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Lpud is om' of man's old('st poisons. Although puthologi('ul ('ff('C'ts of
l('ud huv(' Iw('n r('C'ognizC'd for morp than :2000 y('ars, qu('stions rPlat('d to
tiw Jistrihution of this mptal in th(' ('nvironn\('nt und pot('ntial advprsC'
IH'alth ('ff(,(,ts ar(' of prC'smt-day C'onc('rn. Th(' puthologi('al ('ff('ds of
l<'ad may 1)(' manif('st('d in s('wral \\'uys (Goy('r, 1Ulla). Traditional
ppisod('s of acutC' anJ ('hroni(' ]¡'ad intoxieation still oeeur pvpn \\'ith abun-
dant public information r<,!~urding ti\(' toxieity of l('ad. HoW('vpr, muny
eas('s an' ti\(' I'('slllt of l\Il\\'ary ('xpOSllrp to SOUIT(,Ssuch as g1az('s 01' adul-
t('rat('d \\'hisk('y, and \\'i.\! 1)(' diffi('ult if not imposi'iihl<' to ('liminat(' pn-
tir('ly. TIH'rC' has lw('n a high inC'id('nc(' of O\'('rt l<'ud intoxi('ation among
lpad industry \\'ol'kpl's, hut Pl'OtC'(,tion and sUI'\'('illancc of th('s(, \\'orkers
is und('I'going ('ontinuing impw\'('nwnt.

A larg{'r ami mon' sC'riOlli'il\('a1th pl'Ohl('m rl'1atC'd to lC'ud is th(' c1inieal
ami i'iulH'linical intoxi('ation of thollsands 01' YOllng childn'n living in old,
dil:lpidatC'd hOllsing. 1'his ri:.d~. on{'p thollght to 1)(' larg('ly {'(JIlfinl,d to
slum arpas in tI\(' l:uW;i'it ('iti('i'i, ma.v ('xist in any to\\'n \\'ith old (I\n'llings
(Clark amI Halktt, 1!l'iJ). .

1'11(' patho[ogical l'lT(,(,ts 01' I('ad Iha! mayha n' ti\<' gn'ate'st signifi('an('{'
ur(' thos(' I'(,latl'd to tI\<' hody Il1ldn'n 01' I('ad, Ihat ¡s. tI\<' anwllnt of I('ad
pr(',;pnt in boJy ::;tOI'('Sin all nH'l1llH'r.s01' soci<'ty. TI\(' lJody hlll'(!('n of kad
and n'iat('d fadori'i an' dii'i('lIss('d in S(,ction 11r (nH'ta!Jolii'im of kad). TI\('
qucstion uf gn'at('st ('()Jl('('1'Ilis \\.I\('tl\('r th(, iJody con!t'nt oI lt'ad pn'vakllt
in the g('ncral pOIJllbl ion ii'i in any \\'ay harmflll t o ¡«'alt h. '1'1\('1'<'i;; no
cvid('ncl' at pn's('nt to indicat<' that ¡('ad S('I'\'es any {'sscntial 01' ('\,('n 1I;;(oful
function in t he body. Alt hOllgh, it i~ ckar that [('ad i;; a toxi(~ <,!('nH'I1t, it
is not kno\\'n at \\'hat 1evd of I('ad minimal toxic dTct'1s Z;(~¡:-urañlího\\' to
ml'usul:-Cthl~t Ic\;('l.
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In this revicw "'C shall considcr thc pathology of lcad with emphasis
on ccHular cffccts and on factors infiucncing Icad metabolism. Other
rcvie\Ys of various aspccts of hculth cffccts of kad have rcccntIy bccn
publishcd (Committc(' Rcport, 19i1; Chisolm, 1971; Goy('r and Chisolm,
1972; Goycr, 19i1c; Hammond, 19G9).

11. Lead in the En\'irolunent

Curn'nt concprIl for advc(";;(' ('ff('ets of lPtld on human h('aIth stcms
from an apparpnt il}(TpaSp in t hC' eont('nt of kacI in somC' partions of t he
environnwnt, \Yhich has n'sult(,d from ill(TC'a:,;C'dUSC'of l('ad. Consumer
use of kad has nC'arly doublpd Hinc(' 1940, ancI only about onC'-third rcprc-
sent:,; rccyc!ing. 1'1H' plcctric storagC' hattcry industry is thc lurgpst user of_
lcad in th(' UnitcC1 StateH, but thc grcatcst inercm;p In usc has bC'('ll in~---------- ----"'------------._-leaacd ga:,;olinc. :'Ilon' than :20% (:2;>0,000 tom;) of the total lcad consunwq
pe? ypar 1S for leuded. gaHolilw. Un tlw oth('( htllld;,rs1"OrINlclin paint
hasoC'cn HkadiI:v dpelmlIijflJt1H'r ('onsumpr miPS that muy hav(' brought
on hpalth-rclutpd problemH includp thC' uSC'of Icadfar cerumie glazcs and
of Icad ur:,;('natc as an ins('eticidC', • . . /"

Emlsslon trom me mtC'rIluI eoml)\\:,;tion mgin(' totaIs abotit' :200.000 tons
p~rycar and is 1Ii0 largpst singlc factor in the rcdiHtribution of lPad froñ~
natural SOllt'Cps to biologieal :,;'stC'ms. All otlH'r sourC('s()í(,rrllssion of
lead in t }(' lllt(' ~tatC's ('qual le':';:'; than 4000 tons, 01' kss than :2% of
thc !C'ad ('mittC'd from gasolin(' C'xhau:,;ts (Committe'(' R('port, 1(71).

A sd\('nw of tI\(' pcologieal paths by ,dlÍch l('ad e'nters the' metabolism
of man i:,;sho\Yn in Fig. 1. As far as is kno\Yn, tlw form of !e'ad in the' (,il-
vironmpnt il; inorganie I<'ad, 1'1\('n' is no ('vid('ll('p that a lpad alky! or
"m<'thyl" !pad i:,; :,;ynthe'siz('d in natul'(' 01' j:,; produepc! in a stabl<' 'form'
as a produt't of any industrial PI'O('('S8. Organi(' ¡('ad ('ompoundl; pmploy('d
as gasolilH' fud additin':,; al'(' ('oll\'('rtpd to 11:did(,:,;by ha!oge'n:,; add('d to
autoIllobil(, f¡wh; a:,; Iican'ng('l':'; to faeilitat(' n'moval of !pad from auto
cnginps. Lead is I('ss activp dH'mically than sonll' otlH'r lH'avy nwtaIs,
e.g., nH'ITury, ami natural/y O('ClllTing organi(' forms arp unknO\\'n, B('-
CUUS('of th(, gn'atc'r toxieity of organie fOl'll1s of ¡e'ml it is impol'tant to
bC' abJp to l'('('ogniz(' any sudl eompounds if t1H'Y do O(TUr naturallv.

L('ad from industrial and a~mOSplH'l'ic SOUl'('('SjI; ('v('ntualIy dp¡;osif¡'d
iI!. ~l. Inorganie IPtld 1"; only slIg;htly solubh' amI hxatlOn by thl' cEl:';
of normal 'sol! ('Om"l'rts add('d kad tO"-U1SOTíiliT(';iílliCtln' -com¡)áunds.
V~ry acid :;oilslrl("~'~LS(' t 111'soluhili t y of ~'~<l-('in1¡;;)unds (CillJl'rt, 19.i7).
Sol,lhl(' ¡pad ('ompollnds ('\"('ntually \\'asll into spa'~;lt(,l~ \\'hC'l'{' ttl<'Y ('ntpr
thc natural mari nI' ('y('lp. It has I)('('n ca!Culatpd that industrial l('ad is
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1"10. L Ecodiagram showing movcment or lcad rrom thc environment to mano From
Goycr and Chis"lm (UJ72), hy permission 01' Aeadellli(' Press, New York.

no\\' being :ldded into tlH' ocean::; at about tl'll tlnw::; tll<' rat(' of introdllc-
rion by- natural \'.:£..atlwring_(T:!t::;umoto:md 1'at[('r::;on, l!)();~).
Lead eont(~nt of ardie ::;no\\' is also thou¡!;ht to rdied in<:r<'a::;ingt:on-

tamination ofllw atmo::;ph('l'(' :lnd wutn (:\Iurozumi cl~ltlri!l).-rt'ñi'"r<~
h;s bcen an inere:lsing rt.if<}wntcnt of layer::; of ::;no\\' d('posited during
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the last century, a steep incline oecurring during the past 20 years (Fig.
2). Concentrations of other trace minerals in samples tested remain con-
stant.
Increase in lead content of plants and lower forms of animal life might

be expected as a natural scqucl to increased lead in soil and water. Ob-
servations of this trend are sparscly docum('nted. Ruhling and Tyler
(1968) found chronological incr('ases in l('ad conc('ntrations in Swcdish
moss('s from 1860 to 196R. Thcse incrl'as('s are thought to he related to
greater burning of coal from 1875 to 1900 and the use óf leaded gasoline
from 19;')0 to 19G8.
Of particular conc('rn to man is the incOl'poration of lead in food and

vegetablcs. Approximatl'ly ;')0% of t emitted from automobile--- _.- .exhausts is d('posit(' \nt 111 30 m t r f oadwa (Singcr and Han-
on, l1:1(9). A num )cr 6f studics ha~'e shown that grasscs, gardm Yf'geta-
bIes, and tree leaves contain from 100 ppm to 3000 ppm (washed speci-~-------.,-------------;;....;;.,.-----...:~-

-
-
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FlG. 2. Increuse inleud content of arctic snow with time sillce 800 B.C. From .\Iurozumi
el al. (l!)(iU). Reproduced from (;c{)chim. Co.<lflOchim. Acta, hy permissioll of Pergumoll,
New York.
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.mcm) (Cannon and BO\d('s, 19G~; Cho\\",. 1970; ConnOl: el al., 197 L).
Incol"poratioll of 1<'ad in piant lifp in suffie\('nt COIH'('ntratlOns may ha\'(~
an ad\'('l"sP pff('et on tl1<'grO\\"th of plants (Iú)('Pl)(' and :\[il!('r, 1970; :\[il!cl'
and KOPPI)(', 1971), hut mOI"Pimpol"tant, IPad in food SOUI'(,pscontl'ihutl':;
to tlH' cont('nt of Icad in animal lifp, particulal'ly mano

In. Balancc and Rctention-Body Burdcn of Lcad

A. QUANTITATIVE ASP¡';('TS 010' I"TAKE, Ol"TPCT, AND RETE"Tro"

Thp daily I('ad intah of lH'althy adult 1)(,l'sons in tl1<' Unit('d 8tat('s
val"i('s fmm less than 0.10 mg 1)('1'day to mol'(' than ~ mg I}PI' oay and
may avpragp as littlc ai>O.I~ or as mueh a:-;0.;")0 mg 1)('1'day. From hal-
ancp studi('s on normal hpalthy male voIunt('(,l"s, Kdu)(' (lU(jl) eoneludctl
that daily ¡ntakp of I('ao fOI"an individual \\"ithout ('x('('ssi\'(' ('Xposur(' lo
Ipatl \\':1,U(1)01l 1:~:Hlp.g, and t hat l)('rSOllS \\"ith t his Ip\'('1 of in Iakc \\"Pl'('
in apPl'Oxil1latc haiancc; ahout 10% \\"tU,('x('t'ptcd in tl1<'urilH' (:W ¡.¡g tlay)
and th(, I'('maind('r appctu'('d in thp [('('('S (:WO¡.¡g).

1'11<'majol" ::;oun'p of daily Ipad illlak(' is food and }H'\"Pl'[lgps.Sampling
of fo~r~.-;mo\¡:;, tha! I~'ad-(;'ont<'llt is -('xtr<'ll1<'ly val'iablc (KiT,~);-:,
19(il; Cnmford and :Ú~J1.'ris,191i7).~\ I'P(~<'lltst;-;Jy o(¡(~ao e'oiÚ<'llt of food
it('ms in Cpl"many sugg('sts that tlu'I'(' :U'P ImH'tieally no kad-fn'(' foods
(1,dll1<'rt el al., lDIi!J). and a sludy [mm :\!ilan, Italy sugg('sls that !l'ad
ingcstcd orally fwm foods and }H'\'('rag('s may ('<¡ual -100-;")00 ¡.¡¡!;p('r day
(Zurlo ti al., HJ70). Con('('nll'atioll 01' Icad in a numl)('r 01' food it('m:-;, in-
eludin¡!; I)('\"('ra¡!;c':-;,fl'Ol1l thc Cni!<'o Stat('s aV('l"ag('s O.~ ¡.¡g gm (l>att(,'rson,
] U(j."»).

