag\caﬁpete for a similar low molecular weight ' -
protein in blood ) | ' - T ) _ .

_In rats treated chronioally with ledd acetate in the diet, an increase'in

reticulocyte count was acccmpanied by a decrease in hemoglobin levels, |
reticuloc;te 0 uptake, & f-aminclevulinic acid dehydratase and ATPaee actiVity
(119). In general, hematological changee appeared 8 weeks after treaument

(blood lead level approximately 100.pg/ml); however,,maximal changes were -
noted when the concentration of'metal reached 150 ug/loo mlt whic! about

»

double the concentration found clinically in lead-poisoned humans.- In

. addition, administration of lead was found to reduce the synthesis ot globin
N '

in red blood cells both in yivo and in vitro {118). In the presence of

Pb 2, Farkas (118) demonstrated a reduction in the incorporation of

~ '

»
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‘leucine into hemoglobin and non-heme protein, a marked decreaselin 'de novo.
'synthesis of a—chain globin and a slight fall in the amount of . B-chain globin
formed. .It is of interest that this preferential inhibition of uvchain
syntnesisrwas also.observed in patients suffering from plumbism (68).

Furthermore, Farkas (120) found that'the lead-inflicted depolymerization of

the RNA molecule resulted in inhibitiOn of the translation of isoclated globin

.

mBRNA tb protein. It appeared thAt globin mRNA was more rapidly and more ,; ' il

completely inactivated than’ polyuridine or tRNA, suggesting that globin mRNA
is highly susceptible to lead. However, the observed damage ‘to globin mRNA
was reversible since the addition of dithiothreitol abolished thesdeleterious
effects of lead. | " |

In contrast, the use of vitamin E in lead induced-hematological disorders
is questionable. It was found ‘that vitamin E-deficient plumbic rats exhibited
~ more pronocunced anemia and splenic enlargement than animals given a dietary
supplement of a-tocopherol (121). " However, elevated dietary vitamin E .
did not demonstrably affect the severity of lead poisoning in rabbits..
Surprisingly, the urinary co centration of d-aminolevulinic acid -and hepatic
lead content remained eleva d in plumbic rabbits receiving a dietary vitamin E
supplement.as compared to v1tamin—defic1ent controls (121) Data thus )
suggest th;t_one.of the primary systems affected by lead involves the’ blood

jorming elements, and studiés are-currently underway to attempt to correlate

- -lead- toxicity in relation to hematological disorders.

E. Influence of Lead on Livexr Function and ‘Metabolism

b

Although the liver is not considered to be a primary target for lead-
induced damage, a variety’ of enzymic alterations have been observed in this

" tissue of metal-treated animals. A decrease in hepatic glycogen 1evels was

-
©

.noted’ in lead-poisoned rabbits, rats and mice (122-124), accompanied by a

reduction in the activity of phosphoenolpyruvate carboxykinase in mice, an
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enzyme involved in the formation of glucose from non-carbohydrate precursors
(124). In addition, the synthesis of glucose from alanine, lactate and pyruvaé!

was markedly depressed in rat liver, while glucose production from substrates

< 2

not requiring mitochondrial reactions remained unchanged (125). In contrast,-
in vitro or in vivo admitistration of low concentrations of lead was found

to stimulate mouse and rabbit glucose ‘6-phosphatase, the enzyme responsible for

L4 - b

glucose formation from glucose 6—phosphate {122, 126). Other hepatic enzymes

‘altered after lead administration include an elevation in acid phosphatas

as well as a depression in alkaline'phosphatase, various dehydrogenases (lactate:
succinate and stercid), and the mixed function oxidase system consisting of T .

cytochrome‘P levels, aminopyrine N-demethylase, p—nitroanisole O-demethylase

450
and aniline hydroxylase {122,127}). It is of interest that the enzyme activities
were reduced in a dose-dependent fashion after lead treatment (127) Inlcontrast,
lead increased lipid and phospholipid levels, and produced extensive alteratioﬁs'
in the membrane structures of liver Kupffer_and parenchymal cells (l22,l28).

Thus, it is evident that although the liver is not a major site of 'lead

accumulation this tissue is susceptible to the effects of this non-essential .

element.

F. Effects of Lead on Kidney. Biochemistry and Function

The most common pathological change noted in chronic plumbism is contracted
- kidney or interstitial nephritis and is.associated with the accumulation of

-~metal in-the nuclei of proximdl tubular epithelial cells (70) It is

noteworthy that the presence of intranuclear inclusion bodies was detected in o

rat kidneys at concentrations of lead lower than those required ta produce

hematologid‘changes suggesting that renal tissue may be more susceptible to the

»
R

effects of this metal (129). Since the dose-dependent-increase in repal lead
content was not accompanied by a corresponding enhancement of urinary metal . -

. excretion, it was suggested that the storage of lead in intranuclear inclusions

-



may be partially responsible for this effect (129) Solubility and amino

28

acid composition analysis of these lead-containing bodies revealed that these

bodiles displayed a .strong resemblance to ‘the residual acidic proteins of renal

¢

‘nuclei and that_ de novo protein synthesis was'a critical factor in the -

development of
: _ . . , .
that the intranuclear storage of lead may be 2 protective mechanism to ‘spare .

cytoplasmic organelles from damage and preserve metanolic_functions.

intranpclear leéad intlusions (130,131). Evidehce indicates ,

L -

One of the cell organelles found to be highly susceptible to damage in

various tissues, including Ehe kidney, liver, intestine, placenta.and heart is

Lo . g
|
[

the mitochondrion (10) Chronic administration of lead to rats results in

mitochondrial

observéd reduc

swelling in proximal tubular cells {132).* In addition: the

tion in respiratory control ratio for the substrates pyruvate or

L] * . ] ) .
malate indicated that this metal exerted a deleterious'effect.onJmitocnondrial

: e

oxidative phosphorylation;' Indeed, Goyer (8) suggested that decreased , . *f> .
: ' . I .

mit‘ochﬁndrial

function may play a role in the lead-inflicted enhancemept”in the

observed renal excretion of amino acids. . : \-\ ~

A wide variety of metabolic reactions in kidney are also-adversely
affected by chronic administration of lead. "Prolomged heavy metal treatment

as found to elevate the actiVities of the enzymes fetuin :sialic acid

-

transferase, collagen: glucosyltranferase and protease, while a reduction

<+
was noted in glucoie synthesis and - pyruvate metabolism (133 134). In addition,

animals suggesting that cell lysis may play a role in the lead-inflicted

kidney damage

'““‘“”the activ1ties of some lysosomal enzymes tended to increase Ih metal-treated

- . . N ] 1
(133). | | . . .

&

Chronic treatment of ratsg or mice with lead compounds produced adenomatous

~and carcinomatous tumours in the kidneys of these animals (135 137) Since

, lead was found to initidte abnormal cell growth and 1ncrease kidney weight,

i

various'investigators studied the effects of lead on certain aspects of tissue



-- 29 ..
ot . . .

growth. Choie and Richter (138) reported an increase of mitotic 1abelling in

renal proximal and distal tubular epithelium one day after a single injection
r "
of 1ead in the rat. In the mouse;, the elevation in DNA synthesis was preceded

by‘ increased RNA and protein 'synthesis, and augmentation was seen. in the RNA:DNA
and protein DNA ratios {16, 139). -Since the administration of actinomycin D or
cycloheximide immediately after lead‘treatment abolished the alterations in £ ﬁ
nucleic acid ‘and protein synthesis, Choi\\and Richter (16,139) suggested that e
the léad-induced cell proliferation in mouse kidney, as evidenced by increased

- DNA replication, probably occurs sequentially after RNA transcription and’ E . |

o
protein synthesis. It is of intere.hat va.ggt:.s types of mammalian - cells

cultured in vitro failed to grow after the addition of low concentrations . "

.

'_of,lead'to the culture medium (140,141). It is evident that. lead exerts a.

5 | - , - - j
" rather varying influence on mammalian growth patterns and further studies -
- a¥e essential ‘to-understand the manner by which this metal affects tissue -

.development. o ' = ' ' . H?&'

G. Cardiovascular Effects Inflicted by Lead

Several reports demonstrated that lead may cause vascular damage characterized
by arteriosclerosis, fa?ty degeneration of blood vessels, and proliferation of
perivascular connective tissyue (142). Tn addition, chronic lead poisoning

was\found ‘to .produce arterial hypertension in rabbits (143). Treatment with

- t . f

v . this metal resulted in abnormal myocardial mitochondrion function as evidenced
<

. by histopathological and metabolic changes such as reduced oxygen utilization

and decreased oxidative phosphorylaticn (10,142,144,145). A gimilar inhibition

in cxidative phosphorylation was seen when lead was added to in vitro _' T

)

preparations of heart mitochondria (146), and surprisingly, the observed
‘mitochondrial damage was not. protected by the addition of chelating agents to .

the medium. QIt.is of interest "that the activities of the cardiac enzymes

ferrochelatase and 5-aminolevulinic acid dehydratase, involved in heme

. .
. a
. . ) »

1
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synthesis, were also reduced in chronically 1ead-treated rats (145).‘ e
Although lead appears to exert adeleterious effect on myocardial tissue,‘ /

' LY
.j the nature of the metal-inflicted heart damage requires further investigation.

- s .

_V. CARBOHYDRATE METABOLISM IN MAMMALIAN TISSUES

rd

The main;enance of glucose homeostasis in mammalian organisms is
essential for many cellular activities which require energy derived from the

metabolism of carbohydrates. Glucose, the pringipal carbohydrate found in
: the body, ig metabolized in the presence of oxygen to carbon dioxide and

water. releasing 686 kcal/mole of - energy in the process of glycolysis. It isj

. !

of interest that glucose deprivation in the ceittral nexvous system leads to

convulsions and irregularities in brain fhnotion, which may be restored to s

normal by the administration of glucose.

A. Role of Liver and Kidney in Carbohydrate Metabolism *

- - In mammalian systems, the full enzymatic potentiai for glucose synthesis

4

. from non—carbohydrate precursors as well ags glucose degradation via the

glycolytic patiway is present in both hepatic and renal corticalitissue.

‘' Gluconecgenesis comprises’ the synthesis of glucose from lactate, pyruvate,

.

glycerol.and certain aﬁino acids. When the ingestion of carbohydrates is

_1imited and body glycogen stores are depleted, hepatic and renal tissues ',\\
provide glucose for the body throuip the synthetic process of gluconeogenesis.
The four key, rate-limiting enzymes of gluconeogenesis are pyruvate carboxylase,
phosphoenolpyruvate carboxykinase. fructose 1,6-diphosphatase and glucose

s-phosphatase. These enzymes catalyze irreversible reactions in the formation

*

of glucose frem non—carbohydrate Pprecursors, and are predominantly 1ocated in
A R

1iver ‘and kidney cortex, although minor amounts of pyruvate carboxylase,
phqpphoenolpyruvate carboxykinase_\_d fructose 1,6-diphosphatage activity have
been demonstrated in skeletal muscle {(147). Pyruvate carboxylase is the enzyme

L)
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involved in the synthesis of oxaloacetate from pyruvate, wheyeas phosphoenol-

"oxaloacetate into'phosphoenolpyruvate. In addition to/ pyruvate, malate and

aspartate can also be converted'intc7phosphoenolpyruvrte. The other two

impontant gluconeogenic enzymes are fructose 1,6-diphosphatase and gluqrse

6-phosphatase. Fructose, 1, 6-diphosphate is converted to \fructose 6-phosphate

by fructose '1,6-diphosphatase, while glucose’ is the end-pr_ uct of the

= i
reaction catalyzed by glucose 6-phosphatase. . '
Various factors are known to be involved in the regulation of glucose

* r

synthesis in the body. Certain drugs, hormones, dietary factors and the

physiclogical state of the organism are all capable of influencing carbohydrate

metaholism in mammals. In addition* glugoneogenesis may be modulated by the T
r : {:
ﬁ'availability of substrates,hssential for this process. Levels of several C i
N : |
amino acids can be altered by diet, fasting, obesity, pregnancy, exercise,. '

. l .

renal failure, as well as by administration of insulin, corticosteroids,

i
! =.

,gludagon, catecholamines and growth hormone. The supplies of lactate, pyruvate

and glycerol are also under the control of catecholamines and insulin (1494.
- Tl

From the circulation, substrates must enter specific cells for trang-

-~

formation into glucose. The uptake of substrates by hepatic cells may also

' be influenced by several hormones such as glucagon, insulin, cortiscl and

grcwth hormone.. Glucagon stimulates net uptake of alanine, glycine, arginine,
lysine and phenylalanine by the liver (149). similarly, growth hormone, cortisol
andgepinephrine have been found tp increase hepatic accumulation of various

' amino acids (150). In contrast, there is evidence that insulin may deprass the
hepatic uptake of amino aﬂids. The transport of metabolites across the inner

- mitochondrial membrane, which appears to be carrier-mediated, may also be
suhjected to mcdulation.~ It has been ::;Eested that the entry of pyruvate

to liver mitochondria may be a contr point at which gluconeogenesis is

i
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influenced by epinephrine, glucagon and cortisol (151)

The synthesis of glucose, from non—carbohydrate precursors may also be
.controlled !ig_modulation of the activities\of various enzymes, including
the enzymes involved directly in synthesis‘of glucose or those competinef
for gluconeogenic substrates. Pyruvate carboxylase is a key enzyme in
' gluconeogenesis since it is instrumental in determining whether pyruvate is

-

converted to oxaloacetate or oxidized to acetyl-CoA. The mitochondrial level

of acetyl-CoA may be a major factor influencing the conversion of pyruvate to

-

. glucose 'since this intermediate is an allosjgric activator of pyruvate

carboxylase (152}. Furthermore, several additicnal effectors have been reported "
to influence pyruvate carboxylase activity including cat++, Mg+, pyruvate,
acetoacetyl-CoA, B-hydroxybutyryl-CoA, malonyl—CoA, coenzyme A and aspartate

(148). Regulation of pyruvate dehydrogenase is also important in the control . -
of gluconeogenesis because this enzyme competes with pyruvate carboxylase for
pyruvate. This enzyme has recently been found to be subject to regulation by

a phosphory1ation-dephosphory1ation reaction sequence {153) . Phosphorylation, ]
occurs on the pyruvate dehydrogenase component of the enzyme complex and causes

a proportional decrease in overdll enzyme activity. Phosphorylation and ' !

inactivation are catalyzed by an, amP-specific kinase, and dephosphorylation
d activation are catalyzed by a phosphatase. Both the phosphatase and the

kinase enzymes are Mgtt dependent. The phosphatase requires ‘about a lo-fold )

higher Mg+ concentration than the kinase for ‘optimal activityi It is thus

possible that the enzyme phosphatase is regulated by the intramitochondrial

level of free Mg++ which in turn, may depend on the ATP/ADP ratio (153) .

i The enzyme. phosphoenolpyruvate carboxykinase, has been suggested to be

a major site at which cyclic AMP acts indirectly or directly to activate

gluconeogenesis (154) . gulatioh of the synthesis of phosphoenolpyruvate

' carboxykinase is probably an important factor in long-term adaptat\ons of
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_glpconeoqenesis_in conditions such as diabetes, stdﬁyation, birth and gluco-

”

corticoid admipistration. Pﬁbsphoenolpyruvate carboxykinase activity is
increased in the liver By_glucocorticoids, fasting, glucagon and iactate, or
during diabetes induced Sy alloxan, mannoheptglose or pancreatectomy flSS).‘
This stimulation of phosphoenclpyruvate carboxykinaée activity is apparently due.
to iﬁgreaséd enzyme synthegis (155). Insulin is effective in suppressing
.phoﬁphognolpyruvate carboxykinase, perhaps Fhrough decréaéed cyclic AMP levels ﬁ

-

(156) or altered supply of hepatic amino acids (157).  Stimulation of

glucagon“(159) and isoproterenol has alsoc been reported. Furthermore, glucagon‘

!

i

i

phosphoenolpyruvate carboxykinase by treatment with glucocorticoids (158), t
) i

i

|

and isoproterenol stimulation of the activit} of phosphoenolpyruvate i?rboxykinase
has been shown to be mimicked by cyclic AMF (159).
The reaction gsegquence between pyruvate and phosphoenolpyruvate represents
another major site of control for the process of gluconeogenesis. It is .
possible' that the régulation ‘of this reaction may partly involve alterations ‘
in pyruvate kinase. This enzyme exists in multiple forms in liver, some of . ‘/5’
which.are gllostericaliy activaﬁed bylfructosé l,ﬁ-diphpsphate (160) . Stérvatioé, |
diabetes and birth decrease fhe activity of pyruvaté kinase in liver tissue (1615.
Fructose 1 6-diphosphatase is another potential site of control of
gluconeogenesis and is subject to allosteric control by adenosinie 5‘
monophosphate (AMP) and fructose 1 6-diphosphate. The inhibition of fructose
1, 6-diphosphatase by these compounds would complqnent their stlmulatory action
on phosphofructokinase and could play a role'in the inhihition of.qluconeggenesis
by anoxia (148). It is of interest that administration of corticosteroids to
rats has been réported to increase the activity'of fructose 1,6-diphosphatase

in rat liver (162)- .

Glucose 6-pho-phatasejls known to be almost exclusively confined to

liver and kidney. It catalyzes the conversion of glucose 6-phosphate into

- 9
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glucose, liberating a phosphate moiety. This reaction is inhibited by,citrate,

.

palmityl-CoA, phosphate, bicarbonate, adenosine 5'-triphosphate (ATP) and
adenosine 5'-diphosphate (ADP) . Some of these metabolites may play a role in

. the physiologiqal regulation of glucose,s-phosphate hydrolysis (163).

i

Thus, ‘gluconeogenesis is subject to several oontrol processes which
include the supply of substrates from peripheral tissues, substrate uptake by

the liver, transport of metabolites across the mitochondrial membranes and

altered activity of enzymes involved in glucose metabolism. Furthermore,
changes in the levels of ATP, ADP, AMP, cyclic AMP, Mg++ and Catt also- ‘seem to
play an important role in the regulation of gluconeogenesis.
Schlmmel and Knobil (164) found that starvation enhanced serum glucose.
. levels as well as the production of 14C-glucose from labeled_alanine. ladtate,
pyruvate an;<glycerol in nepatic tissue 'slices. Statvation also stimulate '

the activities of pyruvate carboxylase, phosphoenclpyruvate carboxykinase,

fructose 1,6-diphosphatase and glucose 6-phosphatase'(165). " The elevation:of

various gluconeogenic enzyme activities was accompanied by alfallfin the

concentration ot valine'and alanine *(165) . Ducing starvation, there'is a

stclking change in the role of the kidney cortex since it contributes almost

as much as the liver to overall glucose production (166). This shift‘ is ‘m‘
believed to be attributed, at least in pa;t, to changes in the acid-base .

balance in the blood caused by an.increase in the body's production of ketone

e
s
H

bodies.

-

Hypoxia and’ tHe consequent loss of oxygen supply to the liver also-exetts
profound effects on carbohydrate metabolism. pallard (167) found 14
lactatef 14c—serine and 14C—aspartateherenot incorporated into labeled glucose
in'z-day old rats exposed to a 100% nitrogen atmosphere. Similarly, Philippidis
and.Ballard (168,169) found that gluconeogenesls was supptessed in fetuses

subjected to hypoxia. Inhibition of gluconecogenesis and activation of
a .
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glycoiysis has also been demonstrated following hypoxia.in perfused rat livers

(148) .. Although the

mechanism by which hypoxia suppresses gluconeogene51s is .

unknown, it is believed tc be due to a fall in the concentrations. of hepatic

pyruvate and oxaloacetate (170, 171)

‘A.

Pregnancy is associated with an altered metabolic state since the fetus is

dependent on maternal s'uhs_trates (172-,173). Hexrrera et ll_‘ (174) found an

, . .
enhanced gluconeogenic capacity in livers of preqnant rats administere 140-

pyruvate and suggested that the observed increase in gluconeogeneSis was probably

elated to the large

Similarly, lactation

demand made by the fetus on the maternal glucose supply.

makes extra demands on glucose S pply.in mammals and the

-

gluconeogenic pathway is the major route by which the rganisn\is,supplied'with *

glucose in this condition (148).- Alterations in carbohydrate metabolism

o |

have also been observed during exercise. Krebs et al. (175) demonstrated an .

enhanced rate of gluconeogenesis from lactate, pyruvate and fumsrate following

'muscular exercise.

production of glucos

sanchez-Medina et al. (176,177) not only found an increased

e from lactate and pyruvate in exercised rats, but also

a stimulation of hepatic and renal phosphoenolpyruvate carboxykinase activity.

Disturbances in acid-base balance also exert profound effects on carbo- -

hydrate metabolism in-the kidney. Goodman et al. (178) ‘demonstrated that in

ammonium chloride-induced metabolic acidosis, there was a resultant enhanced

renal gluconeogenesis. They cbserved an increased incorporation of several non-

carbohydrate precursors into glucose in rat renal cortical slices. In addition,

marked stimulation in the activity of renal phosphoenolpyruvate carboxykinase

was.noted during metabolic acidosis induced by ammpnium chloride (179). 1In

.contrast, metabolic

alkalosis induced by sodium bicarbonate loading was found

to significantly depress the synthesis of glucose by renal cortical slices

‘(178) . As expected,

metabolic alkalosis

net glucose production in dog kidneys was decreased in

(180).

[ PP P
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‘Diabetes in man or experimental animals is charaoterired by a disturbance
in carbohydrate metabolism and is associated with secondary alterations in
protein and fat metabolism (181). Weber et al. (182) demonstrated a marked
decrease in the activities of various glycolytic enzymes in alloxan d}abetic——a_—v—x\
rats. Recently, Singhal et gl..(183) found that administraticn of streptozotocin
induced diabetes in rats and significantly lowered the actiyities of key |

glycolytic enzyMes iwrliver tissue. In contrast, the activities of various

gluconeogenic enzymes were markedly elevated in livers of alloxan- and

' streptozotoazn-induced diabetic rats (15,155,157,183, 184). It is of ‘Interest,

e - e cn B b+ b

that insulin treatment prevented the diabetes-induced rise in various'gluconeogenic4

,-enzymes (lS?)l Thus, alterations in gluconeogenesis are important in the
‘metabolic adaptations of man and other‘mammals to many physiological and
pathological conditions. The process of gluconeogenesis is altered under
situations including exercise, fasting, diabetes, pregnancy, lactation as well

’

as altered states of acid-base balance. In most physiological gituations, the

—— amd— T LS

hormones and other factors responsible for the observed changes are still not

clearly defined. ' -

’

v

B. Role of the Endocrine Pancreas in Carbohydrate Metabolism

The pancreas, via hormones secreted by the islets of Langerhans, plays a.
'=prdminent role in the regulation of carbohydrate metabolism. Glucageon and
insulin are secreted directly into the bloodstream from alpha and peta islet
cells, respectively. Pancreategtomy is followed by hyperglycemia, glycosuria
and other symptoms of diabetes mellitus, a disease in which the metabolism of . ;
carbohydrates, proteins and fats is impaired. k ) o o
It has been recognized for many years that one of the major metabolic .

abnormalities in diabetes mellitus is the accelerated breakdown of body protein

to yield glucose; Perfused livers.from diabetic rats synthesize glucose from
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1actate at almost three times the’ normal rate {185). ﬂuman diabetics as well

| as alloxan diabetic rats also show enhancement of gluconeogenesis from lactate,
pyruvate,'alanine or glutamate ig_gigg_(lﬁﬁ,lB?)_ It is of interest. that
insulin administration to diabetic rats reversed the observed changes in blocd
.glucose and hepatic glycogen as well as in various: enzymio activities (182, 183).

Prior administration of either actinowyoin D, ethionine, or cycloheximide ‘; coy

effectively blocked the insulin-induced rise in the activities of hepatic

glucokinase, phosphofructokinase and pyruvate kinase, suggesting“that the

‘action of insulin on diabetic 1ivers involved de novo enzyme biosynthesis (182,

183}. In contrast to hepatic glycolytic enzymes, the activities of pyruvate

[y

carboxylase,,phosphoenolpyruvate carboxykinase, fructose 1 6-diphosphatase )

and glucose 6-phosphatase were markedly elevated in livers of -alloxan- and

streptozotocin—induced diabetic rats (15,155,157,183,184). It_is interesting

hat insulin treatment prevented the diabetes—induced rise in the activitiek

of gluconeogenic enzymes (lST). Tissue metahoiite analysis points to the
reaction sequence between pyruvate andpﬁposphoenolpyruvate as a major site Y

for insulin control of gluconeogenesis. 'Insulin has been'found to inhibit

protein-breakdown in liver, but it is not known whethexr this is related to
‘a decrease in cyclic AMP'levels~(l4a). Thus, a major part,of‘tbe hypogliycemic

action of'insulin may be attributed to-inbibition of gluconeogenesis from amino

acids. o ' :
. ?

