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36 ROBERT A. GOYER AND BONNIE €. RHYNE

A. MorrHoLogY oF ERYTHROCYTES

In lmd—mduu-d zmum.z, red blood wlls are mu TOC; yn(, ‘md hyponhmmlc,

are also obm*rvt,d. lron dofu,wnc.y may bo a (,om('xdvnt f.u,t.or, but miero-
eytie hypochromic anemia is scen in children with Jead: ‘poisoning pven
whon svm" 1ron 15 normal or t*lwatod (Lo;km and Eng, 1963),

B. Fuxcrionar ErFrects oN ERYTHROCYTES

A number of reports following the early studies of Aub and his asso-
ciates (1925) have shown that the psmotic fragility of red blood cclls
from l¢ad-intoxicated people or of eclls exposed to lead in vitro is decreased
or altered. However, osmotie fragility may be increased after sterile in-
cubation for 24 hours. These studies are reviewed by Waldron (1966),
On the other hand, the mechanical fragility of leaded cells is increased.
Whether this effect is related to lead-binding phosphate as suggested by
Aub and associates (1925) or to other funetional cffects of lead on the
red cell membrane is unelear. Prankerd (1961) has suggested that decrease
in red’ cell membrane integrity follows impairment by lead of glycolytie

enzyme activity. Incubation of red blood cells from workers exposed to -

lead results in excessive potassium loss {Hasan et al., 1967a), and may
be related to inhibition by lead of sodium- and potassmm—dependent

 ATPase’s (Hasan et al., 1967b; Hernberg ef al., 1967).

C. Hemorvric EFFect oF Leap

The anemia that oceurs in lead poisoning results from two basic defects,
shortened” erythrocyte life-span and impairment of heme synthesis.
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PATHOLOGICAL EFFECTS OF LEAD . 37

Whether shortened erythrocyte survival is due to an effect on the develop-
ing red eclls in bone marrow or on the membrane of the circulating cell is
"debated (Waldron, 1966). A recent study of heme and porphytin metabo-
lism in an adult with lead poisoning (Berk e¢ al., 1970) has shown that
there is o direct hemolytic effect of lead on mature red blood cells which
is independent of effects on heme biosynthesis. Previous workers who
postulated deereased erythrocyte survival on the basis of shortened half-
1ife of #Cr-labeled erythroeytes in lead poisoning, were misled by the
fact that lead increases the rate of *'Cr elution from tagged celIs (Berk
ef al., 1970). This conclusion was based on the demonstration of an early
excretion of “C-labeled stercobilin and on erythrokinetic studles with
multiple tracers.

D. Inuisrrion or HeEMeE SYNTHESIS

A schematic presentation of the effect of lead on heme synthesis is
shown in Fig, 16. At least three steps in heme synthesis may be affected
by lead. d-Aminolevulinic acid dehydratase (ALA-D) is probably the
enzyme in the heme pathway that is most scnsitive to lead. Inhlbxtlon
of this rnzyme resultsin a block in utilization of d-ALA and in subsequcnt
decline in heme synthesis. Second, in the scheme of negative feedback

Mxtochondnon
Ferrilin, ferruginous micelles
HEME Glycine + Suceinyl-CoA
Ph Ferrochelatase
4 Fe?**
B ALA ;
PROTO —— synthetase ——— ALA
Pb ]
| ALA
PROTG'GEN + Fe?*————CYTOC | deh"’”me
|
2 |
1 |
COPRO'GEN Tt PBG
-
COPRO’GEN Il ~—————— [JROPOR’GEN IH —

Fra. 16. Scheme of heme synthesis showing sites of lead effect. PBG, porphobilinogen;
UROPOR IIi, uroporphyrinogen I1I; COPRO II1, coproperphyrinogen I1I; PROTO,
protoporphyrin;. CoA, coenzyme A; ALA, aminolevulinie acid; C¥TO C, eytachrome c.
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38 ROBERT A; GOYER AND BONNIE C. RHYNE

control of heme synthesis propesed by Granick and Levere (1964), d-ALA
erepressed, which results in increased activity of
the enzyme and mi d gynithesis of d-ALA. Since utilization of d-ALA
is. blocked, urinary excrehon of d-ALA is grcatly increased, serves as a
sensitive biochemical index of lead toxicity and is ‘widely used as such
(Haeger—Aronsen, 1960).
iormality of heme synthesis in lead infoxication is mhxbmon
atase (Ortzonsek, 1967), which is located on the
péhondria (Jones and Jones, 1968). Thig effect i is
hecause of associated ultrastructural changes in
chelatase catalyzes the ineorporation of the ferrous
 ring structure. Bessis and Jensen (1965) have
form of apoferm? n and ferrugmous micelles may
\ondria of bone marrow reticdocytes from lead-