Drinkin¡!; \\'ah'r has IOllg I)('('n SUSP('c,tc'dof lH'ing a S(HII'('('o[ ('X('('ssi\'('
di<'tary Ic'ad. ~in('(' Icad pi¡H' is no long('r us(,d 1'01' hou:-'I'lIold plum!,in¡!;,
tlH' I('ad ('on!<'nt (JI' l1lost municipal \\"at('r suppli('s lIH'asul'(,d at tlH' ta'p
is :-;on1<'\\"hatb('lo\\' ti\(' ""H( J )'('('OmnH'IHIC'dliluit 01' 0.0;") ¡.¡g mI. :\('\"1'l'-
tlH'I(,ss, assullling t hc' maximulll IH'rnli:-;sil,I(, ('ont('nt nI' Ic'ad \\'C'I'('pl'<':-;('nt
in \\'at('r ami a,.;:-;umin).!;a daily'\\'atc'/' intakc' 01' ahout :.! lit('rs (illl'iudil1¡!;
foods and IH'\"('!':l¡!;C':-;), as 1l11l<'1Ias nnc'-tllinl (100 ¡.ti!;) 'of dail~' I('ad intak(,
may 1)(' ing('stC'd \\"ith \\'ah'r. Jt i:-;not Jik('I,\", ho\\'('y('r, tbat lI\:ln~" I)('opi('
(,OIlSum(' mor(' tllan I lit('r 01' drinkill).!; \"at('/' pc'r day \\"itb a I('ad ('Olltc'nt
of 20 ¡.¡¡!;lilpr; thi,.; is ('qui\'al('nt to ol1ly :.!O,¡.¡).!;da,\' 01' Ic'ad from drinkin¡!;
wat<'I'.

Th(' mcusumblc <¡ualltitic's 01' I('ad in bod,\' tis:-;l[('S ill ])('rSOl1S\\'ithout
symptoms o[ I('ad toxi('ity ha\"C' I)('('n rd('IT(,d to as hody IHlnl('1l ,,1' I('ad.
Total body burdcn of IC'ad irH'l'('aS('s \"ith a¡!;c' frul1l ¡('ss than :.! m¡!; 1'01'



childn'n under 10 ye:1rs of agc to ovrr 200 mg for persons in their cighth
añd ninth decudes (Bal'ry and ~[ossman, 1970). Absorbed [cad IS dlstn-
butc'd in hone and varíous soft tissucs, and pstimates of total body hurdpn
in adults \\"bo D n' noí oc('upationally pxposcd l'!Jngc [mm approximatc1y ~
100 to 400 mUI\:phoe, 10G1; Schro('der and Tipton, 1968; Barry and
:\Iossman, 1970; Thompson, 1971), and anrage 240 mg for thc "standard'~
70-kg man (Bal'ry and ~[ossman, 1(70). Asyñlptomatic, occupationally
exposed lPad \\"ol'kprs han, as pxpected, higl1<'r total body lead content, .
ránging to just onr ;")00mg in Barry's study. 1'hompson (1971) ('stimates -
tliat thls 1<-\"plof I<'ad aC'cumulation can bp accounted for by a rptcntion
of Ipss than 4" of thp anra p daily intakP 01' about 10 f./ogpcr daL

A rriti('al qupstion is ti\(' pxtpnt to \\"111c t p moJ<7rn averagp daily
intakP of lead may be pxC'('edc'¿ \\"ithout producing symptoms. Kchoc
(19G1) found that thp addition of 1.0-2.0 mg of lead pC'r day to the diet
of normal human voluntc'('rs \\"ill lllcreasc blood Ipad I('vels to the toxic
range III about \) months. 1'his level of lead exposurp, ho\\"('vpr, IS not
exprripll('pd by nono(,l'upa;ion~ll\ "ex ospd ppl'sons, und total dailv intu"ke
of 'ss an mg mil not 'P,' i \"<'rt !PUll toxicitv in tl1<'normal adult.
Youn (' 11 n'n aplwar to tokratp much smallcl' Ipvels of lead pxposure,
although ;;tudips din'('Í Iy ('omparablp to 1\:phoe 's pxppl'inwnts \\'It 1 a u ts /'
havp not }wpn [)('rfornwd on ('hildrpn. :\pvprthPll'ss, an ad hóc committpp
formpd by thp Bll1'pau of Community Environmpnt ~[anagenwnt (DHE\\')
has n"eomnlC'nlipd that thp liaily [wrmissiblp intakp of lPad fl'om all sourc('s
for childn'n unliel' ;~yean; of agp b(' limitc'd to :300 f./og(King, 1071). L('ad
intakc' aho\'(' this l('v(,\ \\,ill not 1)(',('ntil'C'iy excl'C'Ípd, and significant ac-
cumulation in t11<'body OC'('Il1'S.Total dail)" ingpstion of :300-G;")0f./og\"i1l
result in incn'a;;c's in hlooc! Icad Ipvp\::;2abon' 40 f./ogiJ00 gm and muy-
result in incJ'{'asps in minal'Y d-aminoll'\"1dinic ~leid '(r1-AL\) rdketing
impairn1<'nt of IH'nw m('taho!ism.

-
-
-
-
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B. HOl"rE;; 01<' AIlSORI'TlO" A"D EXCHETIO:o.¡

1. (;aslmillll'sl illal S!Jsll'lII

Xpt :t1)sorpt ion of I('ad l)y tI\(' gastroin th,t inal t rad in humans i;; ;-)--L")~~
01' l('ss; t h(, n'maining I('ad is ('X('I'(,t(,d in th(' fp('('s (!\:<,!l(H', 1\)(i1). :-'tlllliC's
",itl.} k('ding larg(' dos('s in rats :-;uggC'st('d that P('I'('('ntag(' of abs(;I:pti(~;
01' J'('t('nt ~;n-,;r¡;:;ad d~'f~I'(';ISI'Sas tlH' dZ)sag(' of 1(';[([ in('l'('as('s, hut t hat,
n('y('rtlwlf's;;, il1<'I'('as(,ddos:t,g(, 01' ('xposun' to l('ad doc's n'slllt in iIH'l'('aSf,d
f('t('ntion (Coy('r el !ll., I!JiOI)). Link is kllOlnl ahout tl1<' nwchanislll
fOl' gastroint('stinal absOl'ption (JI' 1(;<1, IHlt it i::;likdy that tlw phosphatC'-------------------------------~~~

2 BlOOlIlead f'ontcnt will "e (,xpre:-;:-;edper 100 gm of whole "Iuud; 100 gm 01' whule
bluod i:-;equivalcnt tu 1O.'i 11I1 01' w!lole bluud.



-
contcnt of thc diet and perhaps the cont('nt of oth('r minl'rals, such as
irOñUI1d calcium, mayo i~fiul'nce 0ffieil'~c~ of le~d~~ptaKe. . -- ..

TABLE 1
BLoon 1,E,\D LEvELs OF Anl'LTs:
I:-;FLl'I'::"-C'I';OF E:"-VIHO:..-~n::"-T.\:"-1>

(;EO(;(UI'IllC' 1,OC'.\TIo:-l

ROBERT A. GOYER AND BONNIE C. RUYNE

2. Pulmonary Traet

1'he contribution of airbarne \ead to body lcad cont('nt isdl'pl'ndl'nt
on multipll' Jaetors and is difficult ta ml'aSllrl' accuratdy. 1'h(' t\\"o mast
important factors \\"ith rq!;ard ta the fatI' of th(' inhah'd pürtic1l's aplwar
to be sizc and distribution in thl' r('spiratory traet. ~Iost atmosplH'ric
lead in urban l'nvironml'nts eonsists of partieulatl' Il'ad compounds from
exhaust emission of automo1JiiPs. Ll'ad particl(' sizl' in urban air varil's
ov('r a \\"id(' range (0.1G~0.4:~ ¡.t) and has an aVl'ragl' mass median l'c¡uiva-
lcnt diamcter (~I:.\IED) of o.:.!;) ¡;. (Robinson and Lud\\"ig, 1967; Lee el al.,
196R). A model for ('stimation of dusl deposition in thl' rl'spiratory traet
has bl'cn proposl'd by thl' 1'ask Group on Lung Dynamics (1966). 1'hc
rcspiratory tract may bl' dl'seribed as thn'l' functional ar('as: thl' naso-
pharnyx (X-P); thl' trar.1l<'obronchial trl'(' inc1uding the tl'rminal bron-
chiolPs (1'-B); and a pulmonary eompartnwnt (1') consisting of n'spira-
tory bronchioll's, alv('olar ducts, atria, alvl'oli, amI alveolar sacs. únly a
very minor fraetion of partieles undl'r O.;) ¡;. in ~L\IED an' rl'tained in
thl' (X-P) 01' (T-B) comparlml'nts. 1'1H' remaind('r arl' cll'arl'd by eiliary
action of rl'spimtory l'pithl'lial ePlIs and 8\\'allo\\'l'd. 1'hl' studil'::; of Xozaki
(1960) on thl' infiu<'nel' of r('spiratory ratl' and partic\l' sizl' on dl'position
of Il'ad in thl' n'spiratory traet ::;ho\\"('d that :!:!~6:~%of pnrtic1Ps 0.1-1.0 ¡;.

in ~L\IED ar<' dl'posit('d in t1H' lung. 1'IH' pl'l'('l'ntugl' of partil'll's 1Pss
than O.;"'j ¡;. ITtailll'd in tlH' lun¡¡; illerl'aSl's \\'ith rl'duction in partiell' siz('.
It is ('stimah'd tha! lH'arly \)O~'~ of ll'ad partie\l's in ambil'nt air that ar<'
dl'pot;itl'( in tlH' lun (' ' r<'tainl'd (Committl'l' R('port,

8
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OC(,llpatiollS ill {'.S.A." ¡Lg/IOO mi

-
-

Rllhllrh:lIl llollslllokers, I'hilad('lphia
SlllJllrhall slllokcrs. I'hiladclphia
AH poli(,l'lllCIl, Cilll'illllati
Serv;,'c stat iOIl ai.tclldallts, Cill{'illllati
Tralfi(' poli,'l', Cilll'illllati
Tllllllel Clllpl()'yccs, B()stoll
Parkillp: lot attl'lld'lllts, Cilll'illllati
Garage meeh'1l1i,'s, Cineillilati

II
1:;
2;)

:!S
:lO
:¡o
:3.1
3S

- a Hammond, l!Jü!J.
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1971). Assuming 37% depo::;ition of lead-containing particles from amhient
air (averag(' ~I:.\IED of 0.2;í ¡;.) and 24-hour volume of inhaled air to be
15 m3, airbomc lead only contributes Lí ¡;.g/day at atmospheric conc('n-
trations of l('ad at 3 ,ug/m3. At atmosph('ric concentrations of l('ad below
2=3 ¡;.g/m\ inhaled l('[ld probahly -do('s noí contributc signifirantly to
blood lead lcvels (Committpe Report, 1971). Thpr(' is som(' ('vidence,
hO\\"l'ver, that hi -h('r roncentrations ' i. r or atmos h('ric lead may
infiuPncc blood lrad l<'vPls (Table 1). Estimatps of n'spiratofY in lltlation
of'llirbome lead partirles by an indi\'idual in downtown Cincinnati may
be as high as 30-40 ¡;.g/day, wllf'reas-a pcrson in a rural pnvironmC'nt might
inhalr kss than 1 ¡;.g/day (Goldsmith and HextC'r, 19(7).

RetPntion by tllf' pulmonary compartmPnt may not be equivalent to
absorption. RecC'ní ('xpprimf'ntal evidencr indicatrs that a portion of
particiPs retainrd in alvroli can be expected to be dearpd by pulmonary
macrophag('s (Bingham el al., 1968). Howrvrr, the quantitatiVl' asp('cts
and mechani::;ms fuI' pulmonary dearance of inhaled l<'ad are noí entireIy
undrrstood.