Although metabolic ahnormalities in ‘diabetes, have largely been attributed ff
to result from a lack of insulin, glucagon has also been recognized as an
important factor ‘in the metabolic consequences of diabetes (188). Recent evidence
indicates that plasma ;lucagon levels are normal or high in subjects with -
diabetes or in animals made insulin-deficient with alloxan or anti-insulin

serum, despite the existence of marked hyperglycemia {189). The failure to

«suppress glucagon secretion in the diabetic state no doubt contrib%}es to the

-
5 - . h



38

. gross imbalance between plasma glucagon and insulin and hence to the increased

.level of cyclic-AMP in the liver (148). In addition, the action of glucagon oh
) hepatic carbohydrate metabolism is believed toc be antagonistic to that. R ..
insulin (190). Administration of glucagon was shown to augment hepatic
gluconeogenesis fromrunhcarbohydrate precursors in man (191) and in perfused

livers (192). Glucagon treatment produced a rige in phosphoenolpyruvate . '

carboxykinase and fructose 1, G-diphosphatase activities whereas the activities

-
-

of hepatic phosphofructokinase and pyruvate kinase were decreased in the rat

(155,190]: A similar enzymic response was fOund 1n liver when glucagon was
1

adminigtered to humans (190). It is of interest that the concentration of

PO
glucose rises during glucagon perfusion and drops when the hormone is removed

(192). -

From the physiological pointﬁof view, the balance between the effects of !
glucagon and insulin may be the major regulatory .influence on the output of
,glccose by the liver. Menahan and Wieland (193) have shown in pexfused rat
liter preparations that the activation of endogenous gluconeogenesis by
‘glucagon could be suppressed by insulin. It has been proposed that the glucagon—

insulin balance nay regulate hepatic glucose output‘anauthat this effect may

be associated with modulation of hepatic cyclic AMP content {194,195). This .,
'concept of glhuQse output ‘control by the liver influenced by the balance of =
glucagon-insulin jnteractions is supported by studies on acute diabetes' induced |
.mbf injecting insulin. antihodies (156). Injection ‘of insulin antiserum was :
'associated with stimulation of glycogenolysis and gluconeogenesis. Presumably,
the activation of glucose output was due to neutralization of insulin, thereby
leaving unopposed the influences of glucagon and/or the basal discharge of the
'hepatic sympathetic system 6195). Thus, interaction of glucagon and insulin

may govern the hepatic olucose output and these effects may be associated with

. cﬁanges in hepatic cyclic AMP. . . i
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VER EKPERIHENTAL MODELS OF GRDWTH IN MAHHALS

A variety of models have been utilized in the investigation of physiological.,

and biochemical factors implicated ‘to playfa role in the regulation of_mammalian

L)

growth. Numerous studies have demonstrated that hormones secreted by the n' .
adenohypophysis, parathyroid and gonads stimulate growth in various tissues.
However, the most convenient manner in which to study the physiological and

biocchemical correlates associated with the regulation of tissue growth involves

investigation of their regenerative processes. Finally, certain drugs capable

_ i
. the use of surgical removal of a portion of certain tissues followed by the - .
{
i

of augmenting tissue growth have also been employed as. experimental tools in

. the elucidation of the mechanisms‘involved in cellular proliferation.

. “te -
-

A. Hormone-Induced Growth

» . -
)

The most obvious secretagogue which plays a role in‘growth,‘that is growtﬂ

.b

hormone secreted by the adenohypophysis, accelerates body and tissue growth in

developing mammals (196.197) In rats and mice, rodents capable of growth

S e s pT

thropghgut their lifespan, administration of growth hormone to adults was found | 3
‘thproduce gigantism (196); while in higher-order species acromegaly was
_observed in response to excess amounts of this peptide hormone (196).

Biochemically, growth hormone produoed an enhanconent in the transport of

peron

circulating amino acids ipto various organs as well as stimulation in the

ynthesis of RNA and protein within these tissues (196, 197) In addition, ‘ . x-l-”E
growth hormone increased the concentration of free fatty acids and glucose h - .
in the blood as well as augmhwted the capacity of liver to convert nonr i : .
carbohydrate precursors into'glucose'&lQG 197).. Whereas deprivation of growth e .
hormone in young developing mammals inflicted by hypophysectomy or ., |
congenital factors leads to pituitary dﬁarfism, replacement therapy Wlth

growth hormone was found to successfully reverse this- effect {196, 197) _It~
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is of interest that growth hormone produced an elevation in RNA polymerase
activity not only in intact rat liver (198). but cell proliferation and

v

increased DNA synthesis were also observed in thymic lymphocytes cultured in

- the presence of this hormone (199). In addition to growth hormone, other

hormones secreted by the adenohypophysis, such as the gonadotrophins, are
capable of initiating hyperplasia and hypertrophy of cells of the accessory

sex glands including the testes, prostate;\ovaries and uterus.‘ It is of
interest that in castrated male and female animals, replacement with testosterone
and estradiol, respectively was found to increase accessory sex gland size as

well as enhance the biosynthesis of DNA and RNA in these organs (200-202) :

similarly, administration of estradiol—l?ﬁ to immature chicks or-testosterone’

to immature rodents prbduced an elevation in nucleic acid synthesis and increased

*

accessory sex gland size (203, 204)
Parathyroid hormone, along with vitamin D, is essential for the

. regulati’on' of serum calcium levels and bone formation.’ Treatment with this A

-

hormone was found to enhance the intestinal absorptionandpmoximal tubular

absorption of calcium as well as reduce the retention of phosphate. ‘In

. conditions where a deficiency of paratherid hormone resulting from parathyroid—

L4

.ectomy exists, this abnormal hormonal imbalance leads to dental and skeletal
) malformations and subcutaneous calcification. It is noteworthy that the

ability of the thymic lymphoblast to undergo DNA synthesis and cell proliferation

- “

'is dependent on the presence of, parathyrcid hormone (205), such that thymic
atrophy has been attributed to result from a lack of parathyroid hormone.

Although the precise biochemical basis of cellular proliferation in

4 !

- mammalian systems still remains to be elucidated, numerous studies indicate
that alterations in polyamine metabolism play an important role in growth
processes, in particular macromolecule hiosynthesis (17, 206). Pegy and williams-

Ashman (200) demonstrated that the testosterone-induced increase in prostatic

I

£,

\

-
.~
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weights of orchidectomized rats was associated with a marked enhancement in the
activities of ornithine decarhoxylase and S—adenosylmethionine decarboxylase,

two of the enzymes involved in polyamine formation. Similarly, administration

 of estradiol to’ ovariectomized animals produced a significant increase in uterine

weights which was accompanied by a concomitant elevation in the activities of
ornithine'decarboxylase and s-adenosylmethionine deoarboxylase as well as the‘
endogenous levels of putrescine, spermidine and spermine (207). In:addition,
treatment of developing chicks with estradiol produced a parallel increase
in the accumulation of spermidine, spermine ahd RNA" in hepatic tissue {203).
Various investigators (208;210)‘have proposed that growth hormone may play_a
role in mammalian tissue pFoliferation through modulation in polyamine
metabolism. Administration of growth hormone to normal or hypophyseotomized
rats produced a ‘marked elevation in the activity of ornithine decarboxylase
'activity as well as in the endogenous putrescine and\spermidine levels in
liver and kidney (209 210). 'Since polyamines have been demonstrated to exhibit
_ a stabilizing and stimulatory effect on nucleic acid synthesis in mammals (17,
7206), it is of interest that the growth hormone-induced -elevation in hepatic
. ornithine decarboxylase activity was accompanied by a rise in the activity of
RNA polymerase in fed, fasted and adrenaléctomized animals (208).- .
Becently, a model has been proposed which suggests that the process of
cellular growth in mammals invplves stimulation of both polyamine formation
and the adenylate 9i’lase—cyclic AMP system. In castrated male or female rats,
replacement therapy with testosterone or estradiol, respectively produced '

an increase in accessory sex g¥and weight, cyclic AMP levels and the activities
tlof polyamine biosynthetic enzymes (200-265:204). The growth hormone-induced
proliferation of rat thymic lymphocytes was also accompanied by an elevation
in cyclic AMP levels in these cells (199). Whitfield et al. (199) have

demonstrated that parathyroid hormone produced an enhancement in DNA synthesis

~

ey

-
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and'mitotic activity in thymic lymphocytes which was. preceded by an increase
Jin the concentration of cyclic AMP. However, parathyroid hormone-induced
stimulation of cellular proliferation has not as yet been reported to. be_iz A
associated with enhanced polyamine biosynthesis, and it is conceivable that -

this hormone exerts jts eEfects through an-action off intra- and extra—cellular
calcium homeostasis (211). . | _ ; S

B. Surgically-Induced Compensatory Growth in Certain Tissues

. * r——n—

In recent years, various investigators have employed surgically-induced

compensatory growth(as an experimental model in an effort to elucidate the

' metabolic steps involved in*the initiation of cell proliferation.._ﬁurgical B
ablation of portions of certain tissues, including liver, kidney,'muscle and
1ung, has been demonstrated to produce an interval of compensatory growth

X

subsequent to partial removal of these organs (212-216). It has been established-
that partial hepatectomy results in a dramatic enhancement in DNA synthesis and

" is associated with elevation in the activities of the enzymes DNA polymerase,

thymidine kinagse and ribonucleoside diphosphate reductase during the phase of ..

regenerative growth (212 217) After u.nilateral nephrectomy, compensatory : ‘

hyperplasia .of the contralateral kidney was accompanied by a rise in the
concentration of DNA and RNA as Well as increased renal oxygen uptake (213;2l8),

In rat skeletal muscle, incapacitation of thé gastrocnemius muscle was followed

by cell ‘proliferation in the’ solens {(215) and plantaris muscles (214),

characterized by an increase in wet weight as well as enhanced DNA and RNA .
synthesis. It is of interest that unilateral extirpation'of rat lung was

followed by an elevation in mitotic“activity in alveolar cells of the

contralateral lung (216}. - - _ - - . \3\\

L

" various authors have suggﬁéted that the observed enhancement in nucleic

+

acid and protein biosynthesis in. rapidly growing tissues is related to increased

polyamine and eyclic nucleotide synthesis. partial hepatectomy was found to .

a




. initiate celluldr growth. and enhance the polyamine-synthesizing potential of

.remain to be resolved.

) proliferation in certain tissues. Short et al. (221) demonstrated that

) isoprotere?ol produced augmgntation in the incorporation of thymidine into.

~
.
[
I

. .43,

this tissue (219). In addition, partial hepatectomy resulted in a biphasic.

rise in tissue cyclic AMP levels and the observed cyclic nucleotide enhancement

preceded the elevation in DNA formation -(220) . 'It is of interest'that ' b
\ ] .

hypertrophy of’ the kidney in response to unilateral nephrectomy was accompanied

byian elevation in the activity of orni ne decarborylase (218), and the

observed increase was further enhanced by treatment with hydrocortisone'or

growth hormone during the period of compensatory growth The role of polyamines

3

and cyclic AMP in pulmonary and muscular growth following surgical injury still

. 3
- -~

.c.“ . . [}

C. Chemical Induction of Mammalian Tigsue érowth ;

[ - .

-~ A variety of chemical qompounds are known to produce stimulation of cell ' -

-'Fi-)i'l- -wl_‘r. ..l-’-

L sl e

administration of a solution containing triiodothyronine, amino acids, glucagon

and heparin produced a marked increase' in nuclear DNA formation in hepatocytes ' .

‘of unoperated rats. In addition, treatment with thioacetamide or asacytidine

SRT TR A

. also enhanced hepatic Dﬂnqsynthesis and this was accompanied by cellular .

proliferation (222 223) Guidotti et a1. {224) found that treatment with

" salivary gland DNA. Exposure to noxious gases such as nitrogen dioxide.
ozone and high concentrations of oxygen resulted in proliferation of type i1
epithelial cells that was accompanied by an enhancement "in the capacity of lung

to incorporate thymidine into DNA' (225-227). Recently, the paraquatﬁinflicted

b
[3
a
i
i
A
i
A
;

increase in type II pulmonary cells was found by Kacew and Witschi (228) to

be asgociated with stimulation in the activity of thymidine kinase ag well as

the incorporation of thymidine into DNA. Tn addition, witschi g&_gl: (229,230) f

»

demonstrated that the butylated hydrOxytoluene-stimulated increage in lung cells
was accompanied by enhanced thymidine kinase activity and DNA formation. 1In a

- i,

- v



S | _ SR
' EEEIE as . [ I - .
recent study, Palmexr et al. (2511 demonstrated that in rats exposed to cadmium

: v '
aerosol, a significant rise was noted in lung weight, cellular proliferation

and incorporation thymidine into DNA. Similarly, Kacew et al. (232) found'

"
¢

that exposure admium via the’ 1ntr peritoneal route augmented the capacity
of pulmonary tissue to incorporate ymidine into DNA. It is of interest that

cellular proliferation in renal tigsue can also be initiated by & variety of

. agents. Comber and Taylor (233) noted a significant elevation in kidney DRA

synthesis of folic acid-tredted rats. In recent reports, Choie and Richter
4

+{16,139) demonstrated that in mice given a single inttacardiac dose of lead,

a marked elevation resulted in the biosynthesis of renal DNAgsas well as in

e ————e .
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. the formation of RNA and prbtein.' A similar'augmentation in the incorporation
of thymidine'into mouse kidney'DNA was noted by Cihak and Seifertova (223) in
mice administered lead acetate by the intracardiac route, however, the observed .
increase in nucleic acin biosynthesis was independent of any apparent change in
the activity of thymidine kinase, an important enzyme involved in DNA synthesis.
It is of ifterest that Kacew et al. (232) demcnetrated-that the cadmium-
inflicted alterations in renal function were associated with a depression in

the incorporation of thymidine into DNA. Data thus indicate that various

chemicals‘can be employed as experimental tools in tne investigation of growth

in renal‘tissue.
Recently, various investigators have propoeed that alterations in polyanine
metabolism are closely associated with nucleic acid biosynthesis, in particular |

RNA, in rapidly growing tiseues (17,206). Increases in tissue polyamine content ,

assoclated elevated RNA syntheeis have been observed in 1ivers of

ide-treated rats as well as in various tiesues of developing neonatal
rats (222\234). It.is of interest that c;methyl ornithine, a potent competitive
inhibitor o ithine decarboxylase, has heen_demonstrated to produce - a marked

" depletion in polyamine content and a subsequent reduction in tnymidine incorporation



- - a5
into DNA in hepatoma tissue culture (235). A similar positive correlation

between enhanced incorporation of thymidine into pulmonary DNA and a rise in

the 1evels of putrescine, spermidine and spermine was recently found in lungs

. of cadmium-exposed rats (236); Similarly, hypertrophy of the kidney in response

to folic acid treatment was accompanied by an elevation in the activity of .

ornithine decarboxylase and augmentation in DNA synthesis {206,233). In contrast,

. the reduction in the incorporation of thymidine into renal DNA was associated

with a-significant rise in the endogenocus concentrations of putrescine, spermidine
. ‘ ‘ )
and spermine in kidneys obtained  from animals given cadmium (232). It is thus

evident'that_polyamine metabolism may be associated with the biosynthesis of DNA

as well as'RNA‘in intact mammalian tissues. Indeed, the observed enhancement
in nucleic acid and protein synthesis initiated by polyamines gn_vitro , has.

led several‘investigators {17,206) to suggest that the in vivo growth and
~

: development of certai issues is’ dependent upon the presence of polyamines.
NG

Although consi erabietexperimental data indicate that polyamine metabolism
is sapsely associ ed with the synthesis of nucleic acids, there is a growing
body of evidence to suggest that modulation in the adenylate cyclase-cyclic
AMP system may be a prerequisite for triggering- mammalian DNA synthesis. Short
et al. (236) found that administration of cyclic AMP to rats produced a
marked increase in the incorporaticn of thymidine into-liver DNA as well as in

the activity of ornithine decarboxylase. It may be noted that in parotid glands,

"the isoproterenol—stimulated elevation in the adenylate cyclase-cyclic AMP

system was also followed by a subsequent increase in the incorporation of
thymidine into DNA (224,237). Similarly, Kacew et al. (232) demonstrated

that the cadmium—inflicted augmentation in the incorporation of thymidine into
puimonary DNA was preceded and accompanied by.a rise in ‘-e endogenous levels

of the triad of polyamines’as well as cyclic AMP. A gimilar “positive correlation

between the rise in cyclic AMP and the augmentation in DNA synthesis was
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ocserved in kidneys cf folic acid-treated rats (233). The cbseéved cepression
in the incorpofntion of'thymidine into renal DNA was also associated—with a
fe&;;}n the endogenous levels of cyclic AMP in rodents administered cadmiumn
(232).' Indeed, administration of aminophylline, a cyclic nucleotide phosphodi~
esterase inhibitor, produced'an elevation in endogencus cyclic AMP levels in the
rat ad;enal_meduiia, followed by a marked stimulation in ornithine decarboxylasge
‘activity (238), suggesting that activation of the acenylate cyclase-cyclic
AMP system may also play a role in the reculeﬁzcn of bolydﬁ&ne biosynthesis.
However, the phenomenon of alterations in the adenylate cyclaae-cyclic AMP
system as a necessary trigger for DNA synthesis is not universal. Indeed; in
transformation viruses and cultured fibroblast 3T3 celle, enhancement in DNA
.lformation was associatedlwith depreSBEd cyclic AMP levels (239); Recentlf,
Witschi et al. (230) demonstrated that the. dramatic increase in thymidine
kinase, DNA polymerase and the incorpofation of thymidine into DNA in mouse
lung induced by butylated hydroxytoiuene was not associated with any alterations
in the adenylgte cyclase-cgclic AMP syetem. '
Tt is thus evident that the érocess of mammalian tissue growth c;n be
studied with the use of a variety of hormonal, suréical and chemical technigues.
Whe;eas polyamines, cyclic AMP and calcium ions haye been proposed to play a
role intheinitiation of cellular proliferation in mammalian organismq, there

still remains considerable uncertainty as to the possible hiochemical‘mechanisms
involved in the regulation of mammalian growth. ' 2
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. 3. MATERIALS AND METHODS o .
I. ANIMALS

All animals were obtained from Canadian Breeding Farms and Laboratoriee
(CBFIJJ St. Constant, Quebec, and maintained on Master Laboratory Chow °
and tap water ad libitum throughout: the treatment periods. In subacute studies,

male rats of the Sprague-Dawley strain weighing about 125 g were used, while

J the initial weight of animals in chronic studies was approximately 100 g.

Unless otherwise gstated, all rats were starved overnight (16 hours) prior to

sacrifice. - ’ . -

II. STUDIES ON NEONATAL RATS

Lactating female SPrague-Dawleﬁ rats with one-day old pups were obtained
£rivm CBFL for use in chronic oral studies. In the f£irst series of experiments,
lactating females were administered 2% Pb (as lead acetate} in the drinking
watexr, according to a modification of the method of Peritschew and Garro (92).
fupe'were then weaned at the age of 21 days and randomized into groups of 10
animals. Subsequentiy each set of‘rats receited either'zo, 40 or 80 ppm Pb
{as 1ead acetate) in the drinking water until the age of 56 days, while‘ccntrols
received a solution containing 80 ppm sodium acetate. Water-intake and body
weights were recorded throughout the study.

Another study to examine the effects of lead 39 owing rat puns was

performed according to a modified.method of Golter and .
Rat pups were treated with a dose of ‘50 ug lead (as 1lead \acetate) !ig_gastric
intubation daily for the first 21 days after birth. Thede animals were
subsequently weaned on Master Laboratory Chow and water ontaining 80 pprt Pb
(as lead acetate) for a duration of 5.weeks. Pups Jere randomi ed'into groups

of 10.” Controls received corresponding amounts of th (sodium acetate).

In thie study at 1east g animals per group were also killed 2 and 4 weeks after N

-4.

-
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the start of the trdatment. 'gorresponding.co trols (8 rats per:group)‘were
sacrificed at 2, 4 and 8 ueeksf .

III. PREPARATION OF SAMPLES FOR ASSAYING GLUCOSE, GLYCOGEN, UREA, INSULIN AND

GLUCONEOGENIC ENZYMES

' Animals were killed by decapitatiop and blood was collected for.the
determination of élucose and urea. The kidneys were quickly excised and their
‘cprtices dissected and weighed on a torsion balance. A small portion of liver
was also rapidly rqnoved. weighed and used for the assay of glycogen. The
remainder of the liver was removed, weighed and 5% homogenates of both hepatic
and renal cortex E*FSue were prepared in 0.15 M KCl, pH 7.4. Homogenization
was effected with a chilled Potter-Elvehjem homogenizer (Fisher Scientific Co.,
Fairlawn, N:J:) fitted withla Teflon plastic pestle spinning at -about 700 rpm
for exactlylgo seconds; after removing an aliquot of the homogenate ror the
determination of glucose 6-phosphatase and protein,.the homogenate was
centrifuged for 30 minutes at 100,000 x g at 0 c‘ﬁf'; refrigerated International
preparative model B-60 ultracentrifuge (International Equipment Co., “Needham
eights, Mass }« The supernatant fluids were decanted and stored in poly-
. propylene test tubes immersed in crushed jce for the assay of pyruvate b
carboxylase, phosﬁhoenolpyruuate ;arnoxykinase, fructose'1,6-diphosphatase-
and‘protein. . . |
A. Blood Glucose, Serum Urea and Liver Glycogen peterminations
% . |
: Blood glucose was measured according to the method of Somogyi (240)

and expressed as milligrams per 100 ml. The concentration of urea was
"determined in serum according to thexhkease method of Bernt and Bergmeyer

(241), and given as milligrans per 100 ml. The anthrone method of Seifter
.EE al. (242) was used for the assay of hepatic glycogen and data are expressed

as g per 100 g tissue. Protein was determined in both hcmogenate and supernatant

- »
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. assay of glucose 6-phosphatase activity in liver- and kidney cortex. The

: performed to establish linearity with regard to time and amount of tissue and

6~phosphate metabolized per hour per g tissue and expressed as qu‘IEic

. - : ’ 49 o : .

. . N . i .- . : &
fluids of kidney and liver according to the method of Lowry et al. (243),
and given as mg per g tissue.

B. Preparation of Tissue Samples for the Assay of Gluconeogenic Enzymes

*

The activities of pyruvate carboxylase, phosphoenolpyruvate carhoxy-
kinase and fructose l,s-diphosphatase'were measured in the 100,000 x g

supernatant fluids. In contrast, the whole homogenaté was used for the

\

activity of pyruvate carboxylase was determined at 340 nm in a constant

recording Unicam spectrophotometer model SP 800 (Unicam Instruments Ltd.,
Cambridge, England) thermostated at 37°¢. Preliminary experiments were

¢
in each case, enzyme activities were assayed under strictly linear kinetic
conditions. PyruVate carborplase, phosphoenolpyruvate carboxykinase_and
fructose l,6-diphosphatase activities were calculated as?micromoles of
substrate metabolized per hbur'per g of tissue and expressed as gpecific

activity per milligram protein in the supernatant fluid. In contrast, the

'activity of glucose 6-phosphatase was calculated as mioromoles of glucose

activity per milligram protein in the homogenate.

. (a) Pyruvate Carboxylase

Pyruvate carboxylase activity was measured according to the method of
Scrutton et al.? (244). The assay was based on the rate of disappearance of
NADH in a system coupled to malic dehydrogenase.‘ Tne following components.
at the designated final concentrations, were added in the reaction mixture
(final volume, 1. 0 ml) in the sequence qiven- Tris buffer (pg'? 8), 100 mM;
HgClz, 5 mn; ATP, 1 mM; Na yruvate, 20 mM; KHCOE, 15 mMi cysteine, 20 mM;
acetyl coenzyme A, 0.1 mM; NADB, 112.5 mM; malic dehydrogenase, 50 pg of

protein. The reaction was initiated by addition of an appropriate dilution
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of the supernatant fluid and. changes in optical density were recorded for

at least 5 minutes against a blank whicﬁ contained no pyruvate.

(b) Phosphoenolgyruvate Carboxykinase

. Enzyme activity was determined according to the procedure of Phillips

and Berry (245) based on the conversion of oxaloacetate to phosphoenol-

pyruvate which is subsequently allowed to react with alkaline h&poiodide'to

produce a resultant inorganic phosphate. The reaction mixture (final volume

v

“~2.0 ml) contained the.following components added in the given order: Tria

buffer (pH 7. 5), 88 mM; MnCl . 40

mM; XF,| 200 ‘mM; inosine triphosphate,

45 mM; oxaloacetate {pH 7.0) » 32 WM. The blahks were devoid of the substrate,

oxaloacetate. The reaction was initiated by the addition of the supernatant

£1luid corresponding'to 5 mg wet weight of tissue and stoppedlby 10 '\

trichloroacetic acid. The Supernatant was decanted, reacted with sodium '

hypoiodide for 10 minutes, and then centrifuged at 1,000 x g in a clinical -

??'

3_cent£ifuge (International Equipment Co., Needham Heights, Mass.). - The

'supernatant was decanted to’ remove the preclp:.tate(iodofom) and inorganic -

| -
phosphate was measured colorlmetrlcally according to the method of Fiske and

Subbarow (246) using a Klett-summeison Photoelectric c°1orimeter (Klett

Manufacturing Co,,;ﬁ.Y.).