, the biosynthetic pathway of heme may also be abnormal
but the evxdence for t.hls is mcomplete. Inerease i in uri=

agen to coproporphyrmogen proceeds ummpmred However
Diis an‘extramltochondnal enzyme and later steps in heme

fo be meta,bohzed further. It has been suggested that
etaboh{;es hke coproporphyrmogen mto the mztochondmal

,, Whether the mcreased urm&ry coporporphynnogen
,somng is a reflection of a nonspecxﬁc alteration in

it ch ndr alx mem}branes or reflects & imore specific effeet of lead on the

mtramltudhondnal lenzyme, copropbrphymnogenase is not known.

VII. Renal Effects of Lead

A. Leap Nepuroprarry v HuMan BriNes

1. Acute or Early Effects on the Kidney

Acute effects of lead on the kidney were distinguished from lead-induced
chronic nephropathy more than 50 years ago by the English toxicologist

- Thomas Oliver (1914). Aecute renal effects of lead are seen in persons
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PATHOLOGICAL EFFECTS OF LEAD

dying of acute lead poisoning or suffering from lead-induced anemia and/or
encephalopathy, and are usually restricted to nonspecific degenerative
changes in renal tubular lining cells, usually cloudy swelling and some
degree of cellular neerosis. Cells of the proximal convoluted tubules are
most severely affected. There is little evidence that the glomerulus is
affected in acute lead polsoning, although a recent report suggests that
ultrastructural changes in the glomerular basement membrane may

occur (Macadam, 1969). These consist of complete fusion of epithelial’

cell foot processes and of increased cytoplasmic density of epithelial
cells adjacent to 2 normal looking basement membrane. As long ago as
1928, Pejic emphasized that the degenerative changes in proximal fubules
rather than the vascular changes often referred to in earlier studies, are
- primary evidence of injury to the kidney in lead poismﬁng. Many subse-
quent studies have shown at least fhree pathological alterations in the
renal tubule, with onset during the “early” or the acute phase of lead
intoxication in the kidney. These include the formation of inclusion bodies
in nueclei of proximal tubular lining cells and the development of func-
tional as well as ultrastructural changes in renal tubular mitochondria.
These have been discussed in Section IV.
Dysfunction of proximal renal tubules (Fanconi’s syndrome) is mani-

fested by aminoaciduria, glycosuria, and hyperphosphaturia, and was

first noted in acute lead poisoning by Wilson and eo-workers in 19533.
Plasma amino acids were normal, which suggested that the aminoaciduria
and other functional abnormalities were of renal origin. Subsequently,
aminoaciduria in children with acute lead poisoning was observed by
Marsden and ‘Wilsoh (1955) in England, and Chisolm (1962) found that
9 of 23 children with lead encephalopathy had aminoaciduria, glycosuria,
and hypophos iphatemia. The aminoaciduria was generalized in that the
amino acids excreted in greatest amounts were those normally present in
urine, and #-was. related to severity of clinical toxicity, most marked in
thildren with endephalopathy. The aminoaciduria disappears after treat-
ment with chelat g .Lgcnts and clinical remission of other symptoms of
; , 1962, 1968). This is an important observation
relative to the long orm or. ehromc effects of lead on the Kidney. Restora-
tion of the functional mt(‘grlty of renal tubular lining cells. following treat-
ment of acute lead poisoning implics restorgtion of normal morphology,
hut this has net been confirmed experimentally.

.—.

2. Chronic Lead Nephropathy in Man

The oceurrence of a chronic form of renal disease in man is contro-
versial. There are numerous reports in the medieal literature of the past

JUP040007032 ..