3. Renal E.rcretiun

Renal pxcrdion of Ipad i::; prrsumrd to im'olvr Í\ro routps, glomprular
filtrat iÓn ana t ran::;fü13lu"tirt!()\'"-or-Pxcrl'f ion .Ex¡)(,TImrntrrl':"'~idi'nCí' ""SUf5-

portiilgthp::;('m~hanis~s-is fr~m ¡hr ::;tudy of Vo::;tal and Heller (l9G8)
on thp minary excrf'tion of simultanrously injPcted radioisotopes of inulin
and lpad in the rPnal portal circulation of the chickf'n. Studirs to date
givr no indication of thf' rPlatin' importancp of tl1<'two rout(':;; aIso, thf're
is no know!Pclgf' of thf' f'xtf'llt to \rhich tubular n'absorption of lc'ad influ-
encf'S n'nal I('ad cxcrrtion,

C. BLOOD LF.AD

.,..,- .•..
Whol(, blood kad Ip\'<'Is in (.hildJ'('n and adults withou! f'x(;I'ssi\'f' ('x-

POSUJ'('!o If'ad \"ary from ];; to 40 ¡;.g 100 gm. \VI\l'thl'l" tl1<'>;<'1('\'f'ls rl'\)("('-
s('nt a "normal" or "physlOlogil'" blood 1('\'<'1rf'gardl('ss of hody !Jurd('1l
01' abs('IlI'(' of f'llvironnwlltal ('XPOSIIJ'('to ]f'ad is uncf'rtain. I'att('l"::;on
(H.l(i;-l)has ca!<-llia!I,d thaf withollt "contamination" of tlll' ('nvironn1<'nt
with lead, a natural blood Il'ad 1('\'f'1ShOllld 1)(' (J.2;; JLg"100 gm, or ahollt
on('-hllndn't!th of ('UIT('llt 1('\'<'Is. On tl\l' otlll'r hand, pn'sf'nt day b\ood
Icad 1('\.<'Is arf' onl.\' aboll! ol\l'-half of 1('v('ls g('lll'rally J'('gard('d as toxic
(.'>0: 80 JLg lillLgll11; '1'111'signifi('an('(' of blood I('ad l(,vf'ls is dis(,ussf'd in
S('ctioll IX, '1'111'sigllificalll'(' of tlll' 1'Ilral-llr!Jan bloot! l('ad gradif'nt has
b('('n (j¡.batl'd (Baz<'ll, 1!)71; Committ('(, [(l'\mrt, 1\)71; Gold\\"atl'r and
Hoo\"('r, U.lü7; Hammond, I!¡OH),
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Lcad containl'd in blood is in two forms. :\[orl' than 90% is bound to
red blood Cl'lIs and is nondiffusiblr; th(' rrmaind(fisbound to microligands
in---¡np-~. Sincl' thl' major fmdian of whol(' blood kad is bound to
rrd blood (,l'lis, lH'mato('rit or pachd r('d blood crll voluml' will gr('atly
infhl('ncl' total blood ll'ad cont('nt and must br considl'rt'd in thc int('rpr('-
tation of blood IPttd kVl'ls (Wi11iams, 19G(j)o Thl' manrH'r in \vhich kad
binds to rl'd blood c('lIs has IWl'n rl'vil'wl'd by s('vpml inwstigators. U
was long agº-,suggcst('d that h'ad I'l'acts with inorganic phosphatl' (Aub
etaI::19:2;-;) or gly('('ropho~£!Ul!.s-J~[axwPil and Bischoff, 19:29) g~'oups in
thl' I'l'd blood ('Pil mpmlmUll'. [11 l'l/ro studil's of l('ad binding in I'('d blood
(,l'Íls byClarkson and K('fi('h (19;):-;) showl'd that 9.i% of kad ('hlol'idl'
addl'd to wholl' blood is rapidly attaelH'd to tlH' (,l'l1s. :\[01'(' than 90% 01'
a ll'ad chlorid(' solution addl'd to plasma (l'l'r(' of rpd bload c('lis) I'l'mainrd
in solution wlwl'('as Irad addrd to KI'('hs-Ringl't' solutiorr pl'rcipitat('d.
TIH'r ~gg('st tha! k.i1il. fol'!PS fUJ('J?tizl'd...k,illJ:?b.os¡~~~t(' sgl in tl!(~J)lasmao
TIH' pq1tizl'd sol thl'n combinl'swith tlH' I'('e!('l'li by ('oagulation 01' floc('u-
iatíO!l~Qg tlH~....c.dl-;{¡~fucl'. Compl'titiw binding by othrr Iwavy nwtaIs
su('h as Cu, Hg, and Zn dol'S not o('cur. Also, l('ad is rl'mo\°l'd l'mm I'(,d
blood ('<'lis ill l'itro only vrry slowly hy elH'lating ag('nts such as EDTA.

Barltrop and Smith (1971) havl' sl'parat('d iload-('ontaining l'radioús ol'
rrd blood Cl'lIs by Scphadex gd filtration ane! ultracrntril'ugation. Lrad
was l'ound bound to Cl'lI ('ontrnts ruthel' than stroma. A lrad-containing
protl'ill fruction \\,ith a m('an mokeuiar \v('ight of about :¿40,000 was
isolah'd j¡y g('l filtration. Binding ol' J¡'ad by low-moleculal' \vright fruc-
tiom; has al::;o I)(,l'n su::;¡wct('dor 1'11<'binding ol' kad to a small diffu::;ibk or mi('l'oligand in plasma may
b~(.d fl'Om tlH' dl'monstration that kad dol's travrr::;l' Cl'l¡-~lbran;'~

1
(Cm:t!'lIino. and Alojo 19(¡O)o TI.),}sfraetion is, of ('ourS(', most important

~vith I'('SIH'et to ll'ad transport and ti::;::;ul'('ont('llt uf Il'ad.

D. ÜIWA~ CONTE:\'T OF LEAD

L('ad con!<'nt 01' individual org:lIls in ('on!T()1 lH'rsons \\,ithout ('X(O('ssivl'
l'xposun' to !l'ad amI ¡)('rson::; \\'ith ll'ad intoxi(Oat ion is ::;llOwn in Tabll' Ir.

~

TI1<' Iaq.!;l'st (~on(O('ntmtion ol' l('ad is u::;u:tlly in tll(' bon(', wlH'I'(' Il'ad is
bound in a nondilTusibll' formo Onl\' tl1<' diffusibll' ]Pal! fraetion from

,
pla::;ma passl'S i.n "ud ont oí capilhm,,., pj;!'meal'" N'H m,'mhqm"" 'P~
ent('rs par('nchymal ., 00 o 'o . 'o.. '_" , 1, li\'{'l', kidlH'YS,-
an othl'r organs; Th(' rl'iati"l'!y iarg(' contl'nt ol' \l'ad i'0~d kidnl'j'
mUy I)(~rl'!atl'd -ro th(' l'xerl'tor" funl'! ion 01' t II('S(' t wo Ol'galls, ,dH'n'as
o"i'Jy tr:;ce amounts .o!:.ed al'(' pn,:.;pnt in3t1scl(' alld braill.:.. T~'
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TABLE Ir
LEAD CONTENT 0[<' TIRSUE FUOM 1.5 PEUSONS WITH Xo

ABNOIUIAL EXI'OSUllE '1'0 LEAD (CONTllOLS) AND

PEUSONR I)YING FUOM INOUGANIC AND ORGANIC

(TETHM;TIIYI~) Lt;AD INTOXICATIONa

11

-

-
-
-
---
-

I
t

Lead intoxication

Tissue ContralsO Inorganic<,d Organic<"

Bone 0.67-:3059 5.6-17.G 2.9
Liver 0.04-(J. 21\ 1. 8-R. O 2.35-3.4
Kidney O. 02--0. 1li 0.0-.'>..'> 0.79
Spleen 0.01-0.07 1.13 ' 0.29
Heart 0.04 0.2-0.8
Brain 0.01-0.09 0.24-1.2 0.74-1. 9

a Values are milligrams per 100 gm of wet tisslle, mnge or
single value from references cited.

b Kehoe (1961).
<Cllmings (19ü7).
d Thienes and Haley (1904).
• Cassells and Dodds (1940).

symptoms of Ipud intoxication arp rplatpd to thp cont('nt of I('ad of soft._
tissll<'. partieularly tl1(' hpmatopoi;,tie systc'm~th'(:Ji\'(;r;ar-;-a-th<"kidnpys,
amactor~£lnN~'~¡d~~ th7-sp orguns muy infiuPn<:p
súsc<'!¡tibiIity .,!g.l¡u,d tm,j('i.ty, Thpsp fadors lll'P di;;eusspd in ~:ketjon X.
..• As ('an 1)(' 8('pn from Tablc' Ir, C'XPOSUI,(,to an OI'~anic form of !<'ac! i;;
Iikply to rps(llt in .l'.i!l~d ac'(' ..-.~iCl..'.l 01' Ipl!cl.i.rl..t1lC'.J.i~H~s_~~sitLu' .-
to tli0o\ic: pl'fp(,ts of I('as, ¡artieularly t IH' ('pntral n~'n].>ll~s~.,( Ca;;-'-
s('II.;; and 1)odds,-U).l(¡; Cllmings, 1\}Gi). E;q)('rim('ntaI studip;; hll\'('.sh¡)\\'n
t hat tptr:H't hy IIpad is ('ol1\'prt(,d -t(] t rid hylh'ad amI inor~anic ¡pud (Crpmpr,
19,i9; ('1'('111('1'amI Calhmay, 19G1). TridhylJ<.t¡d i;; rPluti\'ply ;;tabk und
b('('omp;; rapidly di;;trilmtpd I)('tll'('pll hrain, E"pr, kidn<'y, and bIood
(BolallOlI'ska, 1(){)S).

1\', CelIular He"poll"(~ to Lead

A, b:TTL\XCCLEAn Ixcrxs[()x BODrES

- A ('har:l('( ('I'ist i(' c'pl!lllal' I'(':u'l iOll in 11 'ad in toxi('at ion is tI\(' fOI'Ill:ltion
of d~t~,,-a;:;;'=;;t:li¡lil-lg, -írit ¡'aril'i'(.l(':lI'-ill('lllsion ¡)olli('s, 1'1\(';;(' 1I'('I'p
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FIG. 3. Xucleus of proximal renal tubular linillp; ('cll ('l)ntaills lead-ill<1u('c<1 ilH'lusioll
body with aellse celltl'lll ('ore alld outcr fibrillar)' WllC. X\H'lcol\ls is to the rip;ht of
inc!lIsioll boay. A sll1all o~ ill('ipiellt ille1l1sioll bod)' is adja('ent to ll1embrallOus whorls.
X 17.000. From Goyer el "l. (!\l70!'). Heprodu('cd frorn L,,/,. /"1'1',,1. Copyrip;ht:<) Hl70..
WiUiams & WilkillS. Baltimore. f\far)'lalld.
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initially obsf'rvpd by B1a<:kman (1936) somf' 3i'iyears ago in hepatie
parl'nchymal cells and rmal tubular lining cells of childrf'n dying of acute
lead l'ncf'phalopathy. Thf'S(' findings have been confirmed many times, in
man and in animals. Among more rcccnt reports may be citcd those of
Watrach and Vattf'r (1962) (!ivf'r and rf'n~¡J tubulesof swine), of Stowe
(1972) (dogs), of Hass el al. (1964) (rabbits), of C. F. Simps?n el al. (1970)
(fowl), and of GOYf'r (1968) (rat kidnl'Ys).
The ultrastructlll'e of a typical inclusiou ~dy in the nuclcus of a renal

tubular lining cell of a If'ad-intoxicatcd rat is shown in Fig. 3. I~s
of a densf' central corf' and an outcr. fibrillary zonc. The inelusions are
always independf'nt of nucleoli. Inc!usion bodlcs vary. considerably in

-- l'

size and in ratio of core to outer fibrils (Brachn el al., 19;')8; Beaver,
1961; Richtl'r el al., 1968). llichtC'r el al. (1968) estimate the thickness
of the fibrils to range from 100 X to 130 X, although the size of fibrils
varies with fixation and staining procedures. A definitc substrueture
Ci.wriodieity) has not been obsf'rved in the fibrils. Similar inclusion bodies
are found in bismuth intoxication (Pappenheimf'r and ~Iaeehling, 1934),
but thf' inclusion bodies indueed by If'ad have distinguishing charactcris-
tieso Wachstein (1949a) has shown that they diffcr from viral inclusion