(c) Fructose 1.6-Dibhosphatase -

Fructose 1,6-diphosphatase activity was determined by measuring the release

of inorganic phosphate from fructose l,G-diphosphate and complexing the .

remaining substrate with borate to allow the reaqtion to proceed to completion

according to e‘method of Weber

and Singhal (162)}. The following cohponents,

. C
at the designated final concentrations, were added to the reaction mixture

(final e 1.0 ml) in the given sequence. glycyl-glycine buffer (pH 7.4},

10 mM; Hgso . 10 mM; sodium borate (pH 7 4), 30 mM; fructose,l 6-diphosphate,

-~

-

e
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.50 mM. Blanks contained no fruetose 1, 6-diphosphate. The reaction was
started by adding supernatant fluid corresponding to 5 mg wet weight of the
tissue and terminated by 10% trichloroacetic acid. The supe;natants were
decanted and inorganic phosphate was measured according to the method of

Fiske and Subbarow (246) using a Klett-Summerson Pnotoelectric Colorimeter.

(d) Glucose 6-Phosphatase’

Glucose B-Qhosphatase was measured according to the method of ;Singhal

{(247). The assaf was based on the rate:of formation of glucose and inor-

- ganic phosphate from glucose G-thsphate. The reaction mixture {(final volume

1. O.ml) contained potassium citrate buffer(pH 6. 7), 33mM and glucose 6-

‘....' . i

"phosphate, 10 mM.’ Blanks vere devoid of any.z:fgose 6—phosphate. The reaction

was initiated‘'by adding the homogenate corresponding to 5 mg wet weight of ' .
-the tissue and stopped by 10% trichl roacetic,acid. The supernatants were

Tdecanted and inorganic phospﬂa was determined by the method of Fiske and

‘.\ .

Subbafow (246) using a Kiett-Summerson Photoelectric Colorimeter.

-
-

C. Insulin Determination

Insulin was determined as immunoreactive ‘insulin {IRT) by the method‘ .

of Hales and Randle (248} using- the commercial kit available from Amersham/

Searle Co. (Don Mills, Ontario) This assay was essentially an !sotope dilution
125 ‘ :

technique in which serum IRI and a known amount of I-labeled insulin was
T
allowed to react with anti-insulin gerum to form an insulin—antibody complex.

The complex was recovered by filtration and the amount of.lzsI—laheled insulin

in the complex was inverselg proportional to the concentration of IRI in the - .
serum sample. The amount of IRI in the sample was calculated by eference to
a standard curve obtained with rat insulin (Novo Research Instigufe, Bagsvaerd,

n . X +

Denmark) .



IV. PREPARATION OF 'I‘ISSUE SAMPLES AND PROTEIN KINASE FOR ASSAYING ENDOGENROUS

LEVELS OF CY¥CLIC AHP

_Approximatel’y 100 my of renal cortex, hepatic.and pulmonary tissue were
quickly frozen in liquid nitrogen and homogenized in 3 ml of 5% trichloroacetic
acid. Homogenization was effected with a chilled Potter—Elvehjem hémogenizer
(Fisher Scientific CO.,- Fairlawn, N.J.), fitted with a plastic Teflon pestle
spinning at 700 rpm for exactly 90 seconds. The hcmogenate-was then spun

- for 15 minutes at 1,000 x g in a refrigerated PR—GOOO centrifuge (International
. Equipment Co., Needham Heights, Mass. ) ahd 0.2 ml of 1 N HCl was added to the
supernatant. The trichloroacetic acid was removed, by extracting with 4 volumes
of anhydrcus ether and the ‘remaining supernatant: was lygphilized overnight using
a freeze-drying lyophilizer (Virtis Co., Gardiner, N.Y.). -'I‘he. freeze-dried
reaidue was dissclved in 0.5 ml of distilled' water and ¥he concentration of

cyclic AMP was determined according to the protein-binding method of Tovey eb
.

5

al. (249). , ’ e -

A. Preparation of cyclic m'IP-DeEndent Protein Kinase

The procedure described by Xuo and Greengard {250) was used'for the
.preparation of cyclic AMP-dependent protein kinase from e heart. . All
-+ steps useé in the preparation of the enzyme were‘ca‘rried outhktit 4°c, A fresh\
bovine lzeart -{about 1 kg) was obtained from a local slaughterhou'se and cut
.into small pieces. 'I‘ne tissue was then homogenized with three volumes of
neutral 4 M ethylenediaminetetraacetic acid (EDTA) solution for 2 min using'
& Waring Blendor. The homogenate was centrifuged at 27,000 x g. for 20 min and |
‘the pH of the ,.superna‘:nt was adjusted to 5.0with acetic acid (1 M). The
precipitate was. then removed by centrifugation at 27,000 x :; for 30 min the
. pH of the clear supernatant readjusted to 6.5 with 1M potassium phosphate

buffer (pH 7.2). All.buffers used in the succeeding steps of purification

-

BN l::\‘f-';.':
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o contained 2 mM EDBA.

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

' solution was centrifuged at 27,000 x g for 30 min and the precipitate discarded.

' of buffer. The dialyzed enzyme solution contained the requkred binding protein.

After dialysis, Tris HCl buffer, pH‘7.5, EDTA and bovine serum albumin (BSA) ;"' ;
. : ' . i ‘ B

-

' .
" eyelic AMP in a final volume of 200 ul. T o _

53 S .o

Protein kinase activity was precipitated from_the'neutralized supernatant

[

" after stirring for 30 min, the precipitate was collected by centrifugation

L

at 27,000 x g for 20 min and dissolved in 120 ml of 5 mM potassium phosphate
buffer (pH 7.0). The resulting solution was dialyzed overnight against 20
volumes of the same buffer with twolchanges of buffer. After dialysis, ‘the .

at

- The enzyme solution was applied to a column (10 x 40 cm) on DEAE-cellulose

equilibrated with 5 mM potassium'phosphate bhffer (pH 7.0). After the enzyme “ t

application, the column was washed with two bed volumes of 0.05 M potassium
hosphate buffer (pH 7.0); 0.3 M phosphate buffer (pH 7. 0) was then applied
to elute the enzyme. The active fractions were pooled and dialyzed overnight .

against 20 volumes of 5 mM potassium phosphate buffer (pH 7 0) Wlth two changes
B

; . i
Were added to give the following concentrations: Tris-HC1l buffer pH 7.5, /
50 mM; EDTA, 4 mM and bovine serum albumin, 0.1%. The congentration of binding °

protein was adjusted so that 100 ug of the solution would bind 55% of the

. . "

activity (zero dose binding) when incubated with 0.9 pmoles of .tritiated : ‘
N

B. eyclic AMP Determinaticn )k o | . ! '?

. ‘ . - 7} :

--cYc1io AMP levels were measured according to the method of Tovey et al. i
(249) based on a modification of the protein—binding method\of Gilman (251).

: \ _
¢yclic AMP was allowed to compete with a known amount of tritiated cyclic AMP,

for binding sites on a ecyclic AMP-dependent protein kinase. ' The cyclic
nucleotide-pratein complex was separated from free nucleotide by adsorption

of the unbound nucleotide onto a charcoal adsorbent. The actiVity of a 200 ul -

L4 .
1
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aliquot of the nucleotide-protein toffiplex was then measured employing phase-
combining system cocktail (PCS, Amershpm/Searle), a scintillation cocktail ‘<‘ o
-
for aqueous solutions. The following components, at the designated final
concentrations were added to the reaction mixture {final volume, 100 ul) in
the give;-sequehce- tritiated cyclic AMP (50 ul, 0.9 picomoles); homogenate
' flaid corresponding to 10 mg wet weight of the tissue (50 ul). The reaction

was initiated by the ‘addition of 100 ul of binding protein and terminated by-

-
"

100 ul of charcoal suspension. The ratio of counts per min (cpm) bound in the ,
absence of unlabeled cyclic AMP to that bound in the presence of unlabeled
‘cyclic AMP yielded a straight line calibration curve when plotted against pmoles
.of standard cyclic AMP (O;S_to 16 pmeoles cyclic AMP per incubation tube) The
concentration of cyclic AMP was determined from‘this standard curve and

expressed as picomoles of cyclic AMP'per milligram wet weight of tissue. -

. N . L]
V. MEASUREMENT OF ' ADENYLATE CYCLASE ACTIVITY

A. Tissue'Preparation

10% hcmogenates of kidney cortex, liver and, lung were prepared in a
;

hcmogenizing buffer containing Tris-maleate 2 mM and EGTA 2 mM (pH 7. 41. ’

‘

“ Homogenization was effected with a chilled Potter~Elvehjem homogenizer

(Fisher Scientific Co.. Fairlawn, N J.) fitted with a plastic Teflon pestle

i)

spinning at about 700 rpm for exactly 90 seconds. An appropriate aliguot-'

.

of the homogenate was then used for the assay of adenylate cyclase and.

phosphodiesterase activity. . ) . .o

B. Assay for Adenylate Cyclase Activity ' /

Adenylate cyclase activity was meaeured according to a modified procedure
of Kebabian_ét_gl. (252). The assay wasj;;gbd ‘'on the biotransformation of
.adenosine triphosphate into gyclic AHP..and tye nucleotfﬁe formed was measured

. by the protein-binding nethod of Tovey_gt.gl. (249) as previously described.

- . v

M
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1
An inhibitor of phosphodiesterase, isobutylmethyl xanthine, was added to .

.prevent the breakdown of the cyclic nucleotide. The reaction mixture - (final
volume, 500 ul) ‘contained the following components added in the given order-
Tris-maleate (pH 7. 4}, 200 mM; Mgso4, 100 mM; ATP, 1 mM; EGTA. 50 mM; isobutyl-
methyl xanthine, 10 mM; and 10% homogenate fluid. Sodium fluoride, 10 mM;
epinephrine, 0.05 mM; or glucagon. 0.01 mM were added to measure the fluoride-
or hormone-stimulated forms of- adenylate cyclase. The reaction was initiated -
'by the addition of ATP (15 mM), stopped by‘toiling for 2.5 minutes and samples
'were then centrifuged for 10 minutes at 1,000 x g in an IEC PR—SOOO refrigerated

'centrifuge. An appropriate aliquot of the supernatant was used for assaying .
adenylat%kcyc se actiVity. Enzyme actiyity_was.calculated as picomoles of
cyclic AMP formed per 10 minutes per-ng wet weight of tissue and expressed g
aslspecific_activity—per mg proteinr ' |

1v. PREPARATION OF TISSUES FOR. MEASURING ENDOGENOQUS NUCLEIC ACID LEVELS AND

SYNTHESIS - -~

.A. Measurement of Endogenous RNA levels and 14-C—orotic Acid Irncorporation
N i .

Into RNA o o : .

Fresh tissues weighing approximately 1 gram were homogenized in 10 ml
distilled water using a Polytron (Brinkmann InsEruments Canada Ltd., Toronto,
Ontaric) and the homogenates then added to 2.5 ml of 0.6 N perchloric acid.
&he homogenate was then centrifuged at 2000 rpm in an IEG PR-6000 refrigerated

' centrifuge for 15 min at 0 Cc. The resulting pellet was washed twice with

.0 2N perchloric acid.‘ After cgntrifugation, the pellet was dissolved in
0.3 N potassium hydroxide, incubated for 90 min at 37 C, and the reaction J

' stcpped by the addition of l 2N perchloric acid. The supernatant obtained
after—centrifugation was retained for RNA determination. Subsequently the

_pellet was again washed with 0.2 N perchloric acid and the resultant supernatant
ell _ N

~

» . ) ‘
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obtained after centrifugation was added to the initial supernatant fluid to’
make up a final volume of 15 ml. "The pellet which still contained DNA was
thus retained. RNA was assayed according to the method of Volkin and Cohn
{253). A ferric ammonium sulphate-orcinol reagent was added to aliquots bf : ‘j_
the extracted samples. after boiling for 20 min in a 100 c water bath, the

-

OD660 was read-on a Klett-Summerson Photoelectric Colorimeter. Tne tifsue B
'concentration of RNA was calculated from a set of standards a;sayed under- | | |
similar conditions, and expressed as milligrams RNA per gram tiséhﬁl .*“>
' In oxder to determine the incorporation of 14c-orotic acid into RNA,

‘ animals were administered 5 puci of orotic acid (speciﬁic activity 49. 95 mCi

tow

per mmole) in a volume of 0.2 ml via the tail vein, 15 minutes prior to

sacrifice, according to the method of witschi (254). A-3ml aliquot of |

the extracted RNA sample was added todlggml of Scintiverse scintillatiOn e
cocktail_(Fisher scientific Co., Ottawa, Ontario) and counted in a Beckman

liguid scintillatidn counter (Beckman Instruments Inc., Toronto, Ontario).

‘The incorporation of orotic acid into RNA was expressed as dpm per milligram

. . N . - b
RNA ‘ :
. _ X

. ;

. !

. - ) . L
B. Assay of Tissue DNA Concentration and 14c—'rhymidine Incorporation_Into DNA 1

After extraction of RNA from various tissues, the pellets were resuspended _'\
in 0.5 N perchloric acid, and incubated for 20 min at 80° c. The above
'procedure was repeated, the supernatants obtained after both sets of incubations

were retained, and made up to a final volume dt-lo ml. DNA was assayed in

R o i

these samples according‘to the method of Burton {255) . Four_ml of diphenylamine
‘ reagent consisting of diphenylamine {1 5 g), glacial acetic-acid'(loo ml) .ot
acetaldehyde (0.5 ml), and concentrated sulfuric acid (1 5 ml) was added to
baliquots of the supernatant. Samples were incubated 16 hours in a 30°%¢ water--”
bath, and the OD590 vas then read on a Klett-Summerson Photoelectric Colorimeter.

»
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.The tissue concentration of DNA was calculated from a set of standards ’ o
assayed undex” similar conditioas[rand expressed as milligrams DNA per gram” . - T

tissue.

In the'assay'for the.incorporatiOn of;14c-thymidine into DNA, animals
'pwere injected via the tail vein with 1 uci of radioactive-Iabelled thym dine
{specific activity 58.9 mCi/mmole)disso1ved in 0.2 ml distilled water all
animals killed 90 min later, according to the method of Witschi and Saheb (229).
An aliquot of 3 ml of the extracted DNA sample was counted in 10 ml of

Scintiverse geintillation cocktail. .The incorporation of thymidine into

DNA was expressed as dpm per milligram of DNA.

e Pl r— ST

ﬁII. PREPARAIION OF TISSUE SAMPLES FOR ASSAYING ENDOGENOUS LEVELS OF POD!HﬁiNﬁé

|
|
i
The concentration of polyamines in various tissues was measured by the ?
i
]

method of Dion and Herbst - (256) A portion of tissue was homogenized in 1 N
perchloric acid (300 mg7m1) and a 200 1l aliquot of the supernatant was ) _:
-neutralized with sodium carbonate.  After incuhation with dansyl chloride
for 16 hr in the dark, the dansylated samples were extracted into benzene.

)
Subsequently these samples were spotted on thin layer chromatographic plates
" and run in a cyclohexane ethyl acetafe (3: 5) solvent system for two 99 min
periods. For fixation the plateS\were sprayed with a triethanolamine/isopropanol
(1:4) solution and then vacuum dried in a Thelco vacuum drier (GCA/Precision
.Scientific CO. ., Chicago) for 16 hx. The fluorescent spots were then
wvisualized using an ultraviolet lamp. The spots were.cut from the plate, 5
placed in benzene and read in a:%ﬁrner spectrofluorometer (Fishsr Scientific
.CO., Ottawa, Ontario) with a primary filter at 365 nm and a secondary filter

at 512 nm. The endcgenous levels of putrescine, spermidine and spermime are

given as picou?les_pgr g tissue.’ . : I

|
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'VIII. PREPARATION OF TISSUE SAMPLES FOR MEASURING LEAD CONTENT |

*

The concentration of lead in liver, ‘kidney and 1ung,was aleasured

. according to the method of Gross and Parkinson (257) Approxibately 300 mg
of each tissue was added to 0.6 ml of tetramethyl amonium hydroxide (25! : a.
in methanol) in a polyethylene scintillation vial; and h:eated for 2 hours
in a 70°¢c water bath. ‘The resulting viscous solutions were dilu‘ted to 3.0

-

ml with 1N nitriec acid'. An aliquot of 25 ul was introduced into a graphite .

furnace atomic absorptioa spectrophotometer (Perkin-Elmer *pb Electrodeless

.

. Discharge ’ Norwalk, Connecticut) equipped with an automatic integrator . s

and background corrector. The absorption of the samples was recorded at a ‘

_wavelength of 233.Mlowing instrumental ccmditions:'~

) i
. Temperature (°C) : Time (sec) ‘l

v . - ] !

Dry . ' 105 . 3 .
y ) - : ' i

Aash - : 550 _ : 30 1:
Atomize . - 2300 ' )

~

A set of standards (30-1000 ppb Pb) were prepared in 1 tric acid and the ' . .

e

curve ‘obtai?edf ' _ ' :

IX. CHEMICALS

concentration of 1ead in tissue samples was determined from the standard . q

¢ ] -

All reagents were of the purest grade available and .were dissolved in
glass distilled water unlec?s gtated otherwise. ‘Cyclic 3', 5'—1\!@, ATP,
pyruvate, NADH; malic dehydrogenase, bov&e serum albumin, inosine triphosphate, '

-

oxaloacetagte, fructose 1, 6-diphosphate, glucose G-phosphate, EGTA, tris—maleate,

' spermiﬁe, sp idine, putrescine, phosphoenolpyruvate and pyruvate kinase

were purcha ed from the Sigma Chemical Co. {St. Louis, Mo. Y. Dansyl chloride -
e .

(sigma) was dissolved in acetone. (B-BH) adenosine 3',5'-cyclic phosphate

and the insulin immupoassay kit were obtained from Amersham/Searle Corp.



co 59
{Don Milla; 6ntarioi, while rat insulin was obtained from the NOVO Research
‘Institute MBagavaerd, Denﬁaik). Tetramethyl ammonium hydroxide {25% THAH in
methanol) was purchased from Matheson, Coleman and Bell {Canadian Laboratory
Supplies Ltd., Ottawa, Ontario? - The radioactive pyrimidine derivatives
(6-14c)-oroticdacid hyarate (specific activity 49.95 mCi/mole) and (2-1%) -
. thymidine (specific activity 58.9 mCi/mmole) were obtained from Neﬁ England

* Niclear (Lachine, Quebec) Lead chloride was dissolved in distilled water

and inject intraperitoneally in a final volume of 0.2 ml. Control animals

alwaysir teived an equal-volume hysiological saline. Lead acetate was
~in distilled water foF oral administration and controls received an
egual concen ation of sodium acetate.

YS1S

.
-

L3

x. STATISTICAL

The results e subjected to gtatistical evaluatior uging Student's

. t
"t-test“ and significant differences between the means (calchlated as p values)

are shown. No statistical significance is indicated when' the gdvalue was >0.Q5.
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4, RESULTS

'I. INFLUENCE OF SUBACUTI-B 1EAD TREATMENT ON VARIOUS METABOLIC PARAMETERS IN

' XIDNEY AND BLOOD
i -3 . ‘

A. Effects of Lead on Kidney and Body Weight,-Liver'Glycoqbn as well as

.

Urea, Glucose and Insulin in Blood - ‘ - i

Male Sprague-Dawley rats,'initially weighing approximately 125 g, were

injected intraperitoneally with lead chloride (5 mg/kg/day x 2) for 7 days. kb

Data presented in Table'l demonstrate that althdugh treatment with lead for
7 days significantly 1owered the body weight, kidhey size was not markedly i

altered. Administration of this heavy metal tended to produce a decrease in

liver glycogen {268} and sexum immunoreactive 4insulin (14%) as well as .

-~

~

elevatioturn gerum urea (129%); however, these metabolic parameters were

t
1
H
.

insignificantly different frcm control values. In addition, the concentration

" of blood glucose appeared not to be dramatically aqu;e& in plumbic rats.

. B. Influence on Renal Gluconeogeni.c Enzymes

" Exposure to lead for 7 days produced an increase in the activities of -

renal pyruvate carboxylase to 122%, fructose 1,6-diphosphatase to 189% and
glucose 6-phosphatase to 130% (Table 2). whereas the adtivity of kidney
] phesphoeno;pyruvahe‘carboxykinase displayed a tendency towards a rise in -
plumbic rats (125%) enzymic ac;ivity remained insignificantly different from ) i

control values. - . ‘ o

c. Responsivendhs of ﬁenal Cyclic AMP and Adenylate Cyclase to Heavy Metal

Treatment

Modulation in the cyclic AMP-adenylate cyclase systeﬁ has been suggested
to play a role in the control of renal gluconeogenesis (258). Since

-lead-inereaseg,the'aétivities of various gluconeogenic enzymes in kidgey .
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TABLE 1

. . " ]
EFFECT OF SUBACUTE ADMINISTRATION OF LEAD CHLORIDE ON BODY WEIGHT
AND SOME TISSUE AND BLOOD PARAMETERS. ' '

Means t S.E.M. represent at least 5 animals in each group. 5 mg/kg lead -
chloride was administered'intraperitoneally twice daily to male rats for 7
days, and these animals were sacrificed 24 hr following the last injectibn. "

Blood glucose and serum urea are expressed as milligrams per 100 millilitres, 3
while liver glycogen is expressed ag grams per 100 grams tissue. Serum ‘i

9
P o A et B R e R BT T A 2 T s i el

jmmunoreactive insulin is given as microunits per millilitre. Data.are also
given as percentages (in parentheses) with control valueg taken as 100%. -
e, .
‘ Treatment :
Parameters ' Control Lead Chloride
Initial Body Weight (3) 12343 o . 124%2
" (100) . (101)
Final Body Weight (9) - , ~ 160£1 ‘ 13243 o _
| . (100) o (s)* . | -
- - - i . ‘.'.
Kidney Weight (g) . 1.43+0.06 '1.39:0.03 : S *
‘ . {100) ' (97) { N
‘\ . .‘ . . ‘ . . !
Liver Glycogen (g/100 g) 1.00£0.36 ’ Q.74%Q.42 ]
' ' . {100) (74) i
Sexum Urea (mg/100 ml) 18.62.9 - 24.1#3.1 |
T : - (100) (129) :
B1o0d, Glucose (mg/100 m1) 7214 . 793
e E (100) : . (109)
e ‘ .
Serum Insulin (uo IRI/ml) 9.9+0.9 - 8.5:0.5 L :
: {100) 3 (86} . . ' ;

'*Statisticallf-significant difference when compared with the valugsrqg

control rats (p<0.05). ) . | . _

} .
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chloride was gdminiatered intraperitoneally twice daily to rats for 7 days, ;
and sacrifice followed 24 hr after the last injection. -Enzyme activities are o
expressed as micromoles of substrate metabolized per hour per mg protein. . i
pData are also given in percentages (in parentheses) taking the values of :

control animals as 100%. ' . '

Treatment pC -PEPCK FD-Pase . G6-Pase - -
Control 23817 21.5¢1.4 - 5.2%0.5 7.5%1.2

: {100) - (100) (100} {100} o
Lead Chloride 28939 27.083.2 - 9.740.8 9.740.9
' C{122)* (125) . (189)* (130)*

. f
-

. TABLE 2 o . ,

-

GLUCONEOGENESIS IN RAT KIDNEY. CORTEX AFTER SUBACUTE oo

. ADMINISTRATION OF LEAD’

~
1

Means * S.E.M. represent at least 5 animals in each group. 5 mg/kg lead -

FRC G R

i

PRSP -

*Statistically significant différence when comﬁared qith the values of
control rats {(p<0.05). - .




TABLE 3
' .

s . ‘ ; A S

EFFECTS OF SUBACUTE LEAD TREATMENT ON CYCLIC AMP LEVELS
' AND METABOLISM IN KIDNEY CORTEX

MBans * §.E.M. represent at least 5 animals in each group. 5 mg/kg

lead chloride was administered intraperitoneally twice daily to rats for 7
days and ardfmals were sacrificed 24 hr following the last injection. cyclic
leyels are expressed as picomoles per milligram tissue. The activity of
adenylate cyclase was calculated as picomoles cyclic AMP formed pexr 10
minutes per milligram protein. Data are also presented in percentages

(in parentheses) taking the values of control rats as 100%. The activity
of adenylate cyclase in the presence of NaF or epinephrine 'is also ‘given
,as a percentage [in parentheses]_ﬁfth the respective basal ~value taken as
100%. ‘ ‘

' -
‘ i

Adenylate Cyclase
Treatment Cyclic AMP . Basal +NaF +Epine§ﬁkine
_ Control * © 4.92+0.36° - 3.48:0.47 14.98%2.06 5.18+0.77
' 100 100 100 - 100
(100) , ‘(\ ) 430ﬁ+ - {149ﬂ+‘
Lead Chloride  3.94%0.17 3.50£0.38 15.64%1.93 4.9620.41
‘ (80} * (101) f1045 . (96)
447t ‘[142]1

* sthtistically significant difference when comp&xed with the values of
control animals (p<0.05). :

+ Statistically significant difference when compared with the respictiv?
basal adenylate cyclase activity (p<0.05) .-

4
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'i cortex, it was of interest to examine whether heavy metal treatment also .,’ - -
exerted an effect on the adenylate cyclase-cyclic AMP system. Results in |
nTable 3 illustrate that lead unexpectedly decreased the endogenous concentration E'i
of renal cyclic AMP to 3 g4 + 0.17 from a control value of 4.92 r 0.36 picomoles . 3 i'
per.milligram tissue, In contrast, lead failed to markedly alter the bhasal i
activity of kidney adenylate cyclase. Table 3 also shows that fluoride and
' epinephrine produced enhancement in the activity of haéai adenylate cyclase. _ iy

However. the fluoride- and epinephrine-stimulated forms of adenylate, cyclase

remained unchanged in kidneys obtained from plumbic rats.