40 - ‘i"LOBEBT A, GOYER AND BONNIE C. RHYNE

century which dt\scnb(' a form of end-stage renal disease and renal failure
in humand which 18 8id 6 follow many years of excessive exposure to
lead. The pathogenesis of chronic lead nephropathy expressed by Chareot
and Gombault in 1881 (cited by Aub et al., 192 25) relates renal effects of
lead on the tubular Yining cclls resulting in diffuse renal fibrosis charac-
terzzpd by “eplthnllal urrhoms of the kidney.”’ Later desnnpt&ons by
Ohvcr ‘ ‘4) and ‘Aub et al. (1925) are consistent with this: hypnthesm,

{ lar atrophy and dilatation thh mj:c 1al ﬁbroslS,
ﬁamxrmtory cell’ mﬁlt‘ra.tlon Th,ere ] d
-‘y sxze w:th subsaquent clerosi '

o S

X

Wil

i A T S e
SRR 16+ i baie st o b B

T

N PEA]

b bl ouh

d omc pephropathy ha.ve not been successful in at least two
'United States. Tepper (1963) found no evidence of chronic
1 42 persons with a well documented history of childhood

20435 iyears previonsly at the Boston Children’s Hospital.
leewxse Chzsulm {1970) found no evidence of renal disease in 62 ado--
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Fra. 17. Renal cortex from a 26-year-old male with history of childhood lead poisoning
and chronic lead nephropathy. The patient was hypertensive and died in uremiu. At
autopsy the kidngy was small und fibrosed, Bone lead was high. The histological picture
ig a mixture of interstitial fibrosis and dilated tubules. Some tubules are atrophic (lawer
left). Intranuclear inclusion bodies ure not present. X210. (Slide furnished by J. A,
Inglis, M.D., Department of Pathology, University of Queensland, Australia.)
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42 ROBERT A. GOYER AND BONNIE C. RHYNE

lescents known to hiave had ation 11-16-years carlier. An important
distinetion between the Ausf.rahan group and American paticnts was that

body lead burden following the EDTA mobilization test. This difference
has suggestcd tur Chlsolm (1970) that lea.d toxxclty in the Australian chﬂ-

‘ 1p of hypertonsmn to rena]
A retrospeehve study (Dmgwaﬁ—l"ordyce and

ixiployed for not 1@58‘ tha.n 25 years. Agam,
n wias not demonstra.tgd

s R E Lane, 1949} to find
I dhronic renal disease. MMore
t‘ ﬁnd‘ an exeessi\"fe ‘ihc’idence

oyed for more than 10 years. On the other
world where oégupational exposure to lead
re continued to be # high incidence of chronie
re. In Yugos avis, in & study of 33 patients
(2 montHs to 35 years) and with elinically
doéemé et al (1961) concluded that Jead
natomical lesions of the kidneys. Studxes of
-aénts admitted to the Gccupa.tmﬂal Diseases

aﬁm, durmg a 10—year perlod (1937’ 1957) were

nont- of Chisolm’s (1970) subjects showed evidence of increased residual

eorn
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PATHOLOGICAL EFFECTS OF LEAD 43

patients who had had several episodes of abdominal colic and oceupational
exposure to lead for more than 10 years. Thirteen of these paﬂents had
arterial hypertension and evidence of renal disease preceding the rise in
blood pressure by several years. The authors related the progressive de-
velopment of renal failure to prolonged exposure to lead, with repeated
episodes of lead-induced abdominal colie.

¢. Illicit Whiskey and Renal Disease. Contamination with lead, inten-
tional or accidental, is a long-recognized risk attending the consumption
of “home brew” or illegally produced alcoholic beverages. The Romans
are said to have added lead to wine to improve flavor (Gilfillan, 1965).
Devonshire colie, an endemic disease in the County of Devonshire,
England, in the middle of the 18th century, was found to be a symptom
of Tead intoxication caused by drinking cider econtaminated with lead
(Anonymous, 1968). Homemade wine may be contaminated by lead
glaze in earthenware crocks (Whitehead and Prior, 1960; C. R. Lane
and Lawrence, 1961).

Contamination of illicit whiskey by lead has been a problem of major
proportions in the southeastern region of the United States. Lead is
leached into the distilling aleohol from lead-soldered pipe joints. Hammack
(Owen et al., 1967) has recorded that over 250 patients were admitted to
the Birmingham Alabama Veterans Administration Hospital for intoxica-
tion with lead in illicitly distilled whiskey This number of acutely ill
patients suggests that many others must be affected -with subeclinical or
chronic lead toxicity and .continue to go unrecognized. Morgan and co-
workers (1966) have described renal biopsies in 13 of ‘such patients, aged
35-30, with early renal failure, anemis, and increased urinary excretion
of lead with or without provocation by EDTA. Two of the patients had
fixed hypertension. The biopsies from gl cases showed interstitial fibrosis
with few inflammatory eclls. Some glomeruli sere sclerosed; others showed
a mild increase in basement membrane thickness.- All cases were found
to have intranuclear inclusion bodies.