~//
bodi('s by bcing acid-fast wh('n staincd with thc Zi('hl-Xf'f'lsf'n tf'chniquc.
Inclusion bodics. assocliI~d with ingf'stion of bismuth are ;Iso acid-fast
(Wachstf'in, 1949b), but thf'ir ultrastructural appf'arancc difff'rs from the
Iead-inducf'd inclusion body in that thcy tcnd to be sphf'rical and homo-
genf'OlIS and sharply eircumscribf'd (Bf'avcr and Burr, 19(3). AIso, bismuth-
inducf'd bodies app('ar in initochondria as wcll as in nuc!ei (GoYf'r and
Rhynf', 19i2).
Thf' composition of If'ad-inducf'd intranuclear inclusion bodics has been

studi('d by histoc1H'mistry, autoradiography and din'et analysis aftf'r
isolation. Histoch('mical stlldi('s haY(' ))(,Pll summariz('d by Richtf'r el aL. /
(19(¡S). Jnl'!usion bodi('s do noí stain with th(' F(,lilgpn r('actiop, althollgh
tllf'V ar(' ~ptlmes SUl'l'Ollllclr'u by F(,lilgPll-positiY(' matf'l'ial. They do
not' stain \\'ith fast ~'('('n aft('1' tn'atnwnt \\'ith triehlol'OacC'tic acid, blltdo
stain stl'Ongly \\'ith mf'fcurie bromoplH'nol bluf' and \\'ith hasic fuc!lsil!'
wh1ch sugg('sts t1mLtbex ...contain prot('iñ.~mt ¡Huhably ilOt' histonf's.
T~p aeiu-filst I'('adion is unc(,l'tain; It may simply 1)(' a physi-
cal phpnomPllon . .Landing and Xakai (19;')9) show(,d that thf' ille!usi9nS
contain at most small amounts of lipiu, and th('y sllgg('stPd that tP..!'¿£i2.:-
fast PI'OI)(,l'ti('s of t)I('S(' bodil's \\'('1'(' rPiat('u to tlH' pn's('ncp of flulfhydryl
groll¡J:s-in tlll' pl'Ot(:¡¡:¡:------ - - - -- -- --
Th(' pn'S('ll('P of I('ad in tll(' inl'!llsion bodi('s was susp('('Í('d but unprovf'u

fol' man)' y('al's. FilllH'1' allu Cah'C'I'Y (lu;m) ~tain('d s('ctions of kiunC'y~
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FIG .. L Intranlll'lp'll" . .x 1;,.UOO. Frolll (' .' Illdll'IOn "oclip, ¡,oht(,(!
""11' ,0\ PI"/'/ al (1q- ,.1 tam & Wilkin,' g, 11" ,¡()(o). Itepmcll«'('cl

, ,1 IllIon'. ;\lal".dancl.

••

& 1 ,¡!-Y

jO A ·
o 'J_d~ '.
¡mili kiclllt,\"" ( [ I ." '("«11' 1[mili J /11 J' ' - Ol,onp( I".Lt"

_ /. 11/'/"( ("' ' '.'. Op,\'l'I~ht (') 1~)i'O,
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fl'O~ IC'uc!-poisonr'c! rats \\-ith hydrogen sulfick und found particlcs of
lead sulfide oecur;'ing ir) nuc\ei of tubular C'pitlwlia, prcsumably conc-
sponding to intl':mllc!Parinclusion bodir's, Other attempts to identify
the metal cithC'i- histoehemically 01' by X~ray diffraction have bcen unsuc-
cessflll (Wutrach und Vatter, 196:2;' :.\lolnarand GllCft, 1964). :.\lorc
reccntly, lC'ad \\'ithin the intranuclcar inclusion bocly hasbeen positivcly
aemonstratC'd by alltoradio~raphy (Dallcnbach, 196::» und eleetron-
probe X-ray.mieroanalysis (Ourroll el al., 19(0).
, The structUI'C' and composition of the inc\usion nadies have ber'n furthC'r

studieC! afte!" isolation by diffcn>ntia( cC'ntrifllgation und sonication, com-
bining >thr nwthoc! for isolating nuclC'i(Chauvf':lu el aL, 19/i6) \\'ith thc
Blol)('1 amI PottC'l'. (1!)()(i) ml'thoc! forisohttion of nllc\coli (GoYr'r el al.,
1970c). 1::;olatec! inclusions app('ar f'xactly as thC'y do in tl10 intaet cC'1I
(fig. 4). Treatnwnt of incljJsions in tissú(' sC'ctions (Richtr'!" el al" 1968)
01' if iso1:ltr'c!inC'!usion boc!i(';; (GoYr'r el al., 1970c) \\'ith protr'olytic cnzynws
reslllts in partial c!ig(';;tion, ¡lUt t hey are not altf'l'(>c! by incubation \\"ith

,
Ir .\

L.)

r
I••'--¡¡

¡
••••
f
"

".-,
1,

••
-,
.,;

-

~--.---------------~-----""\
r' I
J IJ--. I

I

l[[
t

.-¡

i...,

MITOCHONDRIA NUCLEI INCLUSION
BODIES

FI( .•. ;'. Le:,,! cOlltellt 01' or/!::tllelies isolated frolll kidlleys 01' ('ollt.rol r:üs (O) alld r:tts
red di(~t (,()lItaillill¡.( 1'.'; lead a('d.ate ror 1;'~17,,'e(,ks (O). From C'.'yer (In/Ja), ¡,~'per-
missioll 01' ..1 /llCI", ./. Pa/lini., I llll'halll. \"orth Carolilla,

i. --i
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- CApiLLARY PROXIMAL RENAL TUBULAR L1NINGCELL LUMEN

MITOCHONDRIA NUCLEUS
(MEMBRANE - BOUNO LEAO?)-
O ~•... c::::::;::)

OIFFUSIBLE ~.... LIGANO BOUNO

Pb2+ O URINARY
LEAO

•... <O
INORGANIC ond

~
L1GANO BOUNO

~ ~....

-
-
-
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Fw. (j. Seheme for role of intranuc1ear inclusion body. From Goyer (HJ71a), by per-
mission of Amer. J. Pathol., 1>urh alll , Xorth Carolina.

DXase 01' H,?\asp, Dir('d, eh('mieal analysis of isolatpu inc!u:;ioIl bouips
confirms that tlH'Y arp' 2Qsed of a Il'ad~t:.0tpi~ .eompl('x containirlJL
approximatl'ly;:; ¡.¿g of l('l1<1.l?pr_milligram of protl'in. L('au ",ithin tlw
iIÚ;Josion ~;J¡ps- is (jO-lOO tinH'!:i mol'(' ('on(~('ntr;rtl'd than i;l ",hok kiuIl(:'y
(Goy('r el al., IU70h; Rom, l!J70). :\mino a('id eomposltlOIl ami solu1>ilit~.
charaetl'ristil's of thl' ine!usioIl 1>odv prot('in I'('s('ml)k thos(' in t1H' I'('siuual~ _. i....-- _ ,. -------------aidie fractioIl of pl'Ot('ins in normal nue!('i (Goy('r el al .. 1Uil).

Thp I('au ('ont('nt of or¡!;andl('s lso[at('d from r('nal tulllllar \inill¡!; ('('lis
of eOIltm\ anu \('ad-poison('d rats is ShO\\'Il in Fi¡!;. ;-,.1'h(' !:uW'st il[('n'nH'llt
occurs in nlle!('i in ",hidl \('ar! is pr(':'wnt as part of ine\usion hodi('s. :\\-
thoup;h intra('('lIula;' \('al! 1¡('('om('s 1>ound to mitol'holldl'i:t! nH'mhra,~~
and nutoe!lOnuria\ funl"t ion is s('nsiti\'(' to th(' toxi(' l'ff('!'ts of \<'ad, tlll'
iIlel'('ml'ñr~l;ml;¡n;¡I(';¡-r4h~ tuh~~rinin¡!; (,('l1s (lf \(,:t(r;:;1
rats is rl'1ati\'('\Y smal\ ",h('n l'ompal'('l! t o 1(~u-;-;níl(~I¡¡;;-U);¡;)(li(;: Barl-
trop el al. (HJ71) hav(' sho\\'n that most of a sinp;k pal'('nt('ral Jos(' of rar!io-
active leau is bouTt~1 to milodlOn<1ria, litl \(' to'-I.vK(')son1l's:-'- ----- ,..-
A schl'm(' ha::; 1w('n propos('d for th(' po;;slbl(' 1'01('-01''111<'íntranllekal'
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FIG. 7. Corrclution of lead eontent of kiuncy amI diffcrcnt uoses of lel1d fed to rats for
10 weeks with Vl1riOllSparamctcrs of lead' toxieity. Modified from Goyer el al.
(1970h).
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inclusion body in lead poisoning (i"ig.6) (Goyer; 1971a). It is suggcsted
, that the inclusion. body serves as an adaptive orprotective mechanÍsm
du~ing transcellular ttansport of lead. In the course of exctetion of lcad
from liver sintisoids to bile via hcpatic cells, 01' by transtubular £low in
renal tubular liriing cells, aportion of the lead cnters the nucleus where
it is bound intoa lead-protcin complex and becomes no longer diffusible.
This mechanis~ has the effect of rnaintaining a relatively 10\v cytoplasmic
concentration"oflcad and, theréfore, of reducing thetoxie .e~ of lead
on sensitive.cellular functions, such as mitochondrial respiration andp~e~~ , .

. Indirect support for this hypothesis is found in experimental studies
." /' ,

of the relationship of the formation ofintranuclear inclusionbodies and
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oth('r I'Pllal effpets of Ipud, Whpn groups of rats urp givPll diffpl'pnt eon-
cC'ntrations of lC'ud in thC'ir drinking mtter, intranllclpár inclusioo bodia¡_
arp ObSPIyC'd ut a lowpr dos<, than is any ofher renal pffect of kad-in
facC~;t~ fo\\"(~r'dose of I'('ud than th~t ,,'hleh J)r9iuced sign~ and symp:
tom~ 2f !Cad tQ~i..tiiY-(Ffg~ 7)~-Ill('~h~on bodiC's app~'~r ío_hC' re!£!ed to
renal lead contpnt and discprnible in thp rat modds when kidncy lead
£.oncmtration is lwtwpPn 10 und :20 j.Lg'gm wet ,n'ighf.

Also consistC'nt ,,'ith the hypothpsis is the finding of intranuclpar in-
clusion hodics in rPnal bioI)si<'s of two lPad iodustry workers with exc('s-
siv(' bId ('Xposurp (Fig. ~). Both WOrk(TS hud subclinical Ipud toxicity
and eomp!ainpd of ,,'paknpt-lt-l, nauspa, and som(' abdominal eolie; they
had hlood l<'Udl('vpl¡,;of abollt 100 j.Lg/100 gm of blood (Goypr and Cramél',
1971), -
Indusion bodips may be us('ful in thp diagnosis of If'ad poisoning sinep

thpy can 1)(' idpntifi<'d in n'nul biopt-lY mat(,l'ial (Angpvine el al., 19G:2) of
adlllts 01' hy ('xamination of aeid-fast stuin('d smpars of urinury spdimC'nt
inehildrpn (Lunding and X akai, 19;j9). Thp luttpr muy 1)('a h('lpful screcn-
ing tpchniqlH' fol' idmtifying tlH' f'ff('ct oflead on the kidney in persons
",ith ('xcessive exposul'P to lead.

B, :\frTOCHO:\'DIUAL EFFECT;,; OF LEAD

Lpud Itas a strong affinity fOl" mitochondl'ia und mitochondriul n1<'m-.
brm-I('s. "~Üt;'l~a si~~r;, Í)U7(:~t;:¡'u~nj_rc:fioñ- of l'adioadii,"p T(7iiél" ,:r;:- pquifi~
bi1iiiñ" is ('stablislH'd I)('tw('('n t 11('kad coutpnt of iotracpll11!ar ol'p;aIH'Il('s
of lin'l' anel kidlH'Y ",itltin 7'2 hours (Castf'!lino ami Aloj; 19G!J). WIH'tlH'r
bindin¡!; 01' l('ud to mitochondl'iu is confilH'd to mitochondl'ial n'H'mhl'anf's,
01' ",ll('tl1('r l('ad I)(,TH'trat<'s mitoc1rondl'ial compartnwnts is llne('rtain.
L('ad bound to mitochon<1ria l'esists 1'('moval by ",ashing ,,'ith O.~ryA[
suel'os('.