. \ . -
p. Influence on Blood Sugar and Serum Imnunoreactive Tnsulin After a Glucose

Load

In- order to examine the ability‘of-subacute lead-~administered rats

to tolerate high levels of bhlood glucose, studies were undertaken to examine

, the time-course of the elevation of blood glucose after a single ‘intraperitoneal

injection of dextrose (2 g/kg). Although lead £ailed to alter the basal

B TR P Yo N-U

concentration of blood glucose, marked rise in blocod sugar was observed at
various times in animals given an injection of dextrose (Fig. 1). The observed

increase was maintained at 15 minutes (147%). 30 minutes (135%) and 60 minutes

{151%) after glucose administration, suggesting that the capacity of lead-

xposed rats to compensate for high levels of blood sugar may be disturbed.

B
3
A
l

it is of interest that in respcnse o a rise in blood glucose 1evels, increased
amounts of insulin are usually releas into the circulation (259), suggesting
that the serum immunoreactive insulin (IRI) 1evels may serve as an important
index of glucose tolerance in mammals. anfeas lead did not alter the basal
1evels of- serum IRI, the ooncentration of this hormone fell to 58% of the
control values 15 minutes after glucose administration (Fig. l) However ., the
initial depression in serum IRI was followed by a subsequent elevation (135% ’

4
of-control/%aluesi,at 30 minutes and a return to control levels after 1 hour.
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100}

(100)
: (151)°

(100)
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FIG. 1

Effects of subacute lead treatment on tolerance to an injected glucoée
lead. Each bar represents the mean * S.E.M. of at least 5 animals in each -
group. . Rats were injected in_traperitoneally with lead chloride {5 mg/kg)

twice daily for a one week period. Fo}.].owing a 16 hour fast, animals were
administered glucose (2 g/kg, i.p.) and killed at O, 15, 30 and 60 minutes

following the glucose Joad. Blood glucose levels are expressed as mg pel -

100 ml, and serum jmmunoreactive insulin. (IRI), as uU per ml. Data are also
- given in’pexcentages (in parentheses) with the values for cont®ol animals
taken as 100%. xstatistically gignificant difference when compared with =
‘the control.values (p<0.05) . ‘ ' -
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Although a similar pattern of responsiveness in serum IRI following a
glucose load was noted in control rats, the observed changes in normal

_ animala preceded those in metal-treated animais, jndicating that lead may\\\,

. delay the release of this hormone from the pancreas.

A .
E. Effect on Insulinogenic Index in Rats Subjected to a Glucose Load '

a

since lead impaired the ability of ;ate to tolerate a glucose load, it
was of interest to examine the 1n£1uence of this metal on the insulinogenic
. index, a measure of pancreatic secretory activity. Table 4 shows that +the
insulincgenic index was markedly decreas in heavy metal-treated rats 15
minutes after glucoee administrxation (52%) At npne of the other time periods'

studied was there a sjhificant difference note in the.insulinogenic indices

of lead-treated animals as compared to contr s. It is of interest that 60 '
minutes after the injection of glucose, e insulinogenic index was decreased

in both contrdl (54%) and treated animals

II. METABOLIC AL TIONS INDUCED BY CHRONIC TNJECTION OF LEAD IN .RATS

A. Effects on Body and Tissue Weights - ' ‘
p . .

Male rats, initially weighing about 100 g, were injected daily by the

o=

-

intraperitoneal route with lead chloride (0.2 or 1:0 mg/kg) for 45 days.
The weights of kidney, testes, heart and whole body remained unaltered in
rate‘treated with either dose of lead GTable 5). However, liver weight was
reduced by approximately 35% in hoth treatment groups. In contrast, adrenul
' anu thymus weights' were significantly increased in rats receiving either

amount of heavy metal. - . .. , .

B. Changes in Liuer Glycogen, Blood Glucose end Urea in Plumbic and

Subsequently withdrawn Animals

pata presented 1n Table 6 illustrate the effects of lead injection and

subsequent withdrawal on. liver gl;gogen. gserum urea and blood glucose. Wheteas



INSULINOGENIC INDEX FOLLOWING'QUBAC&TE‘LEAD AbM;NISTRATION
IN RATS GIVEN AN INTRAPERiTONEAL GLUCOSE LORD

v i...

Means £ S.E.M. represent at least 5 animals in each group...5 mg/kg lead
chloride was admihistered intraperitoneally twice daily to rats for 7 days,
‘and animals were sacrificed 24 hours after the last injection. Insulinogenic
index represents a ratio of serum immunoreactive insulin (uU IRI/ml) to blood
; §lucose (mg/mi}, at various times following an injected glucose load (2 g/kg
i.p.). Data are also expressed as percentages of respective controls (. 7
or as percentages of the initial wontrol value [ ], with the appropriate
control value taken as 100%. . - L . i -

] ) - ' : ]
. - , o
‘ I

|

o _ _ Timelfollowing glucose injectiép'(min;) L
Treatment 0 15 30, . 60
. Lo : _ | - | _
Control - -~ 13.2¢1.8 17.4%1.6 15.3£1.7 6.1£0.7

(1o0y .[100] = ooy [132] (100 [116] .. (x00) [46]t
: . i

Lead chloride 12.1#1.3 - 8.3tl.0 - 17.30.9 6.7+1L5

(92) [92] (@) [e3lt (113) [131]  (209) [51]+' |

sgtatistically signifigant difference from control values at a given timéd -
(P<°- 05) - : . ' . ’

N TStatistically significan@hdiffexence from control Ga;ues_at zero time Kgﬁ0.0S).

v ke 1

A




LI

R
.ot . A
o -~ b e A
R - FREERREN -1 & . y .
. bl A ]
. .‘ -
. “ )
. f
v ' * s )
» - ~ K .
- ' ~ ' »
. f L 4
s !
. ¢
TABLE 5 -
. . [ . . .
L -t . . ' Y

EFFECTS GF CHRONIC INJECTION OF LEAD .ON BODY AND ISSUE WEIGHTS .

-

Means t S.E.M. represent at least 5 animals in each group. Rats were

croated daily with lead chloride (0.2 or 1.0 mg/k§) injectec intraperitoheally

‘for 45 -days and killed 24 hours after the last injection. .Weights are given
in grams, except for drenal and thymus weights, ‘given in milligrams. Data
are also.given in pe%@_;‘tag'es {in parentheses) with the values of control
animals taken as 1008% ' , -

‘ . . -
. ) ‘ - A
. _ Treatment
parameters ) Control - Lead Chloride
. .. . 0.2 mg/kg 1.0 mg/kg
Body Weight (g’ 38615 , 36317 - 35119 *.
Lo c (100) - (94) ' . ¢ B
" Liver (9)° | 13.6£1.0 | 8.740.2 .9.1£0.6
: . (100}, ¢+ - . (e4)* . L (6T)*
xidney (@) 2.9%0.2 - A 2.7%0.1 . 2.8£0.3
: L -, (x00) So(e2y . -1
. Adrenal (mg) - = < l46tl.4 531.3 , 63+1.0
: : . (100) PR ¢ b R A . (139)*
* hymus (@) - . 45559 .- e73x62. . 660£20
= oy (100) o (en* - (140w
S U ' SR L . :
" Testes (9) 3.240.1 . -3.320.1 . 3.320.2
: (100) - (102). : - (102)
. . ’ - - : ) . S ‘
Heart (%« . © .. +1.130.0 .. lao Y 1.1%0°
e B * (100} .= (100) - ) . (100)

L 1

*S.tatistically signif'ic‘aht diﬁferern_de when compared with thehva.lues of :
control rats (p<0.05). N . T » s
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.. "+ . THNBLE G S o - -
‘ﬁ.‘l . b - ) ’ " .
. ,IVER- GLYCOGEN, BLOOD- GLUCOSE AND SERUM UREA FOLLOWING CHRONIC i ‘
- !
INJECTION OF LEAD.AND SUBSEQUENT WITHDRAWAL - ) - -
. - ~ . . | . 7 ‘ ) e *1}

_ Means % S.E.M. represent at least 5 animals in each group. Rats were
. treated daily with lead chloride (0.2 or 1.0 mg/kg) injected intraperitoneally
for 45 days and ¥illed 24 hours after the last injection. Some rats treated

PPy D

with the 1.0 mg/kg, dose were withdrawn from the injections for an additional 1
28 days before sacrifice. Blood glucose and serum urea are given in milligrams* v
per 100 millilitres, while liver glycogen is given as grams per 100 grams: : R £ 1
- . Data are'a;so,given in percentages (in.parenthesés) with the values of control ]
- .animals taken as 100%. o .
. ' - :
) =
freatment " " Liver Glycogen . ' ‘_Serhm urea Blood Glucose
' (g/100" 9) : (mg/100 ml) (mg/100 ml) X
+ control - | 2.240 26£1 ' . Blt2
E ' (100) " - -, {100) ‘. {100) .
siead Chloride 1.3:0.1. - . 124%2 ) {i
0.2 mg/kg; : (59)* : (142)* . (153)* v
.. 4S5 days ’ S . !
~ ‘ ‘ . .
1.0 mg/kg, .. ' 0:4%0.1 47:1 158+3 .
45 days (18)* - (81)y* - - (195) * &
1.0 ma/kg, | 1.2$0.2 3911 ' 144%2 :
45 days; (53)* (151)* : (178)*
28 days withdrawal ‘ - ~ o a
-istaﬁistically Bignificant difference ab compared with thq values of control";
animals (p<0.05)." "% . | : | e
v : . “ . : - ' . \
- - ) . A ) ] ;-.. - i
- ’ . ) o . - . . . ‘. .
+ ‘ ‘A" '!
) ' L N . P
. . ] .

3
.
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treatment with either 0. 2 or 1.0 mg/kg lead markedly reduced liver glycogen

content, a significant;rise was noted in the concentration of serum urea and
*

blood'glucose. The observed alterations were related to the dose used and

. greater quantitative changes were seen in rats receiving the higher amount of

lead. Some of the rats previously treated with 1.0 mg/kg lead were maintdined

for an additional period of 28 days to determine the effects of withdrawal in

previously exposed animals. Termination of the treatment regimen for 28 days

in rats previously given the metal for 45 days resulted in partial'restoration-

- of these metabolic alterations; however, the decrease in liver glycoéen as well

. -as elevation in serum~urea and blood glucose still remained significantly,

‘different from controls. *

c. Influence on Serum Immunoreactive Insulin and Insulinogenic/index.

. ] - .
since chronic lead treatment produced alterations in glucose homeostasis,

it was df interest to examine the effects of this metal on serum immunoreactive

’

insulin. Results presented in Table 7 demonstrate that a dose of 0.2 mg/kg 1ead

failed ‘to alter serum IRI. In contrast, the higher amount of*metal (1.0 mg/kg)

significantly decreased the concentration of IRI in serum by 18%. withdrawal

of lead for 28 days in rats previously given the metal for 2 months produced a

return in the level of serum IRI to control amounts.. Insulinogenic index, a .

’
e

. Porz. -

measure of pancreatic secretory activity, was also depressed by either dose of o

' metal. Termination of the treatment regimen restored partially the insulinogenic

index, although the values still remained significantly lower than those of

‘controls. .I///’”///’ ‘ i

D. Response” of Hepatic Gluconeogenic ‘Enzymes to ChroniE&lly-Injectedjgead

3 .
/ . *

/’,;/’T administration of either 0.2 or 1.0 mg/kg lead produced a rise in the

.activities of pyruvate carboxylase; phosphoenolpyruvate carboxyhinase,-fructose

l,6fdiphosphatase; and glucose 6é-phosphatase (Fig. 2). Withdrawal from

r . - .

-

/

L}
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TABLE 7
- o Vo -
. N 4 N e
SERUM IMMUNOREACTIVE INSULIN AND INSULINOGENIC INDEX FOLLOWING CHRONIC
FNTRAPERITONEAL INJECTION OF LEAD AND SUBSEQUENT ‘WITHDRAWAL

* - Means * S.E.M. represent at least 5 animals in each group.

Rats received either 0.2 or 1.0 mg/kg lead chlaride for 45 days

and were sactrificed 24 hours following the last irjection, except for

a portion of the 1.0 mg/kg group which underwent 28 days withdrawal from’
the injections before sacrifice. Immunoyeactive insulin is expressed ~
as microunits per millili?re gerum. I inogenic index represents a
ratio of serum IRI to blood glucose. ata are also expressed as
percentages (in parentheses) with the values of control animals taken
as 100%. . . :

Treatment - fmmunoreactive Insulin Insulinogenic Index ‘J

f ‘ | {wU IRY/ml serf?h _ | ,

control I R 58.8+3.8 | 72.6£6.4
R T ) (100) _ (100)

«
I‘aaﬂ o = . J . i
> 0.2 mg/kg 53.212.2 : . 42.9%2.4 -

48.4%1.1 - . . 30.6tl.3

(82)* (42)*

1.0 mg/kg
l -l ."A ‘
1.0 mg/kg, 28 day . 58.6%2.4 40.7%2.2

withdrawal T (100} . (56)*

u -

- #gtatistically significant differencé when compared. with the values of
. control animals (p<0.03).. : .

a . ™ . .
\ : oo
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_ENZYME ACTIVITY (per rnQ protein)

[:-] LEAD (1.0mg/kg, 45 days)
LEAD (1.0mg/kg, 45 days;
28 doy withdrawal)

(200)

T | | CONTROL :
300+ N LEAD (0.2mg/kg, 45 days)

_200

. PERCENT OF CONTROL,

-". ]00 l

‘o

FIG. 2

Influence- of. chronic lead and subsequent withdrawal on hepatiic
gluconeogenic enzymes. Each bar represents the mean value * S.E.M. of 5
animals in each group. imals were given lead daily by the intraperitoneal
route (0.2 or 1.0 mg/kg PbCly) for 45 days and killed 24 hours after the
last injection. Five rats pretreated with 1.0.mg/kg lead were maintained l
for an additional period of 28 days without an¥ treatment. Enzyme activities
were calculated as micromoles of gubstrate ‘metabolized per hour per mg’

protein. Data are given in percentages, taking the values of control animais .

as 100%. *statistically significant difference when compared with the values
of control rats (E<0.05 . S

L4
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treatment‘forhzé days in previously injected rats partially restored the

. activities of PEPCK, FD-Pase and G6-Base to control values, although the

observed alterations still remained signi

antly higher than controls. In -
contrast, the_metal—induced enhanc t in the \activity ofrpyruvate carboxylase
in withdrawn rats remained efevated to the game extent as that seen in 45 day-

-, -

injected animals.

% Influence on Repal Gluconeogenic Enzymes ’ . -

since kigméy is also an inportant gite of glucose productidn (148), - ‘
it was of intérest to determine whether lead treatncnt also affected the
activities of renal qluconeogenic enzymes. Results presented'in Fig. 3 show
that injectio of either amount of lead for 45 days elevated the activities
. of-pyruvate carboxylase, phosphoenolpyruvate carboxykinase, fructose 1,6-
_dithoephataee and "glucose ; 6-phosphatase in rat kidney cortex. As in the cage
of liver, withdxawal from treatment for 28 days in rats previously given lead Lt
for 45 days restored the activities of PEPCK, Fp-Pase and GG—;ase to the 1evels
seen in controls. In contrast, the activity of pyruvate carboxylase still

‘remained eignificantly elevated (181%) , although enzymic activity was

quantitatively 1ower than that eeen in 45-day treated. animals’ (307&)

F. Lead-Induced Alterations in the ﬁepatic Cyclic AHP—Adenylate-chlase‘

!

- ¢ . i . . ,

-

Chronic administration of jead (1.0 mg/kg) produced an elevation'in.cyclic
AMP levels and a rise in the activity of adenylate cyclase in rat Iiver (Table
8;. hqwever, the lower amount -(0.2 mg/kg) " of heavy metal failed to alter .
hepatic cy lic AHP ‘content and the agtivity of adenylate cyclase.t Table 8 also .

withdrawal from lead treatment for .28 days in animals previously

’ (
given the metal for 45 days, restored both cyclic AMP levels and the activity
- ‘ ) -\
of adenylate cyclase to control levels. i s
. . . ALY M .. - —_
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animals {(p<0.05).

L o Py
& — Fon iy -
s | +(307) o ' | A
2 300k ] col»mtm L )
g B RSy LEAD (0.2mg/kg, 45 days) |
o o) . -] LEAD (1 .Omg/kg, 45 days)
e 95 - LEAD ll.Omg/Bkg,. :'Sd day:lr
. cz) 28 withdrawal) (2]0)
20 :
ol
E 5 20 "
e
£z
QU
. :
: }“E“ a (100)
> 100 |
~
Z
o

Yy

" B ' FIG. 3

. . - . . T

Effect of.chronic lead and subsequent withdrawal on renal gluéoneogenic . ‘
‘enzymes. Each bar representsthe mean value & S.E.M. of 5 animals in each

group. Animals were given lead daily by the intraperitoneal route {0.2 or

1.0 mg/kg PbCly) for 45 days and killed 24 hours after the last injection.

Five rats pret_reated with 1.0 mg/kg lead were maintained for an additional

- period of 28 days: without any treatment. Enzyme activities were calculated

as micromoles of substrate metabolized per hour per mg protein.. Data are

.given in percentages, taking the“values of control animals as 100%.

*Statistically significant difference when compared with the values of control

\ T , : ) . . . -

: . :". i -“
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. , . TABLE 8

- R et

 EFFECTS OF CHRONICALLY ADMINISTERED LEAD ON HEPATIC CYCLIC AMP-
: ] ADENYLATE CYCIASE' .

Means t S.E.M. represent at least 5 ‘animals in each group. :

Rats were treated daily with lead chloride (0.2 or 1.0 mg/kg) injected.
intraperitoneally for 45 days and killed 24 hours after the last |

injection. Spme rats treated with the 1.0 mg/kg dose were withdrawn
' from the injections 'for -an additional 28 days before sacrifice.

Cyclic AMP levels are expressed as pi les per milligram tissue,

whereas.the activity of adenylate cyclése is-given as picomoles

cyclic AMP formed per 10 minutes. per milligram protein. pata are also
.given in percentages {in parentheses) with the values.of control . ' .
animals' taken as 100%. ‘ ) C , '

P

Treatment " cyclic AMP Adenylate Cyclase '
control ' _ o.03toe® &, . 1.74%0.27
: m (100) .. "~ (100)
Lead - S
0.2 mg/kg . - 1.01%0.06 2.190.15
T (09 Q28
- 1.0 mg/kg ..+ 1.26%0.14 ‘
%. B (135) *
1.0 mggkg, 28 day 1.02+0.08
. withdrawal o 110«

*St&tisticaily significant difference when compared with the values
of control animals (p<0.05) . ~Mb T




G. Effects of Certain Compounds on Liver Adenylate

76

Cyclase Activity

-

vitro (260)

Various agents are known to stimulate adenylate cyclase activity in

L

. Lead treatment and subeequent withdrawal appeared not to affect

the 5- to g-fold increase in the activity of adenylate cyclase produced by

fluoride ions (Table 9). Similarly., chronic heavy metal administration failed

-tc alter the
Nowever, upo

the sctivity

that epinephrine produced no addi

activity as

activity of the epinephrine-stimulatgjzform of the enzyme;

n termination of heavy metal administr

rtion for 28 days, a fall in

of this form of ‘adenylate cyclase was noted. It is of interest .

compared to basal enzymic activity in the

enhancement in the glucagon—stimulated form of

tional stimulation in adenylate cyclase

livers of animals

histered 1.0 mg/kg 1ead chloride. Chronic exposure to lead produced a
R

adpnylate cyclase.
- /

The rise in activity 3f the glucagcn-stimulated fqrm of adenylate cyclase

was maintained even after lead was removed for 28 days

administered

H. Lead-Induced Changes in

PR Y

the metal.

in rats previously . -

~

Lead at
the activity

dose of metd

a dose of 0.2 mg/kg failed to alter renal

Renal Cyclic AMP—Adenylate Cyclase System

cyclic AMP levele or’

of basal adenylate cyclase (Table 10) ﬁowever, increasing the

1 to 1.0 mg/kg produced a fall in the leve

. \
1s of cyclic AMP and ‘

reduced the activity of "adenylate cyclase by 61%. Indeed, the lead—induced

decrease in the activity of adenYlate cyclase was main

-

tained ko 28 days

after withdrawal frommtreatment {(52%). In ccntraet, subsequent termination

of injection

endogenous concen

in rats\ previously given the metal for 28

days restored the

trdtion of cyclic AMP to control amounts. As in the case of

‘1iver, chronic le' treatment had no significant effects on the activity of

the epinephrine-stimulated form of adenylaté cyclase.

Althqugh treatment with

. 0.2 mq/kg lead produced a reduction in the fluoride-stim¥lated form of

-

~ -

S
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INFLUENCE OF VARIOUS STIMULATO

¥

Means * S.E.M. represent

R o

TABLE 9 . ) e

RS. ON LEAD-INFLICTED ALTERATIONS IN HEPATIC
ADENYLATE CYCLASE

3 —

at least 5 animals in each group. Rats were

treated daily with lead chloride {0.2 or 1.0 mg/kg) injected intraperitoneally

for 45 days and killed 24 hour

s after the last injection. Some rats treated

with the 1.0 mg/kg dose were withdrawn from the injections for an additional
28 days before sacrifice.’ The activity of adenylate gyclase is given as

icomoles cyclic AMP formed per 10 minutes per milligram protein.

Mso given in percentages {in

Data are
parentheses) with the values ‘of control animals

en as 100%. The activity of adenyla;gicyclase in .the presence of NaF,

epinephrine or glucagon is also given .as i“percentage-[in pafentheses] with the

- respective basal value taken as 100%.