At the Voterans Administration Hospital in Nashville, Tennessee,
Sandstead et al. (1970) studied the renin-aldosterone response to salt
deprivation in 9 men with subclinical or “occult” lead poisoning. All nine
had clevated body burdens of lead demonstrated by increased urinary
excretion of lead following administration of EDTA. Plasma renin activity
and aldosterone secretory rate were measured after administration of the
diuretic furosemide and ingestion of a low sodium diet for 5 days. Neither
of the measured parameters increased to expected levels in most of the
men. Lead toxicity is believed to be responsible for abnormal sodium-
eonserving funétions of the renal tubule.

It cannot be proved unequivoeally that lead in alcoholic beverages was

DUP040007036
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sinee thése aniials tolerate Jarge doscs of lead for long penods of time

and sinee they both develop progressive structural and functional renal
changes in response to lead: Dose-effect relationships can also be studied

in animals.

The progressive morphological and functional changes induced by lead

in Tat kidney

‘may be divided into three stages—primarily, for the pur-

pose of - nbsemng the development of lead eﬂ'ects and, secondanly, for
making comparisons to observations in man.

1. Stage I—Tubular Effects, Reversible 7

The first stage of lead nephropathy in rats fed a diet containing 1%

Tead as lead ac

etate continues for about 20 weeks and is characterized by

the development of intranuclear inclusion bodies after about 4 or 5 weeks.
No other changes are apparent by light mieroscopy. An electron micro-
graph of a nueleus of a proximal tubular lining cell containing an inclusion
body is slhown in TFig. 3. Swelling of organelles and mitochondria is also
seen by eIectron miercscopy, as shown in Fi ig. 9B. Impairment of respira-

tory and p

"sphoryla.twe abilities of mitochondria isolated from kidneys

of rats fed a 1%, lead acetate diet for 10 weeks are discussed in Section
IV, B. The mltocfmndnal changes may be related to the triad of func-
tional defects in p;oxxmal renal tubules, that i3, to aminoaciduria, glyco-
suria, and hyperphospha.tuna, as noted in children with acute lead poison-

ing.

Excessive amioaciduria also oceurs during stage I nephmpathy in
rats. After about; 10 weeks on the experimental diet, nearly all amino
acids are excreted in greater amounts than in control rats. The amino-
aciduria is ‘generahzed ” w1th greatest increases occurrmg in ammo

-app.rox.im tel;
tyrosme, htt;e
large mcrease

lysme Renai

17-3 tunes Exceptmns mclude a decreased clearance of
cha,nge in the clearance of glycine and valme, and a very
in the elea.rance of hxstldme Plasma levels of nearly all

mts Exceptxons a.re mcreases ‘in threonme, glycme, and
Vlea.ra.nce of glymne is normally con51derably la.rger than
. ests a prerenal fa,ctor in the excesswe glycmuna The
; stldme clearanee a:nd the dlsprcpomonate increases in
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Fi6. 19. Renal cortex of rat fed a diet containing 1% lead-acetate for 9 weeks. Many
tubules, particularly in the deep cortex. are dilated and lined with atrophic epithelium.
Cells lining other tubules are hyperplastic and ¢ontain hyperchromatic nuclei. Inter-
stitial fibrosis is present, but inflammatory cells are sparse. X 150. From Goyer (1971¢), -
by permission of Springer-Verlag, Berlin and New York.

3. Stage [II—Renal Failure and Cancer
Rats fed 19 lead as lead acetate in their diets for ore than one year

have progression .of interstitial searring and fibrosis, sclerotic glomeruli,
and frequently develop renal failure and adensearcinoma. Blood urea
levels of six rats after 84 weeks of ingesting o lead-contaming dict arc
shown in Fig. 21A. Elevation of blood uric acid also oceurs (Fig. 21B)
and may be related to the renal failure, although in these 6 rats there was
1o clear relationship between the hyperuricemia and uremia. On the
other hand, the clevated blood urie acids levels may be analogous to the
hyperuricernia scen in human lead nephropathy {Section VII, A, 2, d).
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PATHOLOGICAL EFFECTS OF LEAD
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Fic..21. Blood urea (A)and uric acid (B) from control { @) and lead-poisoried { Q) rats
sacrificed after ingestion of diet containing 1% lead for 10, 40, and 84 weeks. From
Goyer (1971¢), by permission of Springer-Verlag, Berlin and New York. -

Since hypertension may occur in persons with chronic lead nephropathy,
there have been several studies of blood pressure levels in experimental
lead poisoning. The results are inconsistent. Several years ago, Fouts
and Page (1942) tried unsueccessfully to produce hypertension in dogs by
chronic lead poisoning. Griffith and Lindauer (1944) showed a progressive
inerease in systolic blood pressure of lead-poisoned rats over a 2-month
period, but these results were not confirmed in similar studies by Pardoe
(1952) and by Padilla, et al. (1969).