1'h(, I('ad-binding sites on mitrH'hondria al'p pl'Psum('d to h(' thC' rC'aetiv('
gro\IPS on umino ocids fol' ".1rich nwtal binding has h('en d('monstrntcd
in n'tro. 1'1H's(, at'P 1¡('li('ved to inc!ud(, tlH' eal'hoxyl and a-amino gl'2..1~P~
of lysi!J.!:. tlH' imidazol(, group of histidilH', th(~!?hmoxy gl'OUp (jI' tyrosi~
th(' slllfhydryl gl'oup of ('yst('ioc', ane! thp guanidmHltn group of argmiIH'.- '--~----_":------'----
Fw. :'. Proximal renal tllblllar lini/l~ ('el! in renal hiol"Y from \\'orker \\'ith indll~trial

exposllre to Icad. :'\ lI"¡{'lI~ {'ontains l"ad.indll{'cd in"¡lI~ion bod}' adj:II'pnt to Illl<'leollls.
l\IitodlO/ldria c'ontain distortcd c'ristac. X,'i-lOO. (Biopsy material obtaincJ hy K. Cratlll'r,
M.I)., (;"tcl)o~~. :-;\\'(x!cn.)
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FIG. '27. Corre1ation het\\'ccn d-aminolevulinic acid dchydratase (ALA-D) and hloml
lead of l.'j~ persons rcprescnting diffcrent degrces of natural ami occupational expmmre to
lead. Xote logarithmic seale ou ordinate .• , medical studcnts; 0, \\'orkcrs in printing
shops; ., automohile repair \\'Ol'kers;D, lead smelters ami shipscrapcrs. From Hernherg
el nI. (1\)70). hy pcrmission ".1' the .\lI1crican :\Icdical .\ss()('iation. Chi,'ago, Illinois. ~--
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x. FacLors Illnlll'lldll~ SlIscepLihiliLy or Dosc Uespollse Lo Lea"

AlllOll¡J; t h(' most importallt unan:;\\'('l'<,tl qlH'stiollS about patho1ogi('a1
{'IT(,(,tsof ('ad al'<': Ho\\' mu('h I('ad is harmful'~ and, \Vhy do s¡)('('illc ('1inieal
mallif('stations of ('ad poisollin¡J; t('nd to dl'vl'lop in parti(:ll1ar dinical
eil'<'umstanc('s'? TllI' l'<'c'ogllition of syn('rgistie and antagonistie factor::;
",hidl infiu('llc'(' ti\(' toxicit y' of kad is ('ss('ntial to I'fT('eIiv(' cor{tl'Or of t Il<'
con~;;{[I~ Or('Ii.\"i,'orlm~'n t al k~'ld 011 human lu'alth. Sll('h undl'r::;talldillg
rdust~ --;-)l'-;:;-)~:-¡'(:-i)l'('¡1i('at~'d~ kl~o\\"1('d;(' of tll<' m('ehanisms 01' I('ad
toxicity, TIl<' ('xt('nsiv(' liH'ra! Ul'<' ahout 1('ad ('ontaills many dlH's, and
impl'<'ssions (JI' various faelors, !)()th ad\'('rsl' and \H'nl'ficial, \\"hieh inf!I\('IH'1'
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•• Fu;, !L\. :\lit'H'holldria ill proximal 1'1'1",1tuhlllar "I'I!. COlltrol rat, :'Iliio('holldria an'
ohloll¡J; afld l'olltaifl 1I11111('!"OUS('ristal', X ,!ti,OOO, Frolll (:o~'et' alld Rh,\'II(' ( I(li:!). h~' 1'1'1'-
miss;oll of .-\radcmil' Press, :\'1'\\' York,
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'.
FIG. !lll. Rat f"d d¡l't l'""bi"i"g 1 ( ; Il'"d f" •. lO \\"f'l'ks. :\[it()(.llll"dria are sII'olle" and

contai" f,'II' ('rist:l". X.\li,OOO. F""1lI (:"."l'r a"d Rh.\'Ilf' (l!l7::!), \,." (ll'l'Il1issioll of .\l'adl'llIi,'
Press. :\l'\\' York.



(Vallee and Wacker, 1970). If rats are pretreated with subtoxic amounts
of lead, mitochondrial binding by radioactive lead is decreased, which
suggests that lead binding sites may beco me saturated (Barltrop el al ..
1971). '

Binding of lead to mitochondrial membranes as occurs in lead 'intoxica-
tion results in ultrastructural alterations. l\Iitochondria in proximal
renal tubular lining ~ells of children and adults and of experimental ani-
mals with lcag _p.Qisoning sh.~,welling and dil~tjºJl.oLmt1triGaLgranulb,
(GoyeI~ 1968) probably secondary to increased membrane permeabilit:;
(Figs. 9A and B). Such changes are similar to the nonspeeific s\\"elling that
occurs in the early stages of other forms of cellular injury and is prob-
ably reversible. Thp fate of such mitoehondria is uncertain, but increas('d
numbers of myelin figures and autophagocytosis sugg('st an increased
rate of turnover,

,/'" Inclusion bodies as observed in nuclei in lrad poisoning do not occur
f in mitochondria. However, an intramitochondrial lnrru::Ual'--t:-¥p~~-
, l,oid has been r~ported~ liver parenchymal eells of lead:p'oisoned.s~riIl!'

(Watrach, 1964), T~~~m'posed of inte~~(':...c!ing...!?andsof fine, dosel:;
packed ar!~y's th!lJ run_pa,raHel ana_Q~!l)('n<!icular tojQr!I1 a lattic<.' pat-
túñ. Such lamellar formations are not sprcific for lead injury, but an'

•characteristic of chronic ceHular injury accompanying a number of ml'-
tabolic abnormalities such as diabl'tes mellitus, ammonium intoxication,
and biliary obstruction as well as expcrimentally induced hypoxia (Shiraki
and N"eustrin, 1971). :\litochondria containing lame llar formations oft('n
show varying degrees oí' l'lllargeml'rlt, alterations in density of matrix.
ana dccfl'ase m numlw.r and length of cristal' .
....:'íIItochondria isolated from livrr and kidm'ys of lPad-intoxicatpd ('x-

pprimental animals havp impairecl)~pimt{)ry and--illlO.i'iphorylativ<..' .nhil.i.c
tieso Tems ánd Kakhn (l9()7) foundd('cJ"{'asf'd respiratory ratpii in mit"
éhZ>mlria of rabbits trl'ated \Vith daily intl'appritoneal inj(,l'tionii of k:lrl
aeetate (10-20 mg/kg hody \\'eight) for 7 monthii, ADP-iitimulah'd n'~-
piration in mitoehondriafrom ll'ad-tn'atl'd mts \Vas depn's>wd, as detl'l"-
rríined with three different subiitratl's: a-kl'toglutarah', pYI'U\'ate, and
,suceinatc. Phosphol'y1ation \nIS abo d('l'n'ased. Teras and Kakhn iiIH~-
gr~tcd that l'l'spiratory impairn1f'nt is most pronouncl'd with pyrun1t(' :,'
substrat<'. \

(
- Studi('s with mitochondl'ia isoi:ltl'd from kidnf'Ys of i<'ad-poisonf'd l':lt"
havf' shown a speeific impairnH'nt in J'('spiratoI'Y amI phosphol'ylat i\','

I a~)ilitil's in pyruvatl'-dq)('nU('I1t l'l'~pirat i(~Il as, ,('vid('IH'l'd ¡~~ alt ('l'l'c!.,!'l'>-
, plratory eOIltrol (ReIO ami ADP:() mtlOii (1 ahl(, fU). ~hv;htly hlV;!t('l'

L 8t[1t" IV and IO\\"l'r iitatf' IU mtl'S uf toxic mit<J{'\tondria in' tlll' pn'S('IlI'"
of_ pyruvatc suggf'st partial uncouplinv; of phosp\torylatl~)!.::. TIll'sl' fUIlC-
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TABLE III
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....
RESPIRA1,'ORY AND PIlOSPHORYLATIVE ABILrTIES OF MITOCHONDRIA ISOLATED' FROM

KIDNEYS OF CONTROL RATS AND RATS FED 1% LEAD FOR 10 WEEKS"

~Atoms O./gm protein
per minute

Mitoehondria Substrate State IV State nI Respiratory ADP:O
control

Control Pyruvate 43.2 130.3 3.3 2.7
Lettd Pyrllvate 46.5 101.8 2.2 2.1
Control SlIccinate 76.9 178.4 2.4 1.8
Lelld SlIccinate 62.4 140.0 2.4b 1.8b

4 Modifiea from Goyer ana Krall (1969a).
b No significant difference between lead and control mitochondria.

_ tional parampt('rs which ar(' r<'flpctpd by RCR und ADP:O ratios are
not diffcrl'nt from tllP control mitochondria in succinute-dcp<'ndpnt rcs-
piration (Goypr and I\:rall, 19G9a, b). Dpcreaspd oxygpn uptake rate for
both statp III and statp IV in succinat('-supportcd rcspiration in leud-
intoxicat('d mitochondria muy J)(' ('vidpncp of dpú('uspd sueeinic oxidase
rnzymc whieh COlTP!at('S with d('cn'aspd mitochondrial prot('in (Rhync
and Goypr, 1971). It is suggpstpd that thp pyruvatc-XAD reductusp
portion .oLth(' trarlsport s:y~<.''.!!.i~sitp. s~nsith'p_ to ('ffeccts.of ¡P!id.A
recent rcport indieatps that, for :'\AD-couplpd r('spiration, magnpsium
restores oxidatin' ability and dinitrophpnol Sl'nsitivity to lpud-intoxicat('d
mitochondria, hut that magnpsium has no pffpct on succinatc-supportp9-/
respiration (Krall ami Dough('rty, 1!J71). ---

Ulm('r and \':tll('p (I!JG!)) conc1tI(1<.d ~l<'Ad Jl(:tª-.'iP('(~if1r.a)ly }\:il!L
dithiol bon(G !~hp .!iI?9~m~<!.<'d('hY<1rogen~s(~ of the pyruvat(' dphydl'O-

-t genasp ~y~krp,but thi::; ,vas valiuatc'd only by ,rork 1'", vi/ro. Thi~~ite is
sensitivc to otlH'1' mptaIs, sueh as mercury and cadmium, but it is un-
certain \\-hpthpr it is uccpssiblp to l('ad in vivo.

It is probabl(' that mitoehondria from prythrobJastic celIs in bone
marrow of ]('ad-intoxieatpd rats Hrr aIso fUllt'tionally impairpd. Howevpr,
it has not l)('pn possib\(' to iso\at(, from tlH's(' ccl\s qllantitips of mitoeholl-
drin suffiei('nt fOI"din'('Í analysis. :'\('\'('rtll('l<'ss, n'spil"atory rates of r<'tiell-
locytrs fmm ]pad-intoxi('at(,d rats ar(' \('s::; than normal (Lpss!er el al.,
19(8).

--
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.FIG. 10. Differenee spectra of cytochromes from mitochondriu from control rats und
rats fed leud-eontaining diet for 10 weeks. From Rhyne und Goyer (1971). hy permissioll
of Aeademie Press. Xew York.