Treatment ‘

adenylate Cyclase

Basal JNaF +Epinephrine 4+Glucagon
" Control 1.74+0.27  13.44%1.80°  3.370.35 " 8.43:0.41
: o (100) (100) " (100) (100)
[772]+ 5}94]+_ [484]1
‘Lead : - ' )
0.2 mg/kg 2.19:0.15  14.75%1.47 3,76%0.25 18.59+1.89
-, (126) (110)* - (111) (220) *
[e74]% [172]%. [s49]t
1.0 mg/kg 3.04+0.31  14.50:0.87 3.67+0.59 13.06£1.75 ..
: (174)* (108) (109) {155) *
.o [477)% [121]t [4a30]%
1.0 mg/kg,28 day 2.20%0.22 14.8920.70  2.43%0.25 15.21#1.13
withdrawal (126) ’ (111) (72)* (180) *
L6771+ [110l+ [e91]t

wStatistically significant différence ag compared to.

animals (ng.OS).‘ _ . -

. $statistically significant difference as compared to the basa

respective treatment groups (ng.OS).
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CH?NGES IN RENAL CORTICAL CYCLIC AMP AND ADENYLATE CYCDQSE AFTER CHRONIC LEAD. ;

\ ) ‘ ADMINISTRATION )
. : i . i
} .\l. . . . M . . 3
Means + §.E.M. represent at least 5 animals in.each| group.  Rats were {
treated daily with 1ead,chloride (0.2 or 1.0 mg/kg) injected intraperitoneally <
for 45 days and killed 24 hours after the last injection. Some rats treated !
_ with the 1.0 mg/kg dosg were withdrawn from the injec ons for an additional = & C
* 28 days before sacrifice. The activity of adenylate/cyclase is expressed as . . .
picomoles cyclic AMP formed per 10 minutes per milligram protein. Data are
also given in'percentagps {in parentheses) with thd values of control animals
taken as 100%. The activity 'of adenylate cyclase/in the presence of NaF or
epinephrine'is also given as a_percentage [in pafentheses with the respective
basq}:values taken as 100%. -7~ ’ . :
: 5 . ' adenylate Cyclase -
. . Adenylate Cycl8B®
‘Treatment ' Cyclic AMP Basal 4NaF .  +Epinephrine
‘Control . ~ 4.41x0.11 1.39£0.04 _ 9.63t0.91 3.04:0.15
(100) - {100) {100) {100)
e : o ' [e96]+ . [210]t .
Lead SR ) . ‘ N : "!
0.2 mg/k ' 1.410.24 4.86+0.32 ~ 3.12+0.38
, {102) (50) (102)
L [3a5]t L2211+
1.0 mg/kg © -7 4.06:0.15 |  0.54£0.07  9.75¢1.76 2.45%0.29 L
<492) . (39)* (101) (305
R {18061t (454t
[ - - - )
1.0 mg/kg,'ZB_day 4.47+0.13 0.6610.13 18.24+1.85 '3139t0.30 . i
withdrawal : (101) (48)* {189)* {100)

[27641%  [514}f o

1

*statistically significant difference' as ci?pared to the values of cdntrol

animals <0.05). . _ . ‘

4statistically sigpificant difference as compared to the‘basql values in
;especti e-treatment groups-(gfo.OS). o,
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¢

" markedly enhanced the fluoride-stimulnted form of rennl adenylate cyclase

__Qppm concentretion. iWhereas serum urea was decreas '

. : : d ~

adenylate cyclase. (50%), -_eni#miq. Qctivity remained unchanged in kidney cortices
4 o 1

obtained from 1.0" mg/kg treated rats. withdrawal from injection for 28 days

ﬁ.BQ%) It is of interest. tha.t, unlike the responeiveness of the pasal | T
activity of adenylate cyclase in lead-treated animals, a marked enhancement ‘ 1.
in the fluoride-stimulated form wag noted in animals given 1.0 mg/kg metal as

we11 as in rats withdrawn from.t.reatment for 28 dnye. A eimilar elevation in the )

epinephrine-stimulated form of edenylete cyclase was noted as compared to the e

rity of the enzyme n rats given 1.0 mg/kg lead chloride

respective basal ac

and also after wi awal from metal injection. K . _ ' C E

]

R REFEEY SRR S S

TII. EFFECT 0F~CH§0NIC ORAL LEAD ADMINISTRATION ON VARIOUS METABOLIC. PARAMETERS

- . :

TN KIDNEY AND BLOOD 7 . .
A. Influence on Body and Kidney Weight, Liver Glycogen and [Serum Urea |

. |

* "

S PRCIPYTSICE I ol P ]

| , .
since chronic\\ oral ingestion of.lead by children has beerl attributed to

(f'
be a major enviromﬁental hazard (11), it was of intefest‘ to e e the

effects of this mode of metal administration for a period.of 8 weeks from '

“r

birth. Dams receiyed 2% lead (as lead ecetate) in the drinking ater. This

s
cOncen etione y

F

dietary dose of lead has been reported to result in 1l

. i .
ranging from 25-40 ppm in the milk (261) . When the pups eached 21 dayy of

e, N

age, they were weaned and separated randomly " into grQups. ceiving 204 40 or :

. 80' ppm lead. ‘(as 1ead acetate) in ‘the drink.ing water fo 35 days.. i

Data given :Ln Table 11 demonstrate that lead fai ed to alte ‘and kidney : )

1

weight. In contrast, 'ver glycogen was markedly reduced by all 3

o’f.‘heavy metal and the 1owest value {(19% of ’control) was obtained wi

-

o' N ]

lead (22%) , an incr ase was seen in the 80 ppm group (133%) and no change was: °

3

~ noted in rats -receiv.ing 40 ppm. o~

, o . . N/ . 3 I .
: ‘ ST N Sy ¢




N

80 ’
" . PABRE 11 ] ,
e S ot
_EFFECTS OF CHRONIC ORAL LEAD ON BODY WEIGHT, KIDNEY WEIGHT, -
LIVER GLYCOGEN AND] SERUM UREA .

‘

. ~

Mean + S«E.M. represent at east 5 animals in each grodE.. Lead was
administered to rats for 8 weeks fxom birth. Dams received 2% lead (as lea
acetate) "in “the drinking watef?'and 21 days after parturition, pups werg <«

sephrated randomly,into groups reéceiving 20, 40 or 80 ppm-lead (as lea
acetate) , the drinking water for, the remainingr 35 days. Body and kidney
weights are given in grams. Liver glycogen is expressed as grams per 100 grams
- tissue, and serum urea is expressed as milligrams per 100 milliliters. Data
are also given as percentages {in parentheges) with the values of control

ariimals taken as 100%.

LY

LY

: : Body Weight @ Kidn 2 . ."ALiver * .Serum "
Treatment at 56 days Wweight Glycdgen Urea ¢
: (9) (9) (g/100 g) . (mg/100 ml}
a B t ’ T, | v : ' -‘l- )
Control " 214+18 1.854+0.14 ° 3.6+0.6 9,2+1,5 .
{100) - (100) (100) © N\ (100) K
Lead | : o . \ .
20 ppm 21115 . %,92&0.13 1.2+0.4 15.0%1.1
e N : : (99) (104 ° {33)* ‘ (78)*
" L) # .-‘. il
40 ppm 22319 1.77+0.08 0.7%0.3 . 19.6%1.7 .
‘ (104) - ; (96) (19)* (102) -
80 ppm T 2061l ' 1.84:0.11  0.8%0.2 - 25.6:1.5 . .y
T, (96) r , (99"’ . (23)* (133) *

. = . — - —
“#gtatistically significant difference when compgred with values of control :
'ggjimals (ng.OS). : . . H . ) : S

- ..n.. “l. "‘ . N
Lo . ) . .
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B. Lead-induced Alterations in Blood Glucose, Serum Immunoreactive In ulin

. ) . . /
~ and Insulinogenic Index Y . ] . } '
" I i .', . B e . : ' _‘,‘_
The doncentration of blood glucose was elevated in rats given either "20‘, ‘ ’

40 or 80 ppm-lead for 8 weeks in a dose—depe’ndent manner and greater

ST S
+ -

'quantitative changes were seen as ,the dose was increased ('rable 12) The1

¢ .

observed hyperglycemia was associated with a fall in the concentration of 2 -

L]

serum IRT in animals’ rec’eiving ‘the" highest. amount of metal. In addition, - o

exposure to 40 or 80 ppm lead s’.{gnificantly decreased the insulinogenic ' - oL

inde:q:.r a measuxe % papcreatic funchton.

-

. - .
[ -

C. Influence “an Gluconeogenic Enzymes in Rat Kidney ‘cogex E S Lo
Data presented in Fig 4 illustrate that lead au%dose of 30 or 40'pp‘tn' )

significantly elevated the quartet of renal gluconeogenic enzym 8. It is N

-

. of interedt that treatment with 80 ppm metal ‘produced aCise in phosphoenol- < ‘

'py‘ruvate carbouykinase to 273&. pyruvatycﬁboxylase to 27%, glucose 6-'

'phosphatd'se to lBOt and fructose: l.G-diphosphatase to 260! of control values,

.. i~ - » ° . )
. ‘ N i " - - . v . )
‘respectively. - . - . . _‘ - " C
Lo AN o e e T

-l o

D. Lead-Induced Alterations"in Renal Cyclic AMP Lavels and Adenylate C?clase s

[
» . .
. . ¢ . [

L Activiey - . g . ‘ ,
D L N
AdministratiOn of all 3 doses of lead increased the concentration of cyclic

t‘l

L

&
AMP in kidney *cortex (Tahle lar) It Vmwhi‘ie to note that the metal-induc.ed -
ed to the amount of ].ead ingested and '

rise in cyclic nucleotide levels was, felat
¥y [ .

o greater quantitative changes were observed when the administered dose was'' - .
e q‘ . B

increased * Under the experimental regime.n employe@ max:Enal stimufation t.o :. Y

W‘hereas g

-

@95% of J:be control values was seen vqith the 80 ppm concentration.

-
treatment with eitﬁgr 20%0r 40 ppm lead failed to-.alter renal adenylate cyclase, -

a significa.nt elevation in enzymfc activity was noted with the- 80 ppm dose.

/_n\ 4, ‘-
F} .
. v B} . . .
. ’ - i . - - L}
. .- . . A , .
\ . . N . . ..
. , r - ’ *
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. EFFECTS OoF CHRONIC ORAL LEAD ON BLOOD GLUCOSE¢ SERUH IHMUNOREACTIVE .-.

el % 7 INSULIN, AND INSULINOGENIC INDEX ! L ©
- . . . * X b.. ) . . ] . . . b R . .
Means %t S.E.M. represent ‘at least 5 animals in each group. Lead was :
administered to rats for 8 weeks from birth. Dams received 2% lead: (as -

lead acetate) in the drinking water, and 21 days after parturition, pups

were' separated randomly into groups receiving 20, 40 or’ '80 ppm lead (as ,
. _1ead .acetate) in the drinking water.for the remaining 35 days. - Blood E j!
. glucose is expressed ds.milligrams per, 100 millilitres, while serum - - . }
- .. immunoreactive ingulin is given as microunits per millilitre. Insulinogenic ‘i
_ o index represents a ratio of serum IRI-fo blood glucose. Data dre. ‘also . 1
given as percentages ¢tin parentheses) -‘with the values of control anmals _ i
takEﬂ.a.S ‘1002 .l_' - . R -. . ~ . : . o i
. e o i - : . - P
L . . Y ¢ ‘ ot L ]
. .J’ o ’ o . LA PO . v \ . ‘
. R hd " M . & B i |‘
o Tl .-:"Bloed ) :w.. ) ‘ Serum " Insulinogenic .
Treatment ' - ' - Glucose N _Immunoreactive Index -0
. e o, s _ pimg/l00 mX) -+ - Insulin (WU IRI/ml1) . P
— —_— - s - :
control . e s2.0t41 . 57 3:1.9 65.83.4
- : Lreooy o - l (100) © . , (100)
. o ., e : AR AN
N Lead . ’ . ) . A‘\ - )
20 ppm. .. Co 109 1_%7 : ‘ 58 7_'3 2_ 65.33.1
AR . (13 (102) R . (99)
- 2 ‘ - [ ]
40 ppm . ° 147.13.2 ﬂ . 53.8%#3.6s, . ¢ 39.5:3.3
. . - ., (179)*  _ .- .t (94) : B (60)*- .
. Ct . ; y ~ . ' - M ) . .
. 80 ppm ' 179.3%4.8. lgbg”_ . 48.9:3.6 o 2si2E
TN * 21 ¢ (85) * I 7 )
L ’ iy ‘ v L - : : : A M ”‘S
‘*étatiétlcallx significant d:l.fference as compared to the values of control. O
anmals {p<0.05). .. - L.
. . . ) . . 1 )
f(; PR h L 0
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. y ‘
. : : CONTROL | -
360 . Pb {20ppm}|. _
300 . (273)° B2 Pb (dO0ppm) | = 1
o) : / Bl Pb (8Cppm)} . ’
§ T '
o . . .
8 (164)* ) n55)*
Z 134
Y . e . ):E:E:
i - ool (100)
© J00} = '
o &
. PEPCK G6-Pase FD-Pase
. . . \ .
i . . \
. .
IR . . FIG. 4

Effect of chronic lead ingestion on the quartet of key gluconeogenic
enzymes in kidney cortex. Each bar represents the mean value * S.E.M. of
at least 5 animals in each group. Mothers received 2% lead (as lead
acetate) in their water supply for the first 21 days and, subsequently,
groups of infants had access to either 20, 40 or 80 ppm heavy metal in the
drinking water for an additional period of 35 days. Enzyme activitiesg were

:*¢éalculated as micromoles of substrate metabolized per hour per mg protein.
Data are expressed in percentages, taking the values of control animals as
100%. *Statistically significant differepnce when compared with the values
of control animals (p<0.05).
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EFFECTS OF canouxc ORAL LEAD ON ADENYLATE CYCLASE ﬂCTIVITY !
IN RAT KIDNEY CORTEX . )

\

—

administered -to rdts for 8 weeks from birth. Dams received 2% lead (as

lead acetate) in the drinking water, and 21 days after parturition, pups

. were separated randomly into groups receiving 20, 40 or 80 ppm lead (as

lead acetate) in the drinking water for the remaining 35 days. The
endogenous concentration of cyclic AMP is expressed as plcomoles per
milligram tissue (wet weight). Enzyme 'activity is expressed as picomoles
cyclic AMP formed per o min per milligram protein. Data are also given as
‘percentages (in‘parentheses) with’the values of control animals taken as 100%.
The act1v1ty of adenylate cyclase in the presence of NaF or eplnephrlne is

also given as a percentageg[ln parentheses] w1th the respective basal value
taken as 100%.

Means + S.E.M. represent at least 5 animals in each qgéhp. Leaq,ua§_~>-

o -

_ | ’ éyclié _ Adenylate .Cyclase . ]
Treatment - AMP Basal +NaF _ . +Epinephrine
Control . 1.15+0.03 2.53+0.12 12.89+0.61 6.69+0.24

(100) - (100) ¢ (100) (100)
' [509]+ [264]t
Lead

20 ppm 1.2920.05 2.73%0.15 13.17+0.79 6.80£0. 39

: (112) * {110) (102) {102)

_ : ‘ [482]+ [240]%

40 ppm 1:55£0.06 2.94+0.31 14.65%0.90 7.68+0.52

(135) * (116} _ {114) {115)
' " [a98lt [261]+
. 80 ppm 2.25+0.15 - 3.30£0.22 16.17+1.99 8.19%1.20
S (195)* (130)* (125) ., (122)
. . [a90]+ [248]*

*Statistically significant difference when compared with the values of
conitro) animals (p<0. 05)

tstatistically 51gn1f1cant difference when compared with the respective -
basal adenylate cyclaqe activity (E<O 05).

-2
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It is of interest that the activities of the fluoride- and épinephrine-
‘ . 4, . _ ' S

stimflated forms of renal adenylate cyclase remained unchanged in mewal-

treated rats. ' © . .
. , .
b ) . + . ' 7

IV. EFFECT OE-CHRONIC ORAL LEAD (ADMINISTRATION ON VARIOUS PARAMETERS ASSOCIATED
. l' ! . i N \ _
WITH GROWTH IN LIVER, KIDNEY AND LUNG :

»

A. Influence on Body Weight and Tissue Léad Levels

o
-~ 1

In order to examine the influence of chronicllgad ingestiqn‘an va;ious'

: ﬁafameterS'associated wipp growth, rat pups were given daily oral doses of
50 ug lead for 21 days from birth. -Thereafter, for the next 35 days, groups
of‘rats wére given 80 ppnt lead in the drinking water. Body weight #as
monitored throughout ﬁhe experimental perio&, and no signifiéaht differences
‘were noted. between control and. trésed animals (Fig. 5). The tissue lead
levels at various time intervals during the treatment period are illdstrated

*in Tab}e 14.- Tre;tmené of rat pups from birth with lead revealed that the
kidney retained the metgl‘during the entire exposure period with_thé highest
amourit being noted after'z WeekS:\ Although the liver contained-higher levels
of lead 2 weeks after'intubation was started, continuation of this treatment.

regimen resulted in decreased retention as compared to 2 week-old anifals.

However, the concentration of metal retained by this tissue at 4 and 8 weeks '
- ~+ - ’ .
was still significantly greater than cgptrols. In contrast, at none of the

time inter@als studied did pulmonary lead values exceed control values.

B. Effect on-14C-Thymidine Incorporation Into Tissue DNA,

The sequential alterations in the capacity of kidney, liver and lung of
lead-exposed rats to incorporate EQEEEEEQ thymidine into DNA is ‘iljlustrated
in Fig. é. Wherea?/lead treatment reduced the incorporation of thymidine into’

hepatic DNA after 2 weeks, a return to control levels was seen at 4 weeks which

4
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BODY. WEIGHT (GM)
' o
o

30 —e CONTROL
0—oLEAD-TREATED
20 »SOLID FOOD
»EYES OPEN
—-o .
1 q 2:| ° 1 : ? ] L

o 4 8 12 16 20 24 28 56
AGE OF RATS (DAYS) o

FIG. 5

rats.
group.

80 ppm lead in the drinking wWater. Animals were killed 24 hours after the
cessation of treatment. *Statistically signific ifference as compared
with'the values of control animals (p<0.05). ¢
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. FIG. 6
. : . . . , . 14

T1me-cou¥se of lead-inflicted changes in the incorporation of =~ C-
thymidine into hepatic, renal and pulmonary DNA in neonatal rats. Each
point represents the mean * S.E.M. of at least 6 animals in each group.
Animals were given daily oral doses of 50 ug of lead for 21 days from
~ birth. Thereafter, for the next 35 days, groups of rats were given
80 ppm lead in the drinking water. Animals were killed 24 hours after
the cessation of treatment. .The incorporation of 14C-thymidine into
DNA is expressed as dpm per mg DNA. *Statistically significant difference
when compared with the values of control animals (p<0.05).
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was followed by a subsequent 3.5-fold elevation at 8 weeks. Although metal
adpinistration failed to alter thymidine incorporation into renal DNA after .
A S -~ '

2 weeks, a.reduction in incorporation was noted after 4 weeks. As in the case
of liver, a significant.elevation in the incofporation of thymi@ihe into
kidne& DNA to 1605 éf control values was obse;ved in 8 week-treated rats.
Similarly, the incorporation of thymidine into pulmonary‘DNA was elevated after
8 weeks of lead treatment; however, the incorporation of thymidine inéq DNA

remained unaltered at the other time periods examined.

4

C. Alterations in Hepatic, Renal and Pulmonary DNA Content

Data in Table 15 shék the influence of prolonged lead administratiop on
tissue DNA content. In liver, administration of lead for 2.or 8 weeks'produced
4 @ significant reduction in the coﬁcentratién of DNA. A similar fall in DNA
content was noted in kidneys at all time periods stgdied, the maximal decrease
(73% of control values) occurring after 2 weeks. Although pulmonary DNA;levels
remained insignificantly different from control in 1- or 2-month old meFal-treatedl
animals, a slight yet significant fall (14%) was noted after 2 weeks.

D. Changes in RNA Content of Liver, Kidney and Lung

Data in Table 1& show that adminis;ration of lead for 2 or 4 weeks produced

a decrease in hepatic RNA content, followed by a subseguaent return to control .

-

amounts by 2 months. The concentration of RNA was also reduced«in lungs of 2
4 .

week-treated rats with no apparent marked alterations noted after 1 or 2 months.
whereas renal RNA levels remained unchanged after 2 or 4 weeks, a fall was

observed in B-week treated rats.

E. Influence on RNA/DNA Ratio in Various Tissues

The effects of chronic lead treatment on the hepatic, renalsand pulmonary
RNA/DNA ratio are presented in Table 17. Whereas the hepatic ratio of RNA/DNA

was redyced after 2 and 4 weeks of metal treatment, a return to control values

A



\TABLE 15 O ,
7 ) 1. . s . -
INFLUENCE OF CHRONIG‘LEAD TREATHENT ON DNA CONTENT OF VARIOUS . . }
TISSUES " . .
’ o : \

. Means * S.E.M. represent at least ¢ animals in each group.
Animals were given daily doses of 50 ug lead per Hay for 21 days
from birth. After weaning, rats were given 80 ppm lead in the
drinking water for the remaining 735 days. DNA content of the
tissues studied is expressed as milligrams per gram ‘tissue. Data .
are also expressed as percentages (in parentheses) with the values-

of control anlmals taken as 100%. - .
‘]‘ - ‘ . L4 . . . ? » ;
DNA (mg/g tissue) , 1
Age of rfats Liver ‘¥idney «Laing
2 weeks . . c ' n ' : N
Control 3.2140.04 © 6.19+0.16 '4.28+0.25
(100) (100) {100)
Treated "\  3.01%0.06 4.55£0.10 3.69+0.16 Lo
: - (94) * (73)% , (86} * . . \\
4 weeks - ) .
Control 2.92+0.07 4.34+0.06 4.4620.11
(100) (100) . (100)
Treated 2.69+0.08 3.92+0.07 4.18%0.11
- (92) : (90 * (94)
8 weeks ' - ‘ . i
Control 2.510.08 2.86%0.10 6.26%0.32 '/)
. (100) (100} (100)
Treated 2.08+0.07 2.4940.12 s 5.78%0.14
- (83)* (B7)* (93)

p
*Statistically significant difference as compared with the values of
control animals (p<0.05).



A - PABLE 16 . ‘ .

OF -LIVER, KIDNEY AND LUNG AFTER CHRONIC LEAD.
ADMINISTRATION !

4 N .

CHANGES IN RNA CONTE

Meaﬁé £ S.E.M. rejresent at least 6 animals in each group.
Animals were given daily doses of 50 Hg lead <(as* lead acetate) per
day for 21 days from th. After weaning, rats were given lead
at a concentration of 80 ppm in ‘the drinking water for the remaining
35 days. RNA content of the tissues studied is expressed as
mllligrams per gram tissue. Data are also expressed as percentages
(in parentheses) with the values of control animals taken as 100%.

Age of rats RNA (mg/g tissue)

Liver Kidney HEQ{
. ~
2 weeks . . \'Jgf‘
Control 7.34%0.15 5.90%0.17 3.66x0.13
. (100) \(100) - (100)
Treated 6.05+0. 34, 5.73+0.14 2.92+0.15
(82)* (97) (80) *
4 weeks ‘
Control . B.87+0.52 5.86%0.08 2.92+0.16
- (100) (100), (100)
Treated 6.7940. 27 5.40£0.25 2.93%0.18
(77)* ©{92) (101)
. 8 weeks , .
Control 7.55+0.24 4.60+0.18 ) 2.51+0.09
(100) _ (100) : (100)
Treated 7.01+0.13 4.04%0.17 2.43%0.07

N (94} . (BB)* : (27)

*Statistically significant difference as compared with the values of
control animals (Ef0.0S). )

~
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EFFECTS OF CHRONIC LEAD TREATMENT ON THE RNA/DNA RATIO IN LIVER, ™

v : _ T KIDNE!YANDLUNG R
..*.— ’ "" . N ' l"- -
’ “Means ilsfﬁ .M. represent at least 6 animals‘in'each group.
: Animals were given daily doses of 50 ug lead.per day for 21 days
from birth.

After weaning,, rats were given 80 ppm‘lead in the -
drinking water for the, remalning 35 days. The RNA/DNA ratio was

calculated from the values.obtained for tissue nuclelc acid céhtent.

"

Data are also expressed as percentages (in parentheses) with the .

»values of cgntrol animals taken as 100%.

.—q‘

¥ ] - -
. oo, RNA/DNA ratio e
- Age of rats Liver : Kidney Lung
- ) M * .— . "
"2 weeks . . . 5 . _
Control . 2.29%0.02 - D.99%0.03 0.77£0.00
(100} - . (100) {100)
Treated 2.05%0.09 1.26%0.03 0.79%0.03
) (89)* (127)* {103)
- .
i
wo
4 weeks
Contxol 3.02%0.13 1.35%0.02 0.69x0.02
(100),* . (100) (lo0)
Treated 2.54%0.10 1.310.01 _ 0.73%0.02
(84)* (97) * (106)
{
B weeks ' ’
Control 3.13%0.20 1.61+0.03 0.40+0.02
. (100)” (LooT™ {100}
Treated 3.2610414 1.6320.06 0.42%0.01
{104) {101} (105)

*Statistically significant difference as compared with the values of

-control animals (;_><0.0S).

ol
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was seen\by 2 months. z *kiﬁney, 2 weeks of lead’ingestion propuced a significant

1 -

oH -

' ndrease in kidney RNA/D ratio without any apparent changes at - the other time

R
points. No alterations in the ratio of RNA/DNA were obﬁbrued in 1ungs of’ e
. s - ‘/ ;. 3 " G
metal—treated animals at any of the times examined. R s . N
- k . . . * h} . . . . LI
* F. Effects on Tissue Prptein Levels co . - ‘ ;
e ” 3 - .

- F
- .
-

. N . . . _Jf o ' , - i :

, Results in_Table\ie i)Yustrate the influence of lead on tissue prot&in - ' Y
- L . } Y . / ‘ -~ P

e . . R L 3 [ ) . !
contcnt. In liver, administration of lead for 2 weeks produced a significant |

P * . - ' i ‘ y - ] "
reduetion in the' concentration of protein, followed'bp a return to control

. !
levels at 1 and "2 months after treatment. 1In contrast, lead produced a rige o

-

.in the concentration(of ‘renal protein after 2 weeks without any assotiated-
v .

, alterations in 4 or 8 week~administered nnimalc. As in the case of kidneyh

the concentration of protein in lung was gignificantly elevated ‘after- 2 and 8

weeks of lead administration, the maximal incZease (154% of cofitrol values) seen -

at 2 weeks. —— . .