‘Renal adenomas or earcinomas develop in 60-80%, of rats fed for more

than one year & dict containing lead. Incidence and size of the tumors
are related to duration of lead feeding (Fig 22). By light microscopy,
the tumors aré adenoearcinormas, presumably arising from foeal areas of
hyperplasia of renal tubular lining cells (Fig. 234).

The ultrastructure of the tumors (Mao and Molnar, 1967) is charac-
terized by cellular and nuclear hypertrophy, numerous lysosomes and
microbodies, and gbsence of infolding of hasal plasma membranes as
normally seen in renal tubular lining ecells. Tumor eclls do not contain
intranuclear inclusion bodies, and lead content of the tumors is less than
that of adjacent renal cortex. In our investigations, about one-fourth of
the rats with tumors had metastatic foci in the lungs, but not in other
organs (Fig. 23B) (Goyer, 1971c). Renal tumors in lead poisening were
first observed in rats by Zollinger (1953) following long-term injections
of lead phosphate, and later by Kilham et al. (1962) in wild rats believed
to have been exposed to lead fumes in burning refuse in a city dump.
Lead-induced renal epithelial tumors have sinee been studied by a num-
ber of investigators (Boyland et ai., 1962; Van Esch ¢ al, 1962; Hass
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‘et al., 1967). They have not been noted in lead-mtou
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ammms other thap rats and mice, less frequently in the latter (Van Esch

“and Kroes, 1969). The tumors do not appear to have any obvious or im-

mediate relevance to man, since renal tumors have not been -noted in

industrial workers with chronie exposure to lead. Moreover, the incidence

of carcinoma of any type in such workers is not greater than expeeted
in the general population (Dingwall-Fordyce and Lane, 1963).

1. Comparison of Erperimenial and Human Lead Nephropathy

Morphological and functional reactions of kidneys in experimental
animals fed lead orally and in people, particularly children with acute
lead texicity, have features whieh are comparable. In both instances,
proximal tubular lining cells are affected, intranuclear inclusion bodies
are formed, and there is an assoeiated aminoaciduria. Impairment of

mitochondrial function has not been demonstrated in man, but may be

mferrecl from morphological changes in human biopsy material (Sectmn

V, A). Recovery from the lead-induced acute tubular lesion in man
ce_rtamly occurs. Excessive aminoeaciduria returns to normal a few weeks
after chelation therapy, but intranuclear inclusion bodies may persist

for several years after acute lead poisoning (Galle and Morel-Maroger,

1965), (,ontmued formation of inclusion bodies probably reflects a certain
body burden of lead.

In man, progression of acute cffects-of lead on renal tubular epithelial
cells to cehronic lead nephrop&thy has been less elearly documented.
Morphologieal changes observed in kidneys of persons with histories of
excessive exposure to lead are similar to the changes seen in kidneys of
experimental animals. The problem is that in the absence of intranuclear

Amciusxon bodies, the pathology of chronic lead ncphropathy, Iike that of

many other forms of chronie renal discase, lacks speclﬁclty Hyperuricemia
neeurs in rats with lead poisoning and in persons with chronic lead neph-
opathy. A major differenee botween the renal reaction to lead in man and
in the rat is that rats develop renal a&onnt-a.rcmoma Thcro is no vvldcncc

that lead cnbances malignancy Of any typein man. .

A problem 1ix mﬂmmm acute renal oﬁ'ccts
in man to chronic renal discase is the paucity of renal biopsy material
from persons with exeossive oxposure to lead.

It appears, however, from reports of studies on man and on experimental
animals that chronic effects of lead on the kidney are dependent on a
Particular renal content of lead during a prolonged period of time, and
that Tead is (-ormlnly eapable of inducing a chronie nephropathy. More
information is needed about factors that influence susceptibility of the
kidneys to offects of lead.
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Concern for potential toxic effects of lead has arisen from growing
vureness of the relatively large amounts of lead in the environment.
1ere is no question that excessive exposure to lead results in elinical
xicity. There is uncertainty, however, regarding the potential harmful
‘ects of low leveIs of lead that do not produce overt toxieity. Clarification

this problem will only be achieved with greater knowledge of the
etabolistm and cellular pathology of lead.
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