C. EFFECTS OF LEAD ON PROTEIN SYNTIlESIS

Thc eff('ct of l('ud on ePllular content of h('me protein>;, such a~ cyto-
chromes, eutalas(', and l)('roxidusps, has rpepiv('d limit('e1 att('ntion. Lpaet
has !?~'n found !2..!?~~J.:.(:.J2Q.t(:..nt inhibi~ºb.iIL!l!!.(:oU:~('ll1r.:. synt~
than senml othpr metals, ('.g., Sb, Hg, Al, Cu, Au (Bor~ook el al., 19;j7).
In an attpmpt to compan' effects of kad poisoning on h('moglobin amI
othpr ('p!lular porphyrin moit'ties, Praelpr and Vannotti mpasUl'pd Jp,.(,j,;

of hpmo¡.¡;lohin und eytoehronw e in rabbit li\"pr (Vannotti, lU;j;». In
contrast to d('er(,:.lsed IH'llloglobin va!tH's, t h'p cytoehrom(' c: 1('\'('1 l'('main(.d
constant. :'.I<'asur('nwnt of tI\(' total cytoehrom(' eontpnt of rat kidJll':"
mitoeholldriZl 'hy diff('l'('lIee s¡wctra ::;hO\\'('d a s('lectivp d('erea~p in eytl.-
chronw no;¡ in l('ud Jloi>;ollin¡.¡;(Rhyn(' aJl(1(;o):;09-7l) (I;lg. 10). \\"I¡ptlu'/'
this dC'('I'('a's('¡'('sultsfl'olll inhihitioll.of mitodlOndri:d prot('in syntllf'."i~
\\'hi('h is l'(,fl(,(,tpd by d('('l'('as(' of ('ytoehl'Ol1w oa:\ 01' from s¡)l'('ifi(' inhihit Ítlll

of ti\(' ('yto('hl'Onw (la;¡ 1H'l1wmoi<'ty, ha>; not I)('('n n'sol\'('d. TIlI' prot(.i!l
moipty as \\'('11 as tlw h('m(' moif'ty dilú'l's for pa('h dass of eyto('hl'On1l':-,
so inhibition of pitlwl' fraetion \\'ollld I'('sttlt in a dp('rpasp in tlw ('ytl'-.
ehl'Omp.
Thpl'(' i>;also SOI1Willformatioll to >;Il¡.¡;¡.¡;pstthat kad ma." affpet prot(.in_

::iynt~. il1~l mOl'p gPl1pral \\'a¿, at t!w 1('\"('101' ih¡""ríhosOlll('.- \Vaxm~!1
and Hal)i[~ovitz -(lÜ(i(¡)-;1l1Jl:¡;~H'r and \':dl(,(, (l!J(j!) ohs(;'\~:;¡ that k;¡d
C~lU>;('Sdisag;gn'¡.¡;at ion of polyribosonH's. Th(, latt('\' \\'ork~'s ~dso n'port ('Il

inhiiJi1'ion by [pad (JI l('Il('t1H' 1Il('ol'()()ralion in to tIC,.\ ill Hschcrirh ia (',,/',
• Puriti('d le,A i>;<.1Q)(llynH'\'izp<!by 1(':1(1(Farkas. I!HiS).-----------_ .. ~.-
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Nuclear polyploidy :índ abnormalities in mitosis have b('cn noted in
bonc marro\\" cclls by a number of authors (Waldron, 1966), but ehromo-
somal ab('rrations in Icad intoxieation haY<' only r('ecnt1y becn r('cognizcd.
Chromosomes from leukoeytc eultur('s from miee f('d a diet eontaining
1% l('ad aeetat(' sho\\' an incr('¡u.;pd fÍumlwr of gap-hreak typ(' ab('rrations
usually im'ol\'ing only ::;ingl(' ehromatid::; (::\Iuro and Goyer, 1969), Similar
gap-br('ak tYlws ar(' also found in l!'Ud \\"orkers \\'ith blood lead levels
ranging from ()~ to SS ¡.tg/lOO ¡¡;m. In addition, a \'aricty of nonspecific
changes in chromosonw morpho]ogy \\"'as also pr('s('nt, such as adh('sions
and spiralizing dpfeets. Tetraploid mitos('s and the mitotic ind('x \\"ere
also incn'as('d in the \\"orkers, ::\for('ov('r, the p('rcentage of abnorm::t1
mitoses corr('lated Y<'ry \\"ell ",it h urinary d-AL~-\ excr('tion (Seh",anitz
el al., 1970). Similar studies haY<' not ¡)Ccn perfornwd on acutdy intoxi-
~cated childr('n, nor is the m('chanism for this Icad eff('et kno\\"n. Lead,
likc othcr h('avy m('tals, do es h¡)y.f.' an A.ffinity fol' nuclr'ic acid binding,
hut wficth0rTead bccomt;::;' hiclc'hemically bou~d to chl'omosom('s in vivo
is not kno\\"n,

v. Neuropathology oCLead

A, ENCEPH.\LOPATIIY

The n('rvow, syst('m is particular!ysPllsitin to th(' toxic ef[('ct o[ I('ad.
Childr('n \\"ith bId intoxi('ation \dlO aJ'(' brought to ho::;pital::;01' ('mcrgeney
rooms for nwdieal aid invariab!y manifest somp c('ntra! nel"\'OUS sy::;tem
f'ff('ct, Symptoma to!og;y \'aries [rom ataxia to stllpor, coma, and ('on- ....
l. ---vu SlOn::;.Adults \rith a('utr' !pad intoxi('ation may abo prf'sent \\'ith ('n:

cephalopathy, lmt I(,ss ('ommon!y than (,hildn'n. Eneppha!opathy in
adults uSlIally follo\\"s ~1l'lIt(' amI Ilf'avy OV('I'('xl)(Jsun' to lead, particlllarly
. to fum('s al' \'apor, ()f" to an org;anir: form of I('ad, \IoJ'(' oft('n, adlllts ('X-
peri('nc(' (,hroni(' forms of !('ad intoxi('ation, slIl'h as 0('('11l' \\'ith Ol'<:upa-
tional PXPOSllt'(',and d('n'lop ]H'ripllf'ral lH'lIl'Opathy manif('sted by \\"pak-
nf'SSamI paby of an UPI)('I' 01' lowPI' limbo
In spit<- 01' tI\<' S('l'iOUSIH'SS01' tI\<' f'!ini('al pffp(,ts of l<'ad on tlll' ('('ntral

nl'rVOW:isyst('m, I(~,.;~i:-i..kno~\:~ about !r'at~-il\llll('pd I('sionc¡ of tlH' lH'I"\'OUS
syst('m than a!>out I'('na! 01' Ill'nwtopoi(,ti(' (,fT(,('Ís, TIIl' most promin('nt
patholog;i('. ehang;ps not<-d in thr' Ill'llin an' c('I'l'imt! (,dpIHa as::;o('iat"d \\'ith

-e;-- -.- . - ----.--
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an increase in cerebrospinal fluid (CSF) pressure, proliferation and swelling
ófeildothelia:rcelIs-accompaníea-b"Y"(lifatatÍ<:>n of capiIlai'ies- and arterio!<'I';.
proliferatioñ of gliaTcelIs ancn¿cal necrosis and neu-ro!1ªJsl~i~I!c!'llJiº-!!--_
'these 'changes h-ave- been given -different-emphasís by various authors.
In acute fulminating cases, edema and increase in CSF prcss~rc SCPI1l
paramount. Aub and co-workers (192.')) stressed thc importance of the'
mehingeal effects of Icad resulting from the passage of kad from blood
to CSF, which in turn alter either the mechanisms for sccrction 01' reub-
sorption of CSF. Inftammatory cells may be observcd in the meninges.
Severe cases may present as acute communicating hydrocephalus duc to
inflammation of pia-arachnoid 01' choroid plcxus (:.\Iirando and Rana-
singhe, 1970). 'Elevations in CSF may resultfrom incrcaspd stimu1atiun
of secretion by choroid plcxus 01' interference with reabsorption by tite'
arachnoid maÚ~r. Ot'1cr reports have stressed the significance of swelling
of endothelial cells in capillarics and arterioles of meningps and cerebral
and cerebellar cortical tissue (Freifdd, 1928; Blackman, 1937; Popoff ct

al., 1963; Okazaki el al., 1963; Pentschew, 196;í). Thcse vascular effects
may contribute to cerebral swelling (Smith el al., 1960). Tk- chª~!.!L
capil~ re~m~l~ !,he an~igb~s!!e~o'n.se seen in other tox~
inflammato~ocesses and are sometimcs associated with extravasation
~rrPaoroó c('l1s 01' perivascular hemorrhag('s.
P~ntschew (196.'») h~lieves swclli!lgof capillary endothelial ce lIs to Iw

the ~ostCM"stant. c~aEgc in_l~a(L('n<:QphaJQPat~y. Electron mieroscop.,'
. 01 these cClISsho\\:s cytoplasmic £.'TI~lIillg....ll:it4incrpase in number amI
size of intracytoplasgi~-y~'~icks (Raimondi el al., 1966). Again, th('~~
changes are nonspecific. Cortical blood vpssP!s may eontain basophilic
deposits (Blackman, 1937). Histochpmically, thcs(' d('posits givp a positin'
reaction for iron (Smith el al., 1960).
Another common f('atur(' of le'ad pnc('phalopat hy is a diffus(' astrocyt j('....

prolifprati()n int 111'¡l;ray and whitp matt('r. ¡>PlltsdH'\\' (Ú)¡¡Tñl:1¡{;;;t }¡~.

intp['('sÚng o~~'ati;J1{'thatth(' a;~~~.)~ti~-ím)lif('ration and kss ('Omll1011
mieroglial ¡~olif('ratiom; -an' not l'(,lat<'d to n('uronal d('g<,rH'ration, 1111t
. ~ay b~. a-primary toxie r('~etion. Alsu, in'~~(:. c~~~~tl}(\ gJ!::.I.E<'SI)(JllS('
is fucal \\'ith forrna1i0I.L-(L~:... agp;n'gat('s ani mi('f'oglial nodui(.,.
1ñTti:ifc;J)sipd ('asps th(' ('xt('nt 01' n('uronal loss in ('ortir":al gr:1YlñaTI!'I~
variable but do('::;, of ('ours(', pro\'idp a rnorphologi('al basis for tl\(' IH'l'm:l-
nen t ::;('qtH'hH'tltat follo\\' aeut (' lPad ('rH'('phalopat hy. :'\ puronal loss 111:\-"
aIso han' a patchy distribution amI may a('eompany fo('al ar('as of 'lll-
crosis in corti(:al gray matt('1' as w('!I as in t!H' t.hahLll1USand basal ¡!;anl-!:li:1.
Not a!l ehildn'n dying of acut(' I('ad pncpphalopathy ha\'(' dis('('rnihl"

histologic ('hangp::;. :'\0 apparpnt almormality ('ould 1)('found hy 1'('ntsc!H'\\'
(19G;í) in thr('c of 20 alltopsi('d ca::;ps. In such ('~u;('s e('rpbral pd<,ma must
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be thc major factor in determining the clinical outcome. Neverthelf'sR,
in spite of thf' d<'tailpd d('scriptionR of human autopsy matprial, t~tho-
genesis of lead-induced encephalopathy is not \YeHunderstood. The primary

- vascular .changc must account for the cerebral edema and increase in
intracerebral pressure. The role of a:ltered CSF dynamics in the cerebral
edema is uncIear. Although cerebnil edema is rf'garded as a characteristic

- featurp of lead f'ncf'phalopathy, Pentsche\Y (196.') points out that patients
may come to autopsy \\'ithout significant f'dema and has suggested that
edema may be a consequence of convulsive episodes.
The cause of neuronal damage in lead encephalopathy is not clear. One ,

explanation is that it is secondary to the vascular effects, change in hemo-
dynamics, and hypoxia, but on the other hand, little is kno\Yn about
the role oLthc. dirQctto_xic eff(,J:l olJeacLon_!he centralJl~J:Y.o:uiiys(em:

- J~ad concentrations in thc brain are not as high as in othpr organs, such
as liver and kidnpy, \Yhich manifest toxic signs. The highest concpntrations
of lead are in the cortical gray matter ap.Q..Jxls.aLgangli':L.::md there is much

-- less lead m the cortical \rnlte matter (Klein el al., 1970). These findings
suggest a rr!ªtionshil) I)('tween the mosLmarkec:l histologic changes and
lead concentration, and suggest that lead may, in fact, have a direct

_ toxic effpct on neurons as weH as stimulate astrocytic and glial responses.
Exact siÍn\llation of human lcad <'ncf'phalopathy in cxperimf'ntaln:nimals

i8 not entil'Ply possiblp. Thc major criticislllS uf most experimf'lltal modcls
are that vf'ry large dosps of lf'ad are requirf'd to produce cpntral nervous