G. Changes in Tissue Polyamine Content
) L ’ - : -~

In.order to'examine the role of polyamine metabolism ih the lead~induced

alterations in nucleic acid synthesis, tnc\égfects of this heavy metal were
examined on the concentration 4f putrescine, spermidfﬂa'nnd cpermine in'liver,
.kidney‘and lung. Although lead administration fniled to alter the hepatic. | ‘
concentrations of putrescine or spermidine at any of tne time periods examined
(Table 19), spermine 1evels were elevated as early as 2 weeks, docreasld by

30% at 4 weeks and subsequently returned to control 1evels at 8 weaeks. In

kidney, the concentration of putrescine was _significantly reduced by approximately
50% after 4 and 8 weeks (Table 20). Whereas renal spermidine fell at . 4 weeks, )
a significant increase to éGQ% of control values wis noteo in 2 month-treaté&'

' . .

rats. However, the levels of spermine remained ynchanged throughqut the course’ . -

of the experiment. Data in'Table 21 show that one month after treatment the
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- . TABLE 18 o . ) :
" . % LI * . . a*
S " - - . v B : \.:
L PROTEIN CONQFNT OF HEPATIC,RENAL AND PULMDNARY TISSUE AFTER CHRONIC -, . -
N LEAD ' INGESTION , .
- b v, . - K .
oL e L S

. Means % s E M. represent at least 6 animals in each group.
Animals ‘were. given daily d9sgs of 50 ug-lead per da¥ for 21 days °

. . rpm birth. . Aft.e,r weaning, rats were given 80 ppm legd: i in.the
- R drinking water for the remaining 35 days. sProtein content of i -
the tissues examined is exgresséd as milligrams per gram’ tissue. : - .o
Data are also- expressed aﬁercentages (in parentheses) with the , . _ ) ;
. values of control animals taken-as 100%. Y _— !
. S ® Protein (mg/g tissue) .. X ,
" Age of rats . Liver ‘" Kidney : Lung ’ ;.
. 2 weeks ' - \ | ce
‘ " Control -  15B.7%3.6 135.25.8 Lo TBLeTLT.
S ©. 60y - .. (ro0) . o0y | :
a * Al " . . . i -
: Treated 140.6%4.7 161.5%9.9 121.7+8.9
! . L (8)* ¢ . (o . (1s4)+
. L : :
. . . . .. ’ . o a -
- 4 weeks N % .. . . ‘
Control. 182.5+10.1 © 252.8%10.8 . ©182,.5%16.1
' - . (xo0y - .. {100) PR - (100)
s o R . . L]
' Treated . '.167.5%#9.8  233.4£16.8 168.512.8 _
A 73 (92) - (92) '
'8 weeks ) T S : Lo ‘ . -
~ ~ Control =~ | 166.9%¥14.4 266.0+23.9 . - 170.0+18.1 . -
PR c L {100) (100) . {100)
Treatéd = 202.5:19.1  221.3#7.5 . - 224.1#13.7 o
: (121) (83). - (132)*
/1 . 4
A *Stat‘istically significant difference as compa.red wJ.th the values
of, cont:rol anigals (p<0 05}). ;
LA [ ' |
h .

]



INFLUENCE OF CHRONIC LEAD INGESTICN ON HE?ATIC POLYRMINES'

! S _ /

.-

Means S E.M. represent at least 6 animals

in each group. -

Animals were given dai%zhoral doses of 50 ug lead for 21 days ‘from

birth. .Thereafter for
80 ppm lead' in the drinking water.
after the cessation of treatment.
picomcles per™milligram tissue.

(in parentheses)\with the values of contreol an

Animals were

e next 35 days, groups of rats were given

killed 24 hours

Polyamine content is given as
Data are also iven as percentages

aken as 100%.

~

-

’ Polx nes (pmoles/mg tissye)

Age of rats

trescine Spermidine - ° Spermine
\s\ — .
2 weeks :
Control 10.73£1.39 . 72.7+4.8
(100) . (100)
Treated 7.73£0.89 97.2t9.4
(72) {134y
4 weeks -
Contril 12.09£0.35 .1.15%0.13 _ 63.749.3
(100) (100) A (100)
Treated 1£0.11 0.92+0.14 - 44.7+1.9
: {91) (80) . 2{70)*
T Y
8 weeks . >
Control 1.05+0.13 0.60£0.07 34.5+3.9
(100) (10D) (100)
Preated "1.18£0.06 0.72+0.08 29.0+4.3
: {113) (120) (84)

. .
. *

*Statistically significant difference, as compared with control Ghlﬁes

(p<0.05).

!
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Means + S.E.M. represent at least 6 anﬁ; in each group.
Animals were given daily oral doses of 50 ug lead for .21 days -from

Thereaftef for the next 35 days, groups of rats were given
80 ppm lead'in the drinking wa;er.

‘birth,

after the cessation of ‘treatment.
picomoles per mllligram tissue,

n

[

4.

.

CHRONJC LEAD ADMINfEEhAI;Dﬁ

'R

.

X]

Animals were killed-24 hours
Polyamine content.is given as.,

P

Data ‘are also’ given as percentages
tin parentheses) with the values of control animals taken as 100%?

B <Age of{fats_

L

.Polz‘ amines- (pmoles/mg tissue)

.Putrescing Spermidine Spermine
\ -
2 week}
_ Control - 7.38+0.75 + 10.45+1.07 . 70.2%6.0
. ' (100) (100) (100}
Treated 6.14%0. 34 11.14%1.19 -’"52.453.5
) (83) (107} ‘£ (89)
. ‘\ »
4 weeks . _ ..
. Control 6.57£0.07 1.82%0.28 73.3216.1
! .o (100) - {100) (100)
* rreated 4.01:0.23 1.04:0.10 ' 84.8%2.3
(6L)* (57)* {116)
8 weeks _ ' -
.Control - 5.4410.54 0.7810.13 - 60.3%7.7
{100) (100) , (100)
Treated 2.8610.42 - 2.1 *0.49 5;.016.8
: (58| * (269) * (88)

*Statistically significant difference as

(p<0.05).

o

compared with control values
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EFFE%P‘ CHliOléIC LEAD TREATMENT ON PULMONARY POLYAMINES .

' Means i s}E M.
Anjimals were given dai,
birth. Thereafter for
80 ppm "lead /in the dri

present at least 6 animals in each group.

.oral doses of 50 pg lead for 21 days from

e next 35 days, groups of rats were given

ng water. MAnimals were killed 24 hours after
the cessatibn of treatmé:. Polyamine content is given as picomoles

per milligram tissue. are also given as pércentages (in parentheses)
with the/values of control animals taken as 100%.

: -

7
o

. ?olxemines {(pmoles/mg tissue)
Age of rats Putrescine +  Spermidine . Spermine

XL ‘ _-
: /2 week ' . :
/ ntrol " 5.16+0.50 ' 3.36%0.33 33.0%5.0
/, T ¢ 100$) (100) {100} )
Treated © 4.80£0.34 - 3.1430.23 40.5:3.6
“ (93) - (93) (123)
4 weeks - . ' y
. Control 2.0520.15 -+ 1.90:0.18 . 63.9:9.2
. . . * {100) . : {100) {100)
_Treated 1.08+0.08 ' 0.84%0.07 | 28.5%2.2
\\ oo L (5d) | (44 (45) *
- i Ny . . ’ . f
8 weeks : ) - %
. & Control - 1.1730.06 3 1.18+0.14 41.5+2.8
: -\ - - {100) N (100) (100)
. freated " 1.10£0.11 . - 1.07£0.17 48.6+2.8
s \ ‘ (95) : RN () S R S ¢ 5 )

*Statistically significant difference as compared with control values

(p<0.05). _
\ .

\.
N
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concentrations of pulmonary putrescine, spermidine and spermine were .
L] e ' .
significantly reduced to approximately 50% of control values; however, no °

apparent changes were detected at any of the other time intervals examined.

H. Influence on Endogenous Cyclic AMP Levels

Since modulation in the adeny}ate cyclase-cyclic AMP sygtem may be™
involved in the initiation of DNA synthesis i; certgin mammalfan tissues (18),
if was af interest to examine the role of cyclic nucleotide metabolism in the
lead-inflicted augmentation of thymidine:incorporation-into hepatic, renal and
pulmonary DNAt In the triad of tissues examined, the endogencus levels of
cyclic AMP increased approximately 2-fold after 4 weeks of féad treatment
and the obserﬁed elevation in cyclic nucleotide content was maintaineg)only ip
k%dney cortex after 8 ;eeks fFig. . it is of interest that the iﬁcrease
in cyclic AMP levels noted in all 3 tissues examined preceded.the observed
.ephancement in the incorporation of thymidine into DNA. In additi?n, the
reduction o thyﬁidine incorporation into ;;nal DNA seen at 4 weeks was
accompanied by a fall in cyclic nucleotide content in ;nimals given lead for

2 weeks. Data thus suggest that augmentation in the incorporation of thymidine

into tissue DNA is associated with alterations in cyclic AMP metabolism.

"I. Effect on Adenylate Cyclase Activity

, .
The influence of lead treatment on the activity of adenylate cyclase is
111us£§é§5a in Fig. 8. In livef, the activity of this enzyme remained

unchanged after % weeks, rose significantly to 154% of control values after
4 weeks and was followed by a subsequent return to control amounts by 8 weeks.

"

Two weeks after initiation pf treatment, renal adenylate cyclase activity was

depressed, returned to conftrol values after 4 weeks,-?nd subsequently increased ,

to 169% of control after B weeks. Whereas the activity of pulmonary adenylate
’ »

cyclase remained at control levels after 4 weeks, a significant fall in enzymic

'
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LIVER =~ KIDNEY . LUNG -

pmoles/ mg tissue

) 0 L A A ' i 1 § " L M
2 4 8 2 4 8 2 A 8
WEEKS OF TREATMENT
/ ' -
< ' FIG. 7 : ' ,

Sequential changes in hepatic, renal ‘and pulmonary cyclic AMP levels
after prolonged exposure to lead. Each point represents the mean + S.E.M.
of at least 6 animals in ®ach group. .Animals were given daily oral doses
of 50 ug -of lead £ 21 days from birth. Thereafter, for the next 35 days,
groups of rats weé%iven 80 ppm lead in the drinking water. Animals were
killed 24 hours after the cessation of treatment, The endogenous concen-
tration of cyclic AMP is expressed as pmoles per mg tissue. *Statistically
significant difference when compared with the values of control animals

O (p<0.05)
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FIG. 8. .
Influence of chronic lead administration on hepatic, rehal and pulmonary

adenylate cyclase activity. Each point represents the mean * S.E.M. of at

least 6 animals in each group. Animals were given daily oral doses of

50 yg of lead for 21 days from birth. Thereafter, for the next 35 days,

groups of rats were given 80 ppm lead in the drinking water. Animals were

killed 24 hours after the cessation of treatment. The activity of adenylate

cyclase was calculated as picomoles cyclic AMP formed per 10 minutes per

mg tissue and is expressed as specific activity per mg protein. *Statistically

significant difference when compared with the values of contrel animals

(p<0.05).
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activity was seen after 2 or 8 weeks. It'istoséihlé that a reduction in the
activ1ty of lung cycllc nucleotide phosphodiesterase may account for the

elevated concentration of cyeclic AMP- observed in this tissue at 4 weeks. It

is of interest that the changes in renal and hepatic adenylate cyclase activity

also preceded and accompanied the observed alterations in the incorporation

. 3
- v

of thymidine into DNA.

V. INFLUENCE OF ACUTE LEAD TREATMENT ON VARIOUS PARAMETERS ASSOCIATED WITH

* GROWTH IN LIVER, KIDNEY AND LUNG

A. Influence on the Incorporation of 14C-—Thymidine Into Tissue DNA

Several investigators have reported tﬁat a single administration of lead
via the iotracardiéc roote.pooduced cell proliferation in mouse kidney (16,
223). It was thus of interest to examine the effects of acute lead treatment
on various parameters of growth in rat kidney and also in liver and lung,io
order to ascertain whether treatment with this hoavy metal produced similar
effiects in a variety 8f organs. Male Sprague-Dawley rats were given a single
iftkraperitoneal injection of lead chloride (10 mg/kg) and sacrificed after
qe;herji, 3, 5 or 7 days. Corresponding controls for each set of treated
animals received ao egual volume (0.2 ml) of physiological saline. Fig. 9
1llust¥ates the time-course of the lead-induced alteratlons in the capacity
of liver, kidney and 1ung to 1ncorporate labelled thymidine into DNA. Although'\\
a slight but insignlflcant rise was noted in the 1nco;porat10n of thymidine
into hepatic DNA after 24 hours, no marked alterations were observed until
the seventh day, where DNA synthesis fell to 39% of control values. In
contrast,‘wheregs heavy metal treatment for onelday-foiled to markedly,alter ~
the incorporation of thymidine into renal DNA, o significant 2-fold rise was
noted after 72 hours followed by a subsequent return to cootrol oalues by

the fifth day. In the lung, lead administration decreased the incorporation

-
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14C_THYMIDINE INTO DNA {dpm/mg DNA)

’

DAYS AFTER TREATMENT

Eren

FIG. 9

Effects of lead on the incorporation of 14C —-thymidine into DNA in
several tissues. Each point represents the mean * S.E.M. of at least
5 animals in each group. Rats were administered a smngle intraperitoneal
dose of lead (10 mg/kg PbCl,) and killed 1, 3, 5 or 7 days thereafter.
The mean *+ S.E.M. of 24 vehicle-treated animals is shown at point zero
and is represented by the area between the two dotted lines. The
incorporation of l4c_thymidine into hepatic, renal and pulmonary DNA is
expressed as dpm per mg DNA. Data are also given as percentages {in
parentheses) with the values of control animals taken as 100%.
*Statistically significant difference when compared with the values of
control animals (p<0.03).
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<3fter-one week of lead exposure.
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- of thymidine into DNA after 1 day and remained lower than control values

throughout the treatment period:'
o © 4 : ®
B. Effect on Incorporation of ~ C-Orotic Acid Into Tigsue RNA

The éequential changes in the incorporation of l4c—ofotic‘épid into ;
hepatic, renal qu'pulmonary RNA gﬁter a single'administrat;pn of lead are
demonstrq&ed in Fgg. 10. Unlike the/differences noted with respect to DNA )
synthesis in these organs, heavy metal treatment was found to produce an
initial, significant eleva£ion in the incoréorgtion of orétic acid.ih§o hepatié,
;epal and pulmonary RNA after 24 ﬁours. In liver éhd kidney, the observed
increase in RNA' synthesis was followed by a subsgquent marked reduction in
the incorporatien of orotic acid into RNA after 5 days., wﬁile pulmonary RNA
synthesis was not significantlﬁ reduced until one week after treatment.

C. Alterations in Tissue DNA Content

Data in Table 22 show the influence of lead on tissue DNA content. The
lead-inflicted rise in hepatic DNA content observed after 3 days was maiptained
throughout the exposure period. Similarly,'heavy metal administration increased
the concentration of DNA in kidney cortex by approximately 25% both a%ter 5 and
7'days., A significant elevation in pulmonary DNA content was only observed

Y

D. Influence on RNA Content of Liver, Kidney and Lung

The concentration of hepatic RNA was elevated 3, 5 gnd 7 days after metal
treatment'jfable 23), in a manner similar to the observed alterations in DNA
content. Similarly, the lead-ihduced elevation in renal DNA content seen after
7 days was acc0mpanied'by a rise in the concentration of RNA in this tissue. In
contrast, the iniéial rise in pulmonary RNA content was followed by a significant

reductibn in RNA levels in this tissue after 5 and 7 days of metal treatment.

7

Vg
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FIG. 10

-
R

Influence of lead on incorporation of 14C—orot:ic acid into hepatic,
renal and pulmonary RNA. Each point represents the mean * S5.E.M. of at
least 5 animals in each group. Rats were administered a single intra-
peritoneal dose of lead (10 mg/kg PbCl,) and killed 1, 3, 5 or 7 days

' thereafter. The mean ¥ S.E.M. of 24 vehicle-treated animals is shown at
point zero and is represented by the area between the two dotted lines.
The incorporaticn of %4C—orotic acid into hepatic, renal and pulmenary RNA
is expressed as dpm per myg RNA. Data are also given as percentages

" (in parentheses) with the values of control animals taken as 100%.
*Statistically significant difference when compared with the values of
control animals (p<0.05).

T i



105

Table 22

" HEPATIC, RENAL AND PULMONARY DNA CONTENT AFTER A SINGLE
. _ DOSE OF .LEAD

Means * S.E.M. represent at least 5 animals in each group.
Animals were injected intraperitoneally with a single dose of lead
chlotide (10 mg/kg), and were sacrificed 1, 3, 5 or 7 days following
lead ayministration. The mean * S.E.M..of 24 vehicle-treated animals
is given at day zero. DNA content of the tissues studied is
expressed as milligrams per gram tissue. Data are also given as

percentages {(in parentheses) with the values of control animals taken
as 100%.

R
Days after DNA (mg/g tissue)
Treatment +Liver Kidney . Lung
0 ’ 3.20+0.26 3.92%+0.27 5.73+0.22
(100} (100} (100}
1l 3.11+0.23 3.2640.17 5.63%0.20
: (27) ' (83) (98)
3 4.080.12 3.47%0.06 5.43%0.13
(128} * ' (89) (95)
5 - 4.48+0.37 ' 4.9320.09 5.97+0.24
{140) * {126)* (104}
7 4.37+0.28 4.80%0.09  6.85£0.26.
{137)* (122)* {120) *

‘*Statistically significant difference as compared with the values of
control animals (ng.OS).

-



' TABLE 23

- RNA CONTENT OF LIVER, KIDNEY AND LUNG AFTER ACUTE LEAD ADMINISTRATION

Means * S.E.M. represent at least 5 animals in each group.
Animals were injected intraperitoneally with a single dose of lead
chloride (10 mg/kg) . and were sacrificed 1, 3, S or 7 days following
lead administration. The mean * S.E.M. of 24 vehicle-treated
animals is given at day zero. RNA content of the tissues studied is
expressed as milligrams per gram tissue. Data are also given as

percentages (in parentheses) with the values of control animals
taken as 100%.

-

Days after RNA (mg/g tissue)
Treatment Liver Kidney Lung
0 6.7810.23 3.71x0.14 3.32:0.15
(100) (100) (100)
1 6.73+0.15 3.84%0.15 3.76£0.12
(99) (103) (113)*
3 4550 3.58%0.10 3.09%0.06
{125)* (96) {93)
5 7.56%0.18 3.85+0.28 1.96%0.-09
{112)* {104) {59} *
7 8.29%0.40 4.41+0.20 2.71%0.10
(122)+* {119)* (81)*

*Statistically significant difference as compared with the values of

control animals (p<0.05).

-
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E. Changes in RNA/DNA Ratic of Certain Tissues Examined
The'numerical ratio of RNA to DNA %?ran index of the capacity of DNA to . -_ .

pa—

synthesize RNA. The time-course of the lead-induced al;éiations in the ratio . .
, - -~ ‘ S

of RNA .to DNA is illustrated in Table 24. A significant reduction in the RNA

to DNA_ratid was observed in kidney and lung throughout the cqurge of the’

experiment. Although the ratip of RNA to DNA in liver remained unchanged
after 1, 3.-or 5 days, a significant decrease resulted after 1 week. . L
! - , p

F, Influence on Tissﬁe Protein Content

~_~"N

whereas lead administration failed to significantly alter the concentration-

of protein in hepatic and pulmonafy‘tissue at any of the time periods examined.
(Table 25), heavy metal- treatment increased the level of renal érotein aqur

'3 days. The'obsegved elevation inlkidney protein conten£ was maintainéd for

7 days in our expgrimental conditions.

G. Alterations in Hepatic, Renal and Pulmonary Polyamine Levels

In order to examine the role of polyamine metabolism in the lead-induced
alterations in nucleic acid synthesis, the effects of this heavy metal were
examined on the concentration of putrescine, spermidine and spermine in liver, -

kidney and lung. The concentration of putrescine in hepatic tissue was markedly

-~

»reduce& throughoﬁt the treatment period (Table 26). Although hepatic spermine
and spermidine levels also tended to decrease, a significant reduction was N

only noted on the 5th and 7th days after lead administration, respectively.
' * ’ ’ . . /
In kidney, no significant alterations were noted in the concentration of ;P

¢
;

{éutrescine and spermidine at any of the time periods examined {(Table 27}.- - .-~
HowéQer, whereas renal spermine levels tended to decrease after one day, a
signifiéant elevation to 140% of control values was observed after 5 days,

followed by a subsequent restoration;to control levels after one week.



TABLE 54 s

CHANGES IN THE RNA/DNA RATIO IN LIVER, KIDNEY AND LUNG AFTER ACUTE
_ LEAD ADMINISTRATION

]

Means + S.E.M. represent at least 5 animals in each group.
"Animals were injected intraperitoneally with a single dose of lead
¢ chloride (10 mg/kg), and were sacrificed l, 3, 5 or 7 days following
lead adminlstration. The mean * S.E.M. of 24 vehicle-treated
animals is given at day Zzero. Data are also given as percentages
(in parentheses) with the values of g¢ontrol animals taken as 100%,

[

RNA/DNA Ratio

Days after. .

[ R

Treatment

Liver

Kidney Luﬁg
o . 2.22%0.16 1.2040.08 0.6740.02
(100) (100) (100)
1 2.34%0.20 0.95%0.04 0.58%0.01
{105) (80) * (87)*
3 - 2-08£0.09 1.0340.04 0.57+0.01
(94) (86) _(86)*
5 1.82%0.16 0.78+0.04 0.33%0.02
(82) (65)* (50) *
7 1.69£0.09 ' 0.85%0.05 " 0.40%0.01
N (76) * {71)* (59) *

.

*Statistically significant difference as compared w1th control values

(p<0 05).
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TABLE 25

‘:"i - A

'3

© N INFLUENCE OF LEAD "ON PROTEIN CONTENT. IN HEPATIC, RENAL AND PULMONARY *

\\H\_d ’ TISSUE .
' "'. . (‘ . ) "..

. Means E/;j;EL. represent at least 5 animals in each group. ..
Animals were administerxed a single dose of lead chloride (10 mg/kg,

4.p.) and killed after 1, 3, 5 or 7 days. The mean *+ S.E.M. of 24

. vehicle-treated animals is given at day zero., Protein content ,of the

tissues examined is expressed as milligrams per gram tissue.. Data

are also given -as percentages {in parentheses) with the values of

control animals taken-as 100%. ﬂ

- L}

:

Days after Protein (mg/g tissue) )
‘Treatment Liver. Kidney R Lung A
0 163.1+4.6 121.247.1 106.5+10.2
(100) (160) (100}
1 , l63.1%2.8 110.9+6.8 101.3+7.0
Lo {100) - (92) (95)
3 181.348.3 142.2+4.4 © 95.3+4.8
(111) (117)* {89)
s 161.7£6.3 + 150.4$8.5  106.425.2
' (99) T(124)* . (100)
7 - 185.4+9.4 148:.8:7.1 96.5+4.9
. (114) (123) * (o) -

'\ *Statistid&lly signifiganﬁ difference as compared with the values
of control animals (p<0.05).
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" PIME-COURSE OF THE LEAD~INDUCED CHANGES IN HEPATIC POLYAMINES * 5

R coe, o . E

Means t S.E.M. represent at least 5 animals in each group. . ) :
Rats were injected intraperitoneally with a single dose of lead’ . ¢
chlorlde (10 mg/kg) and were killed 1, 3, 5 or 7 days after lead
administration. The mean * S5.E.M. of 24 vehicle-treated- animale is":
given at day zero. Polyamine content is expreséed as picomoies per,
milligram liver. Data are also given as percentages (in parentheees)
with the values of .control animals taken as 100%.

I »

L) ‘ \
. . 1 , - . ] X
‘. . 1 v,
Days after’ Ny ' Polyamines (pmoles/mg tlssue) -
Treatment ‘Butrescine . , Spermidine Spermine
' 0 128.1+13.6 T 46.2t4.4 ., | 218.414.8
‘ = (100) : (roo) 7 ¢{100)
c 1 7 76.5%6.9 | 46.7£2.2 190.7+10.4 -
(60)* - (101) _ (87
[ \ .'
3 > " 75.7%7.4 . 43.8+2.1 . 181.2%12.7
. (59> . (95) ‘ (83)
.
.5 . B87.7%11.5 '35.0:3.3 173.4£5.0
. T - (68)* - S (78) . (79)*
T s 85.118.3\"“ . 29.4%1.5 189.7+6.6
ST . L (64)* T (87)

*Stetistically significant differences as compared with the values i ’ .
of control animale (p<0 05). .



o - _ .0 . TABLE 27 \\
INFLUENCE OF ACUTE LEAD TREAEMENT\oﬁ RENAL POLYAMINES

Meagns * S.E.M. represent at 1eest 5 animals in each grEup.

Rats weye injected intrapéritoneally with a\\ single dose of lead

chloride (10 mg/kg’) and were killed l,: r 50 7 daya after laag . .-,

treatment. The mean t S.E.M. of 24 vehicle-treated anlmals is §,

given at day zero. Polyamine content is expressed as picomoles per O

milligram kidney cortex. Data are' also gxpressed as perlentages

(in parentheses) wieh the control values!taken. as 100%.

/' | : ) ‘ . . " . _\.’.