:-..•• system f'ffrcts and that thprc is u puucity 01' C'vpn abspnce of clinical mani-
festation of cf'lltral fi('n'ous systpm toxicity in thf'se modds. An added
difficulty is that thp natUl'f' of the pathulogical If'sion differs in difff'rcnt

•• animals. An pxpf'riml'lltal modpl cIosely rf'sC'mbling thf' morphological
alterations oc(,ulTing in, Immans with I('ad toxicity has bCf'n dcscribf'd
by PpntsclH'\\" and ('o-\YorkPrs in suckling Long-Evans rats \\.hC'n thf'ir

_ moth<,'rs an' fpel a di<'t ('ontaining .tf;;~ l('au carbonatC' (Pentsch('\Y and /,.'
GarI'o , HHHi; 1'. Lamp('rt el al., l!}()7). Paraplpgia of hind I('gs occuno; about
20-30 days aft(,,, birtll. 1'11('('('rplH'1!1I1l101'thpsf' animals ('ontains numf'rOUS
small Iwt('chiallH'morrhagps. Abnormal \'as('ular lwrm('ability was d('mon-

••• strat('d by intra\,pno\ls inj('dions 01' Trypan B1up and Tllol'Otrast. Stain-
ing al' th(' brain \\'as most, ~tl'iking; in th(' eorpus striatum, (¡('('ipital ('o['tex,
the cpr('bplhlln, and ¡O\\'('I' spinal ('ord, 1'hol'otrast pass('d i)('t\\'p('n, hut

••• not throllgh, ('nuot 1ll'1 ial ('('lis and t hl'Ougholl t in t('n'('l1111al'spac(':,; bd \\'p('n
glial and IH'lll'Ollal ('dls and PI'IJ{'('SS('S. Prolif('l'ation 01' micl'Oglial c('l\:,; anu
astrocytl's as m'l\ as ('nuotiwli:d (,('lb \\'as' ob~('I'\'f'cl. ;\:,;tl'Ocytf'S showf'd an
incrrmw of glial ItlanH'nts, nhosom('s, and 111lto('hondl'ia, f('atul'('s thou'ght
t~ 1)(. ('haral't('nstH' 01 l'<'adl\'P, prol¡f('l'atmg ('plb (Flg. 11), .:'\pu.!:Q.ns\\'('r.L
well pn's('rnu hut fu(:i ofaxonal u<'l~('n('ration slll'l'Ound('d by prolif('rating

- _.- - --~ ~ - .--
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FIG. 11. Fihrolls astf()('ytc fillcd with ¡.!;lial filamcnts in eerehellar white Illatter (lf

lcad-poisoned, l!)-day-old rato Extraeelllll:u' spaecs cont:linin¡.!; Illyelin sheaths :th.\
enlar~ed. X 7000. From 1'. Lampert el "l. (I!Jlii). by pcrmission of Sprill¡.!;l'I'-V('ri:tL(.
Berlin and :'\ew York.

microp;lial u'lIs ,n'l'(' pn's('nt . .\ l'('('('ut study by l'!('d I'on mi('l'os('op~' ,.t
b-;:wn;;rrc)iil;\I(~kliug Long-Eyaus I'ats 1'('d ¡('ad iu t 11(' ma 11I1(' l' d('s('I'il w' 1
by j'pntselt('\\" amI Cal'ro Itas SltO\Ul tltat (.~r:t.i('al glial_~I:Lml.ial:ellt .. 1-4'
tlw sUl'facp (jf tb.(' bl'ain ('()ntai!!...i[.ÚDUlUd(,~!I'illl:lllsionJ)udips (Fig. 1:':,
Krigman -amI Wil::;on, lU7l).
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FIG. 12. r\udeus of astroeyte ill superficial cerebral cortex of lead-poisoned, 30 day-old
rat, eontainin¡.; l('"d-illdu('cd illc!usioll body. X-t:¡,';OO. (Courtesy of :\1. lL Krigmall alld
M. H. Wilsoll, L"llivcrsity uf :\urth Carolina.)
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Similar induction of lead toxicity in suckling mi ce rpsu1ts in retardation
of growth and dcve1opmpnt, but clinical ncurological pffpcts are spal'l;('
except for a broad-based gait and loss of cquilibl'ium and cnhanc('d fiexion
of hind limbs (Roscnblum and Johnson, 19(8). PCl'mmbility of blood
vcssels was only minirrmlly altcrcd, but great numoers'of inte'r~ascubl:
strands -h~v~ been clescribe(i: Tlie significancc of thpsp is not known.

In' ~ 'somewhat diffpl'ent approach, Bl'un and Bl'unk (19G7) notpd a
slight n'duction in alkalinp phosphatasc in swol!Pn ppithplial c('lIs of capil-
larips in cprcbral cortcx of 1ead-poisoncdrat brains. Incl'pasl:' in ueid phos-
phatase in npurons was al so pn'sf'nt, which prpsumably refipcts a rplpas('
of tilis pnzyme frOl11 lysosomes, a sign of neuronal degpncration, Focal
discrete-l~)ss of cortical neurons also occurrcd,

:'Intcrcst in thc potential usefulness of nonhuman primates \\'as recpntly
stimulatcd by clinical and pathological findings in accidpntal1y Icad-
poisoned simian primates in Washington's National Zoological Park
(Zook, 1971).

Lead was believpd to have bpen ingcstpd from bars and walls of cagps
that had bcpn paintcd with matprial containing !Pad. Clinical signs in-
cludpd wpaknpss, paralysis, amaurosis; convulsions, and dpath. C('ntra!
nel'vous systpm lcsions includpd c;lilatpd .and prolifcrating, capillal'ips.
laminar corticalll('crosis and focal ~C(nal loss. j - - .~ -

Hopkins (1970) recpntly sho\\'pd that with reppated intratrac!H'al in-
jections of Ipad earbonatp in baboons fol' ppriods ranging up to 1 ypa1'
the animals may hun' eonvulsivp cpisodps. Hi:::;tologiea! changp:::; in th('
brain wprp not rppol'tpd in this :::;tudy,

B. P¡';Rll>ln~HAL N EUROPATIIY

L('ad-indw,('d 1H'l'iplH'l'al Il('uropathy is manifpl;tpd by motor \\'('aklll'~:-;
and palsy and is Oll(' 01' ti\(' mon' ('ornrnon manif('stations 01' l'!lronic \('ad
toxicity in adults, In an ('arly ('linieal study (JI' IH'\Il'opathy in 1('ad-poisolH'd
adults, lH'arly h\'().thinls of ;i;~ pati('nts \\'('l'(' found to Itan' som(' d('gn'"
of muse!p \\'('akIl('ss, and a\most haH had \\Tist drop (Thomas, 1904),

Chil'dl'('n may also d('v('\op 1H'l'ip!\('l'al n('llropathy \\'itlt chroni(' 1(';1.[

poisoning. 1t is said that \\Tist drop is t IH' most ('Oll1ll1on manif('st at iUII
of l('ad n('ul'Opathy in adlllts \\'hil<. fout drop ami g('Il('raliz('d \\'('aknl':-'
m'l' mon' ('OrnnlOIl in ('hildrPIl n',do and Fn'('man, 1!)(i4). \VIH'tlH'r sk('I<'I;I:
musclp is din'etly aIT('!'t(,d I)y ¡('ad is dl'imtahll'. Early ill\'('stigators su~-
gpst('d that lpad pl'oducl'd a primary rnyopathy (Allh I'i al .. ]!):.!,i) , l'lIl

lcad ('ontl'nt of ::;kpll'tal mu::;dl' in l<-ad intoxicat ion is Ilsllally not \'l'r\'
mal'k('d, Abo, ('[pe! rornyogmphy of affl'l't ('<1 pat i('nts d()('s llot sho\\' a
myopathic patt<'rn (Pl'l'i::;kd, H);-)S). EX¡)(,l'illH'lltally it ha::; \)('('n sho"'1l
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that lead ions block ganglionic transmission and reduce output of acetyl-
cholinc. Addition of calcium ion~rscs this cffcct oClcad (Kostial
ana Vouk, 19;ji). Whcthcr Icad affects ganglionic transmission in man is
not known.
An association bctwrrn motor neuron disrase, particularly amyotrophic

lateral scIcrosis, and chronic Irad toxicity has long becn suspcctcd. J. A.
Simpson el al. (1964) notcd muscIe fasciculations and proximal girdle
atrophy similar to that occurring in amyotrophie lateral sclcrosis. Livcslcy
and Sissons (1968) han0drntified lcad itidustry workcrs \\"it~.J:liniQal. _
diagnosis of motor ncuron discuse. In spite of suggcstivc clihical cvidcncc

=._~

.,' ,...... ,".!:_..-:=_-

FIn. 13. (A) Longitudinal section of a sciatic nerve from a rat that had been fed lead
in the diet for 7 months. 1'he axon !s surrounded hy a disintegrating myelin sheath. 1'he
ceIls!mgulfingthe disrupted myelin penetrate the sheath from both ends of the internodal
~.ment. 1'he arrow points to an area where the processes of the invnding cells have
InSIl1I111tedthemselves beneath the myelin. Paraphenylencdiamine. X350. AFIP Neg.
67-11503. From P. 'V. Lampcrt and S"hoehet (l!ltiR).
(B) . Longitudinal section of a sciatic nerve from rat that had been on lead diet for

7mOl¡ths. 1'hc uppcr axon shows a completely demyelinated segment that is surrounded
by several l:)".hwanncells, while at the right, myelin disintegrution is still in progress. 1'he
lower llxon shows short rcmyclinatcd segments that are separated by nodesof Ranvier
(arro,",s). Paraphcnylenediaminc. X3.'iO. AFIP Ncg. li7-115ti4. From P. W. Lampcrt and
SchoOhet(l9ü.s). (A) amI (13) rcproduccd by permission of J. Neuroflathol, Expo, .\'eurnl.,
New York.
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(Campbell and Williams', 19(8), a cause and effect relationship betweeTl
lead and motor n..£l..!,!:2.!.!diseasc has_-nót~h.~n C's,ta.blished (Currier Un!!
Haerer, 1968).
Knowledge of the Iesions in l<':ld-inducrd periphrral neuropn.,thy hn-

evolved from study of C'xperimental models bcginning \\'ith the obsrlTu-
tions that guinea pigs with ehronie lrad intoxication devclop a pcriphrl'nl
neurupnthy characterized by sC'gmental degC'nl'l'atiun of myrlin Hhl'at!ls
(Gombault, 1880). Rcecnt C'xtension uf thC'se expC'rimC'nts by Ful!el'toTl
(19GG) has confirmcd thc frequent OCClllTC'lleeuf segmental demyelination
and ofaxonal dl'generation. Lampert and Schochet (l9GS) and Sehlal'pfer
(190S, 19(9) have shu\\'n that in rats sl'gml'ntal demyl'!ination and I'e-
myclination are rc!ated to Schwann eC'1!di'genel'atiun and prolifcration
(Figs. 13A., B and 14A, B). Schlaepfer (19G9) has also dcmonstrated

A

FIG. 14. (A) MyclinatcJaxollR frolll rat that had I'CCll Oll lcad diet 1'01'í lllOllthR. '('!lo'

myelill ~,;hcath 01' the lIpper aXOll shows wide disrllptiollS alld vcsielllar hrcakdowll ,,¡

lamcl!ac. Both sheaths are surroullded by prolifcratl'd S('hwallll ('cil pro('csscs, SOlllC '"
which are dc~elleratill/!; (arrow). XSOOO. Fl'lllll P. \\'. L,ulIpl'rt alld S,.h'H'hct (I!lii"- .

(B) Myelillated aXUll from rat that had hcell Oll Icad did 1'01' 7 ll1011ths. The d,.-
generatillg I:lehwallll col! amI shcath are slIrrollnded hy lllultiple ,'ytoplasmic pl'(H'ess('''.
The rllffled appearance nI' thc lllyelin is artif:l(,t. XI :!.OOO. From 1'. \\'. Lalllpcrt :lml Sl'i".-
chet (1!J(j8).
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FIG. 15. A gang;lion cell (G) surrounded by a thickened capsular (C) investment from
dorsal nerve root of rat fed 1~ó lead acetate. Capsular cell contains numerous dense

•• bodies as w~1I as.uQ..increuse. ofmitQchQndria ailanbosomes:- ><:9000. }'r~m Schlaepfer
(1909), by pcrmission of J. ,Yeuropnthnl ..Exp. Neurnl., XCI\" York.