—r

Days after . ' - Polyamines (pno{gs/mg tissue) ‘
Treatment Putrescine Spermidine’ - .-  Spermine
. o o . e
o - ' 10.81.5 18.5+1.6 137.0%19.2
oLt " (1o0) o (100} " (100)
: - -L8.140.7 ... °  15.5%1.1 92,0+11.8.
S - "(84) (84) - B 1) B
‘t, ] . h ': f o . i . *
3, i 9.840.4 ©17.9%2. 160.0234.9 4. .
. (s0) - . . ~ (986) oon . .
s . 10.0#1.5 ' 16.1£2.4 191.741.5
B P ¢ 3 (87)" _\: (140) *
7 , 9.320%9 17.1#1.2 119.126.3
-, ~ - (86) . (92) (87) -

' rr l

*statistically sigpd.ficant differe_nce as compa.red with the va}ues of

control animals (2<0 05). -, ' - ".; .

Al
i
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The time-course of the 1ead—induced alterations in pulmonary polyamine

~content is illustrated in Table 28. Whereas the concentration of putrescine

.
e

in'lungs of” etalftreated animals fell to 50% of control values.after 1 or 3
.o . \\\‘ . . . )

Y8, no s ificant alteratéons in pulmonary spermidine or spermine levels
were noted at either time period. However, S days and 1 week after lead

administrati?n, the bulmcnary concantration of butregcine, spermidine and
spermine fell markedly, in a manner similar to the changes:noted in liver
of lead-administered animals.

H. Changes in Cyclic AMP Levels

Since modulation in the adenylate cyclase-cyclic AMP system is-believed
to be involved in the initiation of DNA synth351s {(18), the influence of
lead was examlned on.the endogenous levels of. CYCllC BMP in liver, kldney and
lung (Fig. 11). The hepatic concentration of cyclic AMP was reduced to 60% of
control after 3 days, and no significant alterations were noted at any of the
other time periods examined. In kidney, theflead-induced reduction ln the
concentration of cyclic AMP was'maintained from the 3rd through.7th day of the
treatment period. In contrast, pulmonary cyclic AMP content rose to 152% of
control values after one day, which was followed by'alcubcequen5 restoration

. . . »
to control values throughout the remaindéz of the treatment period. It is of
interest that the reduction lh hepatic cyclic AMP levels preceded the observed

decrease in thymidine incorporation into DNA in livers of lead-administered

animals.
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* TABLE 28

PQLMONARY POLYAMINE CONTENT AFTER ACUTE LEAD ADMINISTRATION

. Means + 5.E.M. represent at least 5 rats in each group. Animals
were intraperitoneally injected with a single dose of lead chloride
(10 mg/kg) and were killed 1, 3, 5 or 7 days after lead treatment.
The mean + S.E.M. of 24 'vehicle-treated animals is given at day zero.
Polyamine content is expressed as picomoles per milligram lung. Data
are also given as percentages (in parentheses) with the values of
control animals taken as 100%.

Days afthr . Polyamines (pmoles/mg tissue)
Treatment Putrescine Spermidine Spermine
0 19.5*%0.9 6.4*0.7 266.0%47.6
(100) (100) : {100)
1 9.9+1.2 4.71.1 181.8+45.3
(51)* (74) ' (e8)
3 10.020.3 5.0%0.8 216.5t47.9
(51)* (77) T (81)
5 6.7+0.2 3.020.2 113.1%+19.0
(34)* : {46) * (43)*
7 h 6.3+0.3 ’ 2.6x0.2 103.5+11.9

(32)* (40)* (39)*

*Statistically significant difference as compared with the values of
control animals (p<0.05).

~

e
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CYCLIC AMP (pmo_les/mg tissue)
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3.0 3.0 3.0
[ [vem. I
(152)*
(134)
2.0 _(]00)(94) 2.0 20l ] (127} (e)
T (84) “_(ﬁ) BT O,J' I I
. 75 10
| l(éo)(E”I | (T) ) T 1 J
Ji5616%he0) i
1.0} 1 1.0 1 T-{-—I— 104~ i 1.
T
0135 7 013 5 7 0 1 3 5/ 7

DAYS AFTER TREATMENT

- . FIG. 11

Influence of lead treatment on cyclic AMP levels in certain tissues.
Each bar represents the mean * S.E.M. of at least 5 animals in each group.
Rats were administered a. single intraperitoneal dose of lead (10 mg/kg PbClz)
and killed 1, 3, 5 or 7 days thereafter. The mean + S.E.M. of 24 vehicle-
treated animals is given. at day zero. The endogenous concentration of
cyclic AMP is expressed as picomoles per mg‘issue. Data are also given
as percentages (in parentheses) with the values of control animals taken as
100%. *Statistically significant difference when compared with the values

* of control animals (p<0.035)}.

N



115’

5. DISCUSSION

- e

I.. INFLUENCE OF VAFIiPG LEAD TREATEENT RﬁGIHENS ON GLUCOSE HOMEOSTASIS

The continuous emission of lead into-the environment from industrial  °

sources and automobile exhaust, the accumulation and persistence of this

. -

N . . e I
. . ) ] - -
heavy metal in thi atmosphere as well 4s the high affinity of lead to remain.

bound to mammalian tissues emphasizesthg need for a more complete understanding
of the metabolic"consequen;ef of.héavy metal toxicity. Although the‘role
piﬁyéﬁ by certainlmetallic elemenfg in mammalian functions is well known;
little attention has been ébcusSed én the envifonmént;i health hazard
resulting fraom thé use of noﬁ—egséhtial heavy metals in industry and agriculture.
The present stddy shows that daily administratidh of lead over a 45-day period
produced augmentation in the activities of pyruvate carg;xylase, phosphoenol-
pyruvate carboxykinase, fructose 1,6-diphosphatase and glucose &-phosphatase

in liver and kidney, the two major tissues which possess the complete enzymatic
potential for glucose synthesis from non-carbohydrate precursors {(148). 1In
addition to elevating the concentration of blood glucose and urea, chronic lead
treatment significantly reduced the levels of hepatic glycogen. Abstinence from
treatment for Zé days in rats previously giveén lead for 45 days reduced the
heavy metal-inflicted biochemical alterations. However, certain changes
observed in the "withdrawal® group were still significantly different from
controls, -indicating the persistent nature of some of the lead-induced
alterations in liver and kidney carbohydrate metabolism even when the exposure
to heavy ﬁetal was terminated for 4 weeks. It is interestiné that chronic

lead treatment increased the urinary excretion of glucose and protein

(30-60 mgt above control) as measured by using the Dextrostix and Combistix
tapes, respectively, and thg observed glycosuria and proteinuria also persisted

4 weeks after stopping the treatment. Recently, Goyer (262) found that whereas

chronic lead treatment also increased the urinary excretion of protein, glucose

A
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and phosphate, the excretion of uric acid was decreased and the observed

. L S
functional abnormalities were associated with kidney damage. It is of

interest that two other heavy metals, mercury gnq cadmium, which exert similar
toxic actions on the kidney (10), élso produced marked proteinuria and
glycosﬁria (263,264). In recent reports, Singhal EE.EE: (265) and Merali

et al. (266) have'demonstrated‘that the.organomercurial— and caftmium-induced
rise in urinary excrétion of glu&ose‘and Protein may also have been related
.to stimulation in the gluconeogenic capacity in liver and kidney cortex. 1In
‘contrasb to the findings'with lead, withdrawal from organomercurial or cadmium'
treatment in rats which had been injected with these heavy metals ;or 45 days
was found to produce persistent changes in the quartet of renél‘and hepatic
gluconeogenic'enzymes, liver‘glycogen, seEum urea and glucose (265,266). Since
the metabolic alterations produced by lead persisted only pﬁrtially after 4
weeks withdrawal, it is possible that the immobilization of 1eéd in bone stores
results in a lower effective toxicity of a large body burden of the heavy metal.

A more relevant experimental model of heavy metal intoxication was

employea in whicﬁ animals were given éither 20; 40 or 80 ppm lead for a period
of 56 days. Chronic oral administration of lead at a concentgation of 40 ppm
in the drinking water produced significant reducticn of liver glyceogen,
elevation of blood glucose as wel% as augmentation of the activities of renal
pyruvate carboxylase, phosphoenolpyruvate carboxykinase, frucfose l,6-
diphosphatase and glucose 6—phosphatase. These lead-induced alterations in
glucose synthesis were dose-related and significant enhancement in kidney
gluconeogenesis could be seen with a concentration as low as 20 ppm given for
.56 days. 'Changég in Z;ucose homeostasis as evidenced by glycosuria also have
been reported by Chisolm (13) and Goyer (262) following exposure to le;d.
Berteloot and Hugon (126) found that incubation of rat liver homogenates with

less than 0.5 mM lead nitrate enhanced the acﬁivity of glucose 6-phosphatase,
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although increasing the concentration of” the heavy metal depressed enzymic
activity. 1In acute studies, Filkins (123) noted a decreased capacity of liver
tissue slices to biotransform alanine or pyruvéte to glucose in animals given

a 5 mg/kg dose of léad acetate. It may be noteworthy that in contrast to the
[ 4
present study where lead was administered in alevel as low as 20 ppm for 56 days,
®
Hirsch (134} using a dietary concentration of heaﬁy metal as high as 2% (an

amiount known to exceed the level td which humans may be environmentally, exposed) ,

observed a decrease in glucose production from pyruvate in rat kidney cortex

.

slices.

_One of the prominent toxic manifestations related to plumbism is renal
damage associated with an increased urinary excretion of glucose {13). In
the present study, the observeq augmentation in kidney glucose synthesis may’
thus contribdte to enhanced excretion of glucose in the urine. The reduction
in hepatic glycogen stores following lead treatment suggests that the process
of glycogenolysis may also provide a source for the increased levels of glucose
present in bloed and urine. The maintenance of blood glucose levels is
dependent, at least partially, on the hormones secreted by the pancreas. Chronic
lead exposure resulted in a dose-related increase in blood glucose and a
decrease in insulinogenic index. Further, in rats. subacutely exposed to lead
and subsequently challenged with a glucose load, the insulin secretory response
was both delayed and suppressed, and the abiliéy tQ_Lolerate a glucose locad was
significantly impaired. Data thus suggest that alterations in glucose
homeostasis may indeed be related to the action of lead on the pancreas. A
similar dysfunction in pancreatié activity characterized by inhibition of the
glucose-stimulated release of'iniglin has been reported in animals given other
heavy metals such as nickel and céﬁmium (267-269). The precise mechanisms by
which lead affects pancreatic function still remains to be elucidated; héweverh

it is conceivable that this heavy metal may interfere with certain divalent
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ions such as zinc and calcium, known to be essential for normal pancreatic

activity. Indeed, Merali and Singhal (270) demonstrated that the concurrent

administration of zinc produced a partial protection against the pancreatotoxic

actions of cadmi\ﬁ'.'

Qur results also demonstrate that chroﬁic administration of lead

produces an elevation in the concentration of serum urea. Since ur;; represeﬁts
the chief metabolié product of protein and amino acid catabolism (271), the
present data seem to be consistent with the suggestion that lead alters

protein metabolism. Indeed, ultrastructurai studies revealed that administration
of lead produces characteristic lead-protein intranuclear inclusion bodies in
kidney as well as reduced protgin'synthesis in rabbit reticuiocytes (118;130).
The observed elevation of serum urea in rats chronically-exposed to lead may

thus be related to enhanced glucose synthesis from proteins andtéminaﬁﬁcids.

It is of interest-that other heavy metals such as mercury and cadmium also
produced an elevation in serum urea and gluconeoqgnesis'in hepatic and renal
tissue {265,266). These metal-inflicted biochemical alterations persistgd

even after withdrawal from treatment i.:‘or 4 weeks (265,266). ‘
At present, the mechanism(s) by which the kidney responds to v§£}ous

~

nephrotoxic agents such as lead remains obscure. Kirschbaum et al. {133)
noted that lead poisoning increased the activities of renal glycoprotein:
glycoéyltransferase, proﬁease, acid phosphatasé, N-acetyl glucosaminidase,
a-galactosidase and B-galactosidase suggesting that acid hydrolases might
participate in cellular damage to the kidney. Cellular oxidation processes and
mitﬁchondrial structures also were found to be altered in livers of lead-
treated fgts and rabbits (10,115). Since energy production appears to be
'altered by this heavy metal (10), it is possible that lead enhances the

£

glucose-synthesizing enzymatic potential of both renal and hepat}c tissue

in order to meet the increased demand for energy. In addition, the glycosuria

. i ~

~ .
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observed after chronic lead treatment might be related to a decreased

L3 ) ’ - )
reabsorption of glucose as a result of kidney- failure (70).

II. ROLE OF ADENWLATE CYCLASE-CYCLIC/AMP SYSTEM IN LEAD-INDUCED METABOLIC CHANGES
‘ . = - N

In m » modulation of:the“adenylaée cyclase-qzslic AMP system is
believed to be responsible for a variety of héfménél- and drug-induced alterations
in carbohydrafe and lipid ﬁetabélism (14). Administration of cyclic'AMP was
found by Sutherland- and Robison (14) to produce a rise in blood gluco;e and the
cyclic nucleotide=§nduced_byperglycemia was accompanied by a concomitant f£all
in liver glycogen. In addition, treatment with cyciic AMP increased'hepatic‘and
renal pyruvate carboxylase, phosphoenolpyruvate carboxykinase, fructose 1,6-
diphosphata%‘,; and glucose 6-phospha;tase activities (272) and enhanced the
formation of g;ucose from non-carbohydrate sources in both tissues (14). 1In the
present stud&, chronic ingestion of lead iig drinking water elevated the

3

endogenous levels of cyclic AMP, augmented the activity of adenylate cyclase an

-

enhanced the gluconeogenic capacity of the renal cortex, indicating that the' |
observed alterations.ig renal carbohydrate metabolism may be related to modulation
in the adenyla;e cyclase-cyclic AMP system. Whereas the ingestion of lower
amounts of heavy metal tended to produce énly a slight rise in adenylate cyclase
activity,. significant increases in endogenous cyclic AMP levels were noted in
kidney cortices of rats receiving either 20 or 40 ppm lead for 56 days. A
simflar elevation in the endogenous concentration of hepatic cycliﬁ AMP and
adenylate cyclase activity was noted in rats chronically-injecteg with 1.0 mg/kg
leg@ for 45 days. Iﬁ contrast, prolonged treatment with lead via the intra-
peritoneal route produced a significant decrease in cyclic AMP levels of kidney .
cortex. In addition, subacute exposure to this me£al,failed tc markedly alter

the activity of adenylate cyclase d only slightly reduced the concentration of

renal cyclic AMP. It 1s difficylt at present to ascertain the reason for the

observed decrease in repa ¢ AMP levels after intraperitoneal lead '
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admlnistratlo%‘ since both lead and cyclic AM@ were preuuonsly found to
produce a marked enhancement in renal gluconeogenesis (14) However,othe .

_poss;blllty exists that the observed fall in kidney cortex cycllc.AMP may be

Az v
due to enhanced breakdown by cyclic nucleotlde phosphodiebterase and/

increased urinary excretlon of ecyclic AMP due to tubula; damage. Indeed, chronjc
exposure to lead in man and expebimé%tal animaisqhes been‘bound Eo.prodtssrtgnal
tubular dysfunction (Fanconi syndrome) which includes glycoeuria, aminoaciduria
and fbuctosuria (13). It is of intermst that treatment with cedmium, which
produced disturbances in kidney function characterized byvglycosuria and =

proteinuria, alse resulted in.a significant depression-in the concentration of
. . L] o !
renal cyclic AMP (273). , ) : o

]
~

III. LEAD-INFLICTED ALTERATIONS IN PANCREATIC FUNCTION

In mammals, the maintenance of glucose homeostasis is dependent to some

extent on the-ho nes secreted by the pancreas. Our daba demonstrate that
chronic intraperitoneal administration of iead resulted in €nhancement of. renal

and hepatic gluconeocgenic enzymes, cyclic AMP ievels and the concémtration of

blood glucose. Since insulin deficiency inflictedueibher by insulin antiserum:
- L+ Ar .

. or alloxan treatment also increased bload glucose, cyclic AMP as well as the
rate of hepatic gluconeogenﬁﬁi; (15,185), it was of interest to e§amine whether
the metabolic alterations oaused_by exposure to leao hight be due, at least in

.part, to a lack of insulin. Employing a‘'7-day multiple dosing schedule of lead

adhinistration, it was found that this metal enhanced the gluconeogenic potential

0N
hd

ofxiiﬂney similar to that seen in chronically-treated animals. Although
sub;cote lead admipistration failed to produce'any apparent byperglycemiaf this
treatment did result in stimulation of the activities of renal pyruvate

‘carboxylaee, phosphoenolpyruvate carboxﬁkinase, fructese 1,6-dipheosphatase and

glucose 6-phosphatase. Whereas blood glucose and serum immunoreactive insulin -

levels were not markedly altered by subacute lead adﬁinistration; injection of



T : s 121 - ‘ A /

a glucose load in lead-treated animals revealed a marked glucose intolerance
which wés associated with a reduckicn in tﬁe giucose-stimulated insulin
release. A marked redqulon in the insd{;hogenlc index was noted in lead-
exposed rats, suggesting that lead produiiﬂfgpg;crease in pancreatic secretogy
acﬁivity. It is of interest that Ghafghazi and Mennear (268) also found that '
subacute admlnistratzon of cadmium s;gnlflcantly decreased the resting IRI
concentrations in mice. However, since no glucose intolerance was observed,

it is conceivable that enhahced glucose jexcretion due to cadmium-induced renal
damage may have masked the glucsse intolerance. Indeed, Merali and Singhal
{273) demonstrated .that subadute exposure to cadmium produced a marked glucose
intolerance characterized by.a reduction in the.release of insulin as well as
in the clearance of gluco;e load from th; blood. It is ;f interest that
adminispratiop of_selegium or zinc concurrently with cadmium afforded a par;ial.
protection against the pancreatotoxic effects of cadmium és evidenced by
normalization of th;»tolerance to an injected glucose load (270,274). Although
. the mechanism({s) by which lead exerts an adverse effect‘;:-pancreatic function
are as yet unknown, it is possible that this heavy metal may interfere with

selenium, zinc or calcium, divalent ioris known to play a role in the maintenance

of pancreatic activity (275,276).

" IV. INFLUENCE OF LEAD TREATMENT ON CERTAIN BIOCHEMICAL PARAMETERS ASSOCIATED

WITH TISSUE GROWTH

In recent years, it has been shown (6,11) that a correlation exists
between the incidence of lead poisoning and the prevalerice of pica (ingestion

of non-food items) in young children. Sin&e children exhibit:'a tendency to

consume paper, paint chips and dirt, possible environmental sources of lead

(3), investigators have focussed their attention on the effects of éxposu;e

¥

to low levels of this heavy metal on certain aspects involved in the process
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of growth and development in younglmammalé. Thus, in any-consideratioﬂ of

-

the interpolation and'bomparison of data to huﬁan lead poisoning, it is essential

to determine the-concentrat;ons of Ehis heavy metal in.various tissues. Data
in ﬁhe present study demonstrape th;t exposure to lead tesq}ts in heavy metal
‘ retention by certain tissﬁes. glthough iead tegdéd to accumulate to a greater
extept in livers of young (2 week-old) rats, studies in 4 or 8 week-treated
animals revealed a deg}iné in the amount of metal retained by this tissﬁe.
In cénfrast, high quantities of lead were retained by kidney throughout the
expeékmental periods and by 8 weeks twice as much metal was presenfmin renal
tissue.as in.the liver. It is:of interest that Azar et al. (277) found that
treatment of rats with 60 ppm lead for 1 year produced a 3-fold greater .
accumulation of the metal in kidney in comparison to hepatic tissue. In rats
treated for one year with 60 ppm dietary lead, signiﬂicant amounts' of metal
were retaingd in the‘}idney (0.85 ppm), liver (0.31 ppm), brain (0.28 ppm)
and bone (17.5 ppm)q while the metal content of pulmonary fissue was not
reported. These results together with our findings suggest that unlike liver,
kidney possesses a greater capacity to accumulate and storg administered lead
in the rat. In addition, the present investigation shows that even though the
lung is the only organ which receives the entirqﬁoutput of the right heart
and is thus highly susceptible to ingested chemicals, no detectable amounts of
lead were present in pulmonary tissue. It may be noteworthy that examination
of children witﬁ no known exposure to lead revealed the bresence of trace

. .
concentrations qf metal in lung (0.1 ppm} and the-levels cobserved were similar
to those obtained iﬁ his study (53). Wwhy dnly trace amounts of lead Qere
detected in lung dgf:impared to other tissues is unknown; however, it is
EOnceivéble that the mechanism(s) which clears this metal from the pulmonary

tissue may be more efficient than that found in kidney and liver. Since the

levels of lead noted ;ﬁ the present investigation closely resgmble those
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<préviously seen in unexposed children, the possib iity remains that the data
obtained with the use of this experimental model may indeed refiect metabolic

. » : X
and functional alterations which occur within humans suffering from lead

intoxication. ' '

.
»

The knowledge that children are more prone to ingest lead-containing
’- * - : . '

materials {11) and_dioplay a greater susceptibility to .the toxic effectg -

L] ¢ ' .
of the metal as evidenced by hematopoietic disorders and hyperexcitability
(76, 1&\\prompted studies on metabolic consequences of lead exposure in young

:developlng anlmals. In an early study, Sauerhoff and Mighaelson (105) found

that dieté;y administration of lead to lactating mothers resulted in &

reduction of rat pup body weight and brain dopamine oontent accompanied by

enhancéd,motor‘activity. However, on repetition of the identical experimental
protocol, lead failed to affect brain dopamine levels but inoreaséd the

concentration of norepinephrine in this tissue suggestind that diet, rather

" than ohe non-essontial eleﬁent, played an important roie in observed responses ‘!
(103). In attempts to ellmlnate the problem associated with dietary hablts of

rats, Golter and Michaelson (103) reported that administration of lead dlrectly

to rat pups produced a marked increase in motor activity with no significant

3

alterations in body weight galn between control and treated anigals. Similarly,

no difference in body weight gain between corresponding confrols,and groups of

rats receiving lead for either 2, 4 or 8 weeks was found in our investigation.

. e

Although there was a lack of any appacent effect of lead on the ability of

[

animals to gain weight, exposure +o this heavy motal indyced an approximately _
2~ to A-fold ehhanoemen in the capacity of 1ivef, kidney and lung to-
incorporate thymidine iigo DNA 2 montbs after the initiation of treatment.
.It is of interest thot othervheavy'metals such as cobalt, nickel and zinc
were found to replace magnesium (Mg'+2) in tho catalysis of DNA formation by

DNA‘polymer&ses of several species (278), and that the quantity and fidelity of

A
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DNA synthesized may be altered in the presence of metal ions other than
magnesium. Since lead has been reported to produce tumours in kidney and

lung (135-137,279), the possibility exists that the lead-stimulated increase

in DNA formation may reflect the synthesis of an abnormal species of DNA. -

]

"In recent reports, Choie and Richter (16,139,280,281) also demonstrated that o

13

in mice and rats given a single injected dose of lead or prolonged oral metal

administration, a'marked elevation resulted in the biosynthesis of renal DNA,

RNA and protein. A similar augﬁéntatipn in the incorporatiqﬁ of thymidine

into mouse kidney RNA was noted by Cihak and éeifertova (223) in mice administered
' : N\
lead acetate by the i acardiac route. n;;)contrast, treatment with the heavy

metal, silver, failed to pr Ee any siqg

ficant alteration in the incorpgraﬁion
of thymidine into mouse renal DNA (223). Although subacute éadmiﬁm administration

‘ resulted in a marked reduction in the capacity of kidney and liver to .
incorporate thymidine into DNA, significant augmentation in pulmonary DNA
synthesis was found in metal-treated rats (232,282). The ph?nomehon of heavy

P

metal-induced stimulation in the incorporation of thymidine into tissue DNA

is by no méﬁns unigue to lead and has been reported in the case of kidneys

obtained from folic acid-treated rats {233); in livers of animals given

azacytidihe éf a mixture of triiodothyronine, amino acids, glucagon and heparin

(221,223); in parotid gla&ds of rats a 'nisteréd isoproterenol (224); as well
as in lungs o; animals exposed t; cadmigm, paraquat,.butyld;ea hydraxytéluenq,

* nitrogen dioxide and ozone (225,226,228-232}. It is of ingerest that cell
proliferation following-suréiaél removal of one kidney or a portioﬁ'of liver also
results in enhancement in the inrorporation of thymidine into hepatic and
reﬁal DNA, respectively (212;213). OQur data indicate tﬁ:; lead is indeed
capable of initiating renal, hepatic and pulmonary DNA synthesis and that the

presence of metal in lung is not an essential-factor for the observed response.

]



It is conceivable that the sinitial depféssion in the incorpofétién of
thymidine into liver and kidney DNA, seen at 2 and 4 weeks respectivély, . “x\ ’
. may be associated with a local reduction of b160d flow to these o:éans. ‘ |

Although the precise biochemical mechanism(s)-undeflying mammalian cell
‘growth remains to be elucidated, evidence suggests that modulation of polyamine

metabolism may be an esselftial prerequisite to trigger tissue development

a

(17,208). BAdministration of either testosterone or‘estradiol to castrate

male and female rats, respecti;éiy, produced a rise in thd endogenous levels |

of putrescine, spermidine and spermine as well as in the activities of orni-
. . - .
- @ : !

thine gecarboxylase and S-adenosylmethionine decarboxylase, two rate-limiting
enzymes in¥olved in polyamine synthesis, prior to the increase in accessory.
sex gland size apd nucleic acid biosynthesis (200,201). It is worthwhile to

c note that the partial hepatectemy- or unilateral nephrectomy-induced stiﬁﬂ;étion

of DNA synthesis in liver and kidné}{ respectively also was accompanied by u -

augmentation in polyamine formation (218,219). A similar positive correlation
ﬁetween elevated incorporation'of thy#idine into DNA and an increése in the
levels of pdtresgine; sperﬁiéine and spermine was gotnd'by Kacew et al. (232)

‘ < R )
in lungs of rats administered cadmium. In contrast, Kacew et al. (252,283);

N .

reported a lack of any positive relationship between the effects of subacute
. »

A .
cadmium on pancreatic and kidney DNA synthesis and polyamine metabolism. In
the present study)\yhile hepatic putrescine and gpermidine levels were not
noticeably altered, the concentration of spermine rose after two weeks of

Y

lead exposure. Although liver spermine 1evels‘subsequently fell belof/ggntrols

“\after 4 weéks, and were restored to control values after 2 months, it was
not un the end of the 8 week treatment period that amelevation was noticed
4 T .
in thymidine incorporation into DNA suggesting that alterations'in_polyamines

\ may precede the observed increase in DNA synthesis. In kidney, the reduction

L

-
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;p the incorporation of';hymidiqe into DNA noted after 4 weeks was accompanied
by‘a;fall in tissue levels of ;htrescine and spermidine; however, the

. ) . / _ ‘ _
stimulation of renal DNA formation seen at 8 weeks was associated with an ~ ®

)

’ 1 ” -t

elevation in the concentfation bf'sﬁermid;ne, Although the correlation
between alterations in ﬁenal nucleic dcid synthesis and polyamine levels is

not cleFx-cﬁt, it would appear that changes in spermidine may glay-h role in

DNA formation. In the lung, the concentrations of putréscine, spermidife and

spermine we;g reduced éfter 4 weeks, without any concomitant depression in .+
DNA synthesis. IA contrast, pulmonaéy DNA synthesis wgs markedly stimulated
afper 8 weeks, at wﬁich_time the p;lyam%ne levels were insignifiéantly different
from controls, agaiW inéicating a lgck of any apparent correlation between
polyaﬁine changes and nucleic acid synthesis in lead-treated rats. 1t is of
iﬁterest,that changes in poly;mine biosynﬁhesis ﬁay be more closely related to
the formation of RNA and protein in groﬁing.tissues (17,206}, and this may, in

part, explain the lack of correlation .between polyamine levels and DNA synthesis

in liver and lung. Thus, in-the case of lead-stimulated DNA synthesis of the

three tissues examined, alterations in polyamine levels need not necessarily

play a role in the observed reséggbe. N
In recent years, attention also has been focussed on the roIB\o(\EBe

" adenylate cyclase-cyclic AMP system in the drug- or surgical-induced model of

cell growth (18). In regenerating rat liver following partial hepatectomy, the

observed increase in DNA synthesis was preceded and accompanied by elevation:

. _ . |
in the endogenous amounts of cyclic AMP (220}. Similarly, Comber and Taylor

(X}

(233) demonstrated that the folic acid—stimulated/enhancement in the incorporation

of thymidine into kidney DNA was associated with a rise in tissue cyclic AMP.
' Further, administration of isoproterencl to rats produced an augmentation in

. P . . ‘
the concentration of cyclic AMP and the activity of adenylate cyclase of 'the

parotid ‘gland prior to initiation of enhanced DNA synthesis (224,237). In
. : ¥
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addition, Kacew et al. (232) found that the cadmium-induced elevation -in

.

the{incorgoration of thgpidine into pulmonary DNA was preceded and accompanieé

by stimulation of the adenylate cyclase-cyclic AMP system. Results of this

-
-

Lo investigation show that the lead-inflicted increase in the incorporation of

ithymidéne into renax.and hep&%ic DNA also was asgociated with elevation in
3 . <

. - f
tissue cyclic AMP arld adenylate cyclase activity. It is of interest that in

kidnsy, the redgction in DNA syntﬁesis seen after one month was preceded by

a deé&eaﬁe §n both cyclic AMP and adenylate cyclase at 2 weeks. Although a

positive correlation between enhanced DNA synthesis and cyclic AMP levels was
, noted in lungs of lead-treated animals, an unexpected fall in adenylate cyclase

activity occurred at 2 and 8 weeks. Since pulmonary cyclic AMP content was

kY

significantly greater than controls only after 1 month of lead treatment, it

is conceivable that during the period between 2 weeks to 1 month, a rise in

the activity of adenylate cyclase or a fall in phosphodiesterase activity or
a combination of both might have taken place. 1In general, administration of

lead enhanced the capacity of ljver, kidney and lung to incorporate thymidine

»

into DNA, produced stimulation in thesadenylate cyclase-cyclic AMP system and

the observed metal-inflicted responses appeared to be unrelated to alterations

in polyaminé metabolism.
Acute treatment with lead has been employed-as an experimental tool for

: o .
investigating the effects of this metal on growth processes in mouse kidney.

Choie and Richter. (16,139,280) demonstrated that administration of lead

red8ylted in an ‘elevation of the synthesis of RNA, DNA and protein in mouse and
rat kidney. Similar results were cobtained by Cihak and Seifertova (223),
where a single intracardiac injeection of lead acetate produced an enhancement

in mitotie activity and DNA synthesis of mouse kidney, In view of these

findinés, studies were undertaken to compare the influence of chronic exposure
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with acute lead treatment on renal, hepetic and pulmonary‘metabolism. A
single intraperitoneal.injectiqn of lead chloride also was found to increase
the incorperation of thymidine inte renal DNA and this observed elevation
was preceded by a rise in the inEorporation of orotate into RNA. Altho&gh
acute lead administration initially enhanced the formation of RNA in rat
. liver and iung, the incorporation of thymidine into hebatic and pulmona;y
DNA.was markedly reduced after metal treatment. In addition, the initial
increase in the incorporation of orotic acid inte hepatic and pulmonary

' . .
RNA was followed by a fall in R§A synthesis on the 5th and 7th day after
lead treatment, respectively. It iéipossible that the ebserved reduction in
hepatic aqg'pulmonary DNA formation is associated with a decrease in local
circulation to these organs or to a decreased capacity of the cells to
incorporate thymidine into DNA.

In order to examine the role of the adenylate cyclase-cyclic AMP

system in the initiation of renal nucleic acid synthesis, the influence of lead
was examined om the concentration of this cyclic nucleotide. 1In the present
study, we were unable to observe any correlatien between lead-inflicted
aiteraeions in DNA synthesis and the endogenous concentration ef cyclic AMP
in kidney as well as lung. Whereas the incorporation of thymid?ne %nto renal
DNA was élevated after 3 days, the concentration of cyclic A?ﬁ/in this tissue
remained’ depressed from the 3rd tﬁiough.the 7th day of the/éxperiment. {
Similarly, while pulmonary cyclic AMP levels were elevated 24 hours.after
lead aﬁministration, the formation of DNA in this organ was reduced throughout

the treatment period. Since +OUuS investigato;s have reported that

alterations in the adenylate cyjlase—cycllc BRMP system may not necessarlly

\
act as a trlgger for DNA s the51s {230, 23 ), it. can be concluded that changes
in nucleic acid formation in kidney and lung may be independent of modulation

in the adenylate cyclase;cyclic AMP system. In contrast, the observed

Q
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A 1

reduction in the incorporation of thymidine into hehatic DNA was preceded’
. ‘ ' ' " : E

by a fall in the endogenous concentration of cyclic AMP in this tissue,.

which indicates that the effects of a:singie treatment with lead on hepatic

cell proliferation may be associated with alterations in the cellular levels

of cyclic aMP. It is of interest that this heavy metal was found to inhibit

4
v

the activities of hepatic adenylate cyclase®and cyclic AMP phosphodiesterase
at very low concenérations (150 < 3 uM) in vitro (284). In contrast, acute
intravenous administration of lead failed to produce any apparent change in
the endogenous concenFrétion of cyclic AMP in rat liver. in vivo for as long
as 4 hours (285). Similarly, our data show that hepatic-and renal cyclic AMP
levels were not reduced until the 3rd day after lead administration. 1In
contrast, the concentration of pulmonary cyclic AMP rose markedly one day'
.after lead tfeatment. It seems evident that the varying influence of lead

on the adenylate cycla;e-cyclic AMP system of different tissues may‘be more
complex than initi;lly pfoposed.

, More recently, a model has been suggesteq which indicates that the

process of cellular growth in ﬁammals ﬁgy involve stimulation of both the
adenylate cyclase-cyclic AMP system and pclyamine formation: In the present
study, the lead—infliéted reductioq in hepatic and pulmonary nucleic acid
synthesis was precéded_and accompanied by a fall in the endogenous concentration
of putrescine, spermidine and spermine suggesting that a positive correlation
may exist between DNA formation and polyamine levels.' In contrast, the
poelyamine levels remainea unaltered in kidney except for a sligﬁt yet
significant elevation in spermine co;tent which did not occur until after the -
lead-induced étimulation in RNA (1 day) and DNA synthesis (3 days), indicating
that the observed alterations in renal nucleic acid metabolism may be

independent of changes in polyamine ‘content. In view of the fact that lead

treatment enhanced the formation of a specific binding protein in mouse kidney



~n . . w0 f _ | .
(131) and that polyamine metabolism 15 predominantly related to proteln
synthe31s (17,206), it is possible that the observed elevatlon in spermzn;
may reflect increased formation of this metal-binding protein “in kidney
tissue. I;deed, lead administration-produced.an increase in renal protein’
levels from the 3rd through the 7th day of the experimental pe;}o@, It is
of interes£ that other heavy metals, such as mergﬁry and cadmium, also

enhanced the synthesis of a séecific metal-binding protein (metallothionein)

in rat liver and kidney (286-288]J.



6. SUMMARY

Environmental contamination arising from the emission of

heavy meéals

such as lead into our biosphere has been considered to result in a variety
. r

of health hazards in mammalian species.
1

Since the utilization of lead in

various industries and its resultant release into the envirconment as a hy-

product has markedly increased, considerable interest has been stimulated in

studying the long-term consequences of exposure to this heavy metal.

b B

The aim

of the present investigation was to examine the effects of acute and chronic

‘lead treatment on carbohydrate metabolism in rats and to elucidate the

possible mechanism(s) by which this environmental contaminant exerts its

adverse influences on glucose homeostasis. In addition, studies on the e

N

h)

ects

of prolonged low level adminisgration of lead on certain metabolic paramete?s

associated with growth were undertaken in an attempt to compare the observed

manifestations of metal intoxication with those which may occur in exposed

children. .

The present study shows that daily intraperitoneal administration of lead

-_“\bhloride (0.2 or 1.0 mg/kg) for 45 days increased the activities of pyruvate

carboxylase, phosphoenolpyruvate carboxykinase, fructose 1,6-diphosphatase,

and glucose 6-phosphatase, the quartet of key gluconeogenic enzymes, in rat

liver and kidney cortex.

In addition, prolonged lead treatment produced an

elevation in blood glucose and serum ured as weﬁ;-as a reduction in the

"concentration of hepatic glycogen.

Chronic lead administration alsc was found

to produce a marked rise in liver cyclic AMP and in the activity of adenylate

cyclase.

by prolonged exposire to lead may be related to an enhanced capacity of hepatic

These resylts indicated that the observed hyperglycemia inflicted

tissue to synthesize glucose from non-carbohydrate precursors and that these

L J . R "
alterations of carbohydrate metabolism may be related to changes in the
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adenylate cyclase-cyclic AMP system. Discohtinuation of Jead administraﬁion

for 28 days in rats pretreated with lead chloride (1.0.mg/kg) for 45 days

L]

failed to reverse the observed changes in.hépatic cyclic AMP or carbohydrate

-

metabolism. As in the case of livgr, withdrawal from heavy metal treétment

for 28 days failed to restore the observed biochemical alterations~in

rat kidney cortex. However, in contrast to liver; lead treatment produced

. .

a significant decrease ih adenylate cyclase activity of renal cortex, indicating

that the lead~inflic£ed altergtiens in carbohydrate metabolism in th¥s tissue

may not be related to modulation in the adenylate cyclase-cyclic AMP system.
Subacyte exposure to lead chlorider(s mg/kg, intraperigoneally, twice

daily fgr 7 days) produced changeg in renal metabolism which were qualitatively

similar t& those noted after chronic treatment. Data demonstrate jthat although

the activity adenylate cyclase remained insignificantly differeht from controls,
the concentratign of ecyclic AMP was reduced in rat kidney cortex. The

possibility remains gpet Fhe observed decrease in the concentration oé cyclic

AMP in kidney cortices of metal-treated rats may be due to either enhanced

breakdown by _cyclic nucleotide phosphodiesterase or to increésed* urinary ‘
excretion of this nucleotide arising from pubular damage. Whereas subaeute

lead treatment failed to significantly alt®r the concentration of blood glucose

or serum insulin, administration of a glucose load to metal-treated animals

resulted in decreased glucose tolerance which was associated with a marked

>

suppression in glucose-stimulated insulin release.

In order to simulate a mofe physiolo;ical mode of lead exposure for humans,
neonhatal rats were given this heavy metgl either via the mothers’ milk or by
gastric intubation. Data demonstraté that administfation of a low dose of
lead for 56 days failed to ;ppreciably alter the growth rate of new-born rats.

Oral administration of lead also resulted in hyperglycemia, hypoinsulinemig,

uremia and diminution of hepatic glycogen. In addition, ingestion of lead
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produced an elgvation in the activities_of the quartet of renal gluconeogenic:

enzymes, cyclic AMP levels aqd in the activity of adenylate cyclase. 1In

.

general, lead inggstion for 2 months‘enhanced.the incorporation of thymidine

into renal, hepatic and pulmonary DNA. In contrast, exposure to lead for 2

weeks produced ‘a significant decrease in the incorporation of thymidine into

-

hepatic DNA, and a similar reduction in DNA formation was noted in kidneys

of 4 week-intubated animals. The observed alterations in DNA synthesis were

preceded in all cases by corresponding changes in the endogenous concentration

of cyclic AMP in kidney, liver and lung. In general, the levels of putrescine,

spermidine and spermine were unaltered or decreased in the three tissues

examined excepp in the case of hepatic spermine at 2 weeks and renal spermidine
at 2 moriths. In liver and kidney, the lead-inflicted biochemical disturbances

were assoclated with a significdnt retention of this heavy metal, with maximal

‘

accumulation being noted 2 weeks after exposure. In contrast, lead treatment
produced a variety of metabolic alterations in rat lung in the absence of any

apparent retention of the metal by this organ, suggesting that the presence
"

of this non-essential element in pulmonary tissue need not necessarily

constitute an absolﬁte requirement for lead to inflict metabolic disturbances.’

- Since various investigators had previously reported that acute injection

™,

of le;d also produces alterations in mammalian growth processes, the influence

of a single injection of metal was examined on nucleic acid levels and

synthesis, as well as on the QPdogenous concentrations of cyclic AMP and

polyamines in liver, kidney and lung. Whereas lead increased the incorporation

-

of thymidine into renal DNA, a significant reduction in DNA formation was

-—

seen in hepatic and pulmonary tissue. The incorporation of orotic acid into

renal, hepatés\i?d pulmonary RNA was markedly elevated after one day, and

subsequently fell below control levels after 5 and 7 days. Although metal t

administration generally failed to alter kidney polyamine levels, the
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concentraéioné_of putrescing, spermidiﬁe and spermine fell in lungs and

"livers of lead-tre;ted animals throughout the ekperimental period. Whereas

the, reduction iﬁ the incorporation of thymidine_into hepétic BRA wés associated
- with a decrease in ﬁhg concentration of cyciic AMﬁ, lead-induced alteraﬁioﬁg

in the formation of renal and pulmoﬂary DNA appeared to be independent of
changes in cyclic nucleotide levels. - B

; In short, the present in&estigation demonstréteg thd® chronic and subacu;e

lead administration produces an e;evation in the conéeﬁtrat;on of blood glucose

and serum urea and reduces the 1evél of serum insulin and hepatic glycogen. In

addition, metal treatment enhances the potential of renal and hepatic éissues

to synthesize glucose. Since these alterations in carbohydrate metabolism
_resemble t?dge produced by cyclic AMP, it is possible that the lead-inflicted

metaboiic alterations ﬁay be associated with and/or triggered by stimulation

of cyclic AHP‘synthesis. In addition, lead was fouﬁd to reduce the release

of insulin into the bloed in response to an injected glucose load. Neonatal ‘
" exposure to low amounts of lead in the diet produced similar effects on-

qarbohydrate metabolism as compared to the changes observed after intra-

peritoneal injection of the metal. In addition, the incorporation of thymidine

into renal, hepatic and pulmonar&{DNA was elevated after 2 months of .

lead ingestion- and these alter;tions in nucleic acid formation were

preceded by a rise in the concentration of cyclic AMP’in the three tissues.

In contrast, polyamine levels in liver, kidney and lung were in general

unaltered or depressed, and appeared to be unrelated Eo changes in DNA

sypthesis. In acute studieé, the metal-induced reduction in hepétic and

pulmonary DNA biosynthesis was associated with a fall in polyamine levels;

however, the stimulation of DNA and:RNA synthesis in rat kidney did not

appear to be related to alterations in the endogenous concentration of cyclic

AMP ox polyamines. The present investigation indicates that the prolenged -
/ . '
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administration of léad to youfig animals niay ;provide a useful experimental

too_]: 'for further elucidation of the effects of this hgéwy metal on mammalian

4

enerqgy production, _gx:owth.' and developtqeht.

. N
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ABSTRACT

. 'l
'

Administration of lead chloride -(0.2 or 1.0. mg/kg, i.p.) for 45 days

.produced an elevation in blood glucose, serum urea and the actzvities of the

four key glucbneogenic enzymes, pyruvate carboxylase, phosphoenolpyruvate
carboxykinase, fructose l.6-diphosphatase and glucose 6-phosphatase in rat

liver and kidney cortex. In contrast, metal adpinistration'produced a

reduction in serum immunoreaotive insulin and hepatic glycogen levels. Whereas
prolonged lead treatment iqcreaoed hepatic cyclic AMP content and the activity
of adenflaﬁe cyclase, renal cyclic nucleotide synthesis was.markedly reduced

in theso_animals. The results indicate that the observed hyperglyeemia .
produced by chronic exposure to this heavy metal may be related to an enhanced
capacity of hepatic and renal tissue to synthesize glucooe from nonwcarbohydrate‘

precursors, and that, in hepatic tissue at least, the alterations in carbohydrate

Ny

' metabolism may be associated with modulation of the adenylate cyclase-cyclic

AMP system. It is interesting that disoontinuation of . lead, administration for
28 days failed to restore the observed changes in cyclic AMP or carbohydrate
metabolism to control 1evelo in liver and kidney cortex. Subacute exposure
to lead chloride (5 mg/kg, i:p., twice daily for 7 days) produced changes in
ronal carbohydrate and cyclic AMP metabolism whic- were gualitatively similar
to those noted after chronic treatment. Wheyeas subacute lead treatment failed
to significantly alter the oonceotr?tion of bIood glucose or serum insulin,
administration of a glucose load to metal-t&eooed animals resulted in-decreased
glucose tolerance wihich was associated with a marked suppression in glucose-
stzmulated insulin release.

s administration of low levels of lead 120, 40 and 80 p;m;\s‘o '

resulted in hyperglycemia, hypoinsulinemia, uremia’and a reduction in he

-
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as well as the. activities of the quartét of gluconeogenic enzymes and adenylate -
cyclgse. In géne;al, although oralltreatmept with lead failed to ;iénificantly.
~ alter whole body growth, ingestion of this metal for" 2 moﬁéhs enhanced the
" incorporation Sf thymidine into renal, hepatic and pulmonary DNA;. fn
céntrast,“ekﬁosure to leaq for 2 weeks produced a_significant decrease in the

+

incorporation of thymidine into hepatic DNA, a similar redhction in DNA
. . 4
formatipn was noted in kidneys of 4 week-intubated animals.

o«

. Whereas thé levels of putrescine, spermidine and spermine were generally

unaltered or decreased in each of the three tissues examiﬁed, the observed
. .

lead-induced alterations in DNA s;nthésis were preceded in all cases by
corresponding changes in.thg_endogenous concentration of cyclic aMP. In liyer
and kidney, the lead-induced biochemical changes were associated with a
éignificant retention of this heavylmetal. " In contrast, lead treatment
produced a variety of metabolic alterations in lung tissue even in the absence
of any apparent retention of the metal by this organ. Administration of a
sil.ngle dose of lead (10 mg/kg Pbclz, i-.;_:.) a.lS_O was found to alter certain ‘
pﬁ;ameters associated with growth in renal, hepatie and pulmonary tissue.
Whereas lead increased the incorporation of thymidine intq‘:gnal DHA, a /r
significant rBduction was seen in DNA formation ;f hepatic and pulmonary tissug.

The incorporatibn of orotic acid into RNA was markeqiy elevated after one day
which subsequently fell Pelow control levels after 5 an& 7 days. Although
'metél-administration geﬁgrally fai;ed to alter kidney polyamine ievels, the
concentrations of putrescine, spermidine and spermine fell in lungs de livers
@f iéad-treated animals throughﬁutlthe experimental period. Whereas the
reduction in the incorporation of thymidine into hepafic DNA was agsoqiated
with a deéf;géé in the concentration of cyclic AMP; the lgad—inflicted

alteratiops in the formation of renal and pulmonary DNA appeared to be

independent_éf changes in cyclic nucléotide levels. Results presen;ed in this

- Y
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dissertation suggest that the prdlonged administration of lead to young
b o -

animals may provide aﬁ appropriate'exper;@pntal tool for fﬁrther elucidation

of the effects of this heavy metal on mammalian energy producﬁion, growth

and development.
-}
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N TABLE 29
" - - Summary of the Biochemical Effects of Lead =~ '-
' Neonates - . Adults

(a) 'dirqnic', Oral

(B} Subacute i.p.

(C) Chronic i.p.

No A body weight
+ hepatic glucogen’
\ 4 serum urea

+ séerum IRI
+ insulinogenic index
+ PEPCK
+ PC .
+ G6-Pase Kidney ,
+ FdPase
+ AC ' .

. 4 cAMP;} Kdney
+ AC :
+-QAMP:§ Kidney

.

7

+ glucbse tolerance
4+ PEPCK

+ PC

+ G6-Pase Kidney
4+ FdPase

¥ cAMP

+ body weight

no'A-AC} ' Kidney. -

L
.

L)

no A body weight

+ hepatic glycogen .
serum urea . B
blood glucose

serum IRI ’ S
ins# inogenic index

PEPCK . .

PC . Liver . -
G6-Pase & Kidney

FdPase

Acmébasal & GLN)} Li

AC . . . °
no A cAMP Kldney '
* glucose & pgein in urine -

P T T S S S

‘- R b

=

(A) 2% Pb to lactating fen{ales

21 days from birth

21-56 days 20, 40, .80 ppm in water’

(B) 2 x 5 mg/kg i.p,, 7 days

(C) 0.2 or 1.0 mg/kg i.p., 45 days

no change

no A
4 increase

+ decrease

- .y
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TABLE 30
. ‘ . Summary of the Biochemical Effects of lead
Necnates = ., Edults
(D) Chronic Oral '. (E) Acute i.p.
Liver ’ ! + 14 . ' .
. 14 then + ~ C-orotic acid intc RNA
‘ 4 “"C~TdR into DNA + .14c-TdR into DNA
) + DNA content + DNA content
+ RNA content 4+ RNA content
+ RNA/DNA ratio + RNA/DNA ratio
+ protein content | .
+ polyamines (transient) ' + polyamines - .
+ cAMP ) 4 chAMP. 2
+ AC i : _
Kidney 4 - 4+ then + 14C-omti_c acid into RNA
~Jt ‘ngln into DNA + 4¢c-TdR into DNA
[‘? 1+ DNA Tontent . + DNA content:
+ RNA content 4+ RNA content
+ RNA/DNA ratio + RNA/DNA ratio
4+ protein content + protein content
¢ polyamines (transient) .
+ cAMP + cAMP . -
+ AC ) . .
Iung 4 + then + 46 orotic acid into RNA
+ 19c-mdR into DNA + 14c-TdR into DNA
+ DNA content . + DNA content
4 RIA content + RNA content
"4 protein content ¢ RNA/DNA ratio
+ polyamines (transient)’ + polyamines
+ CAMP 4+ cAMP
, |+ ac

(D} p.o. 50 ug/day. 21 days from birth -

21-56 days 80 ppm in water
(E) 10 mg/kg i.p., single dose -*

+ increase <
+ decrease

.