WalIerian c!Pgpnpmtion of po¡.;tprior nPI'\'p roots of Hciatic and tihial nPITcs, I
which sugg('¡.;t¡.;a cpliuiar baHis for I('ad-induecd p~tJ'('sthesia and ~pnsory
nerve loss. Ganglion ('('lIs shO\\"('d no (:on:;i¡.;tc'ntpathological altcmtions,
but. surroun~mg~aJ~\1!i!:r cd.h;i(~ntain('d i;C¡:('asl'd numhprs of organP!les.
and dpnse bodi('¡.; (Fig.L). -
An pff('ct of l('ad on ant('rior horn c('lis of mts, consistpnt \\"ith kad-

induced motor ncuron dis('as(' in man has not becn found expprinlC'ntalIy
(Schlaepfcr, 19(9).

C. XEL'ROLO(;[CAL S¡';(lC¡';LAE 01" L¡';AD TOXICITY

Thc pathological ehang('s associat<,d \\"ith aCllt(' Icad ('ncephaIopathy
may not 1)(' eompl;,t('Iy l'('vprsibl(,. 1'11(' risk of 1)('rmalH'nt nc'urological
complif'at ions iIH'n'aS('s \\"it h r('p('at ('d qJÍsod('s of acu t(' intoxica t ion 01'

with chl'Oni(' ('X('('ssiv(' (,xposlln' to kad (Chisolm amI Harrison, 1\);)(j;
Byers, 1\);)!). ;\ dini('al ('stimat(' of lH'rmalH'llt n('uwlogi('al (,¡reds of ¡('ad
poisoning in .~:!.-)('hildn'lI bl'l\\"('('lI tll(~ ag('s of !) months ami S y('ars has
been l'('ported by l'('rIst('in and AttaIa (U)(j(i). TI\(' in('id('IH'(' amI natul'('
of srqw'!a(' ar(' rl'!at('d to tll(' mod(, (Jf onsl'l of symptoBls as sho\\"n in Table
IV. The lik(,Iihood (Jf ;';('qlll'ia(' is n'lat<'d lo s('\"('rit.v of mod(' of onsl't;
Over SO% (if (,hildl"('n pn's('nt in/!; \I"ith ('n('('phalopat hy manif('st('d by
signs of incl'('as('ci inlrananiaI pn'sslln' ('x¡)(,l"i('IH'('d sonw I)('rmall('nt
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TABLE IV

NEUROLOGICAL SEQUELAE OF LEAD INTOXICATIONa,b

-
-

-
--
T'
i

r
r
r
,..
l

r

Mode of onset

En- Asymp-
ceph- Sei- Gastro- to-

Total, alopathy zures, Ataxia, intestinal, Febrile, matic,
425 59 43 17 232 16 58

Sequelae (%) (%) (%) (%) (%) (%) (%)

None 61 18 33 41 69 81 91
Mental retardation 22 38 33 29 19 19 9
Seizures 20 54 39 35 13 O O
Cerebral palsy 2 13 O 6 O O O
Optic atrophy 1 6 O 6 O O O

a Modified from Perlstein and Attala (1966),
b Percentage total may exceed 100% because 0..£ multiple sequelae in the same patient.

neurological deficit, recurrent seizures and mf'ntal retardation being most
common. Byprs (19;)9) commented that thesc seque!ae do not differ quali-
tative!y from those which follo\V any diffuse cerebral disease during chilJ-
hood, such as viral al' bacterial encephalitis or meningitis. :\Iorphological
descriptions of the central nervous systcm in ehildrpn that, have surviw(\
lead intoxieation and have dcvelope~ permanent ncurological abnol'-
malitics are not available. Xeuronal loss is to be cxpeeted. Also, the pro-
liferation of astroeytcs and microglial cells noted in experimental IpaJ
cncephalopathy suggpsts that somp dpgn'p of sc!prmiÍs may be lihly. Thar
lcad toxieity may, in fact, rpsult in a form of diffu:;e seIerosis, has b('('n
suggpstpd in several rpports that implicatr~ lead as un etiologic agent (if

multiple selprosis in adlllts (Cone el al" 19:H; Campbf'1I el al" 19i'íO) UIlJ
of diffus(~ sc!erosis in an infant (Verhaart, 1941).

Optie atrophy may also occur in adlllt:; \\'ith chronic lpud intoxicati<lll
(Baghdassarian, 196í:i). Although not documented in the study of Peristf'in
and Attala (¡9Gü), auditory defpcts and vprtigo may follo\\' lpud poisonillg
(Ciurio and Ott.ObOlli, 19i'íü). A rpc('nt pxp('rimt'ntai study uf pighth 11('1'\'('

changPs in lpao-intoxicateo guillea pigs sho\\'rd sf'gmental opmyplinatioll
similar to that dcsel'il)('o in othpr ppl'iphpral lll'rvps in lpuo poisoning,
The sensory ePlIs of the innpr par und thp spiral anO \'pstiblllar ganglioll
ce lis \Vere normal (Gozdzik-Zolnierkiewicz anO :\Ioszyn:;ki, 19(9).
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It has been suggested that subtle neurological effects oí lead might
occur in the course oí chronic cxposure to lead without accompanying
signs and symptoms oí overt lead poisoning. The success oí studies to

-- detect such effccts, like the recognition oí subclinical biochemical effects
oí lead, is dependent upon the sensitivity oí the screening technique em-
ployed. Fullerton and Harrison (1969) studied lateral popliteal nerve

- conduction in 19 lead battery íactory \Vorkers. Exposure to lead was
írom 5 months to 13 years. Thirteen oí the men had blood lead levels
over 80 J.Lg/lOOgm; sorne had anemia. A minimal but significant decrease

_ in nerve impulse amplitude was found in \Vorkers exposed to lead when
compared to a control group. There was sorne correlation between length
oí exposure to lead and severity oí conductiOn deíeet but the number oí
persons studied \Vas too small to obtain statistical correlation with severity

- oí exposurc to lead (Fullerton and Harrison, 1969; Catton el al., 1970).
Apart írom íunctional neurologic sequelae, it has been questioned to

what degree lead affects mental development in lead-poisoned children.
- For the present at least, the question does not seem to be ans~\'erable

(Wiener, 1970). A difficulty \Vith this type oí study is that clúldren who
are retarded or have braiÍl damage are more prone to have pica and lead
poisoning than intcllcctually and cmotionally normal children. Oí con-
siderable intcrcst is the observation oí PerIstein and Attala (1966) that
9% oí asymptomatic siblings oí childrpn with clinical lead intoxication
had, in thpse authors' opinion, mental rctardution related to excessive

- exposurc to lcad(Tablc IV). Ho\Vever, Rennert and co-workers (1970)
pointcd out the difficulti('s in assaying intellcctual cffects oí asymptomatic
levels oí lPad in thc abspncc oí intPlligmcp m('asurement prior to ex-

__ posurp: In vip\V oí the a arcnt grpat scnsitivity oí the central nprvou1i--'
system o childrpn to thp toxic pffccts oí lpud, more iníormation is needed
aóOiIttmq;(.qucI¡¡i~oícnrolllc lo\V ¡('vel exposur('.

""--_. _ _~ w __ • __ - .- --.- --~.-.- --

..•
VI. Hcmatological Effects oC Lcad

pmia is an parIy manifpstation of acute or chl'Onic I('ud intoxication.
It is ncurly ulwuys prpscnt \Vhpn othcr symptoms o ca toxicity occur,
and it may be the unly clinical fpature oí chronic cxposure to lo\\' I('vels

~ oí lcad. -
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A. ;-.IORPHOLOGY OF ERYTHROCYTES

In lc;ad-inducpd anemia, red blood epll:; are microcytic and hypochromie.
as in iron defÍcipncy, and usüa!ly r('tieulo(:ytosis and basophilie stipplin~
a~lsOOb;;('rv('d. Iron d('fici('ncy' may be a coincid('nt factor, but micl'O-
cytic hypoehromic anemia i;; s('pn in childr<'ll with !Cad poisoning ('v('n
wh('n serum iron is normal or p1Pvatpd (L('ikin and Eng, 196:3).

Ba;;ophilic stippling of rpd blood cP!ls has long b('pn J"('cognized as :l
fcaturp of lpad-incluccd an('mia and ha;; bp('n pmploypd a;; a mpthod of
monitoring work('rs in lead industry (;-.feCord el al., 19:3;"")), but this te'st
has the di;;auvantages of J)eing nonslJ<'eific and probably dop;; not corrC'!atp
we!l with lpn'1:; of lcad pxposure (Griggs, 19(4). Stippling i;; mor(' common
in erythroblastic ce!ls in borie marro\\' than in cP!ls in peripheral blood
(Waldron, 19(6).. .
The nature of the basophilic stippling has r('cC'ind consid('rablf' atten-

tion. Stipplps are tl10ught í.QITpn';;C'Il! du~t!'rpd ribosomp;; (.Jpn;;pn el al.,
196;'»).Tlu:y ~~ti~I: n{ay not ;;t"ain fo-r iI:-on(Waldro~, 19(6).
LargC' ('oncpntration;; of lmd in blood in vivo (1;')-100 mg Pb2 giv('n

intraVl'nou;;ly) .or addpd in vi/ro (10 J.l.gp('r mi!lilitC'r of blood) producl'
red c('l! shrinkagp, di;;tortion, and \\Tinkling of thc mC'mbranc (Waldron,
19(6) .

B. FC:-ICTIO:-J"AL EFFECTS ON ERYTIlROCYTES

A numl)('r of rpports fo!lowing t hp par1y studips of Aub and his asso-
eiat('s (1\)1;')) han' shO\\'ll that tl1(' 08motic fragility of \'l'd blood ('P11.-
from l('ad-intoxicat('d lwopll' 01' of ('('lb pxpos('d to l('ad in álro is d('(,l'l'a~(.d
or a!t('n'cl. Ho\\"C'vC'r, osmotic fragilit,'. may be incl'l'asC'd aft('r st('ril(' in-
cubation for :Z4 holll's. TIH'SI' stuui('s al'l' rC'vi('\\'pd by \Valdron (H)(){i 1.

On tlw oth('r hand, tlH' mC'chanical fragility of h'allPd ('ells is ilH'J'('asl'd.
\Vlwt h('r this df(,ct is J'('!at(,d to l('ad-binding phosphatl' a~ SU¡!;g('stl'd 1,.\'
Aub and associat('s (19:Z;')) 01' to otlH'r flllH'tional I'ff(,(.ts of leacl on t 111'

rC'd ('pl!nH'mlmul(' is und('ar, Prankl'rd (l\Hil) has :-;ugg(,:-;tpdthat dl'('J"('a:o('
in r~(! cciLl.l1l'ml>nul(' intq¡;rity follo\\";; irppairJ.!l.('!!.tJl'y' lc'acl ofgly('olytil',
I'nzynl(' aeti\'ity. In('ubation of l'l,d bloocl tl'lb from \\'ork('rs ('xpo~('d 1"

h'ad I:('SU!ts in '('xcl'ssi\'(' pota8sium loss (Ha:-;an el al., l\Hi,aL and m:I~'
hp l'plat<,d tojn!}.i1>.it.iun.J2y 1~(LOf S09~1~l_n~.Lj)ot:!.~'iil\nl~<l.<.:m:nd(~,2.:.
ATl'a:-;p':-; (Hasan el al" 19(i71J; H('I'IlI)('I'f!;el a/., 1~Hi7)..-
C, HE:\IOLYTIC EFFE('T OF L";."\D

'1'11('arwmia that Ol:l'lll':-iin l(':te! poisolling n'slllts fl'Otn t\\'o lnlsil' (kf¡,(.t:>
shol't('n('u (,l'ythr~('yt(' lif('-span and impail'llwnt. 01' Iwn)(' :-;yntlll'si:o.

.---.:- ..- - ------- ------
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Whcth<'I' shortpned prythrocytc survival is duc to an cffect on the devplop-
ing red cplls in bon(' marro\\" ol' on thc mpmbranp of thp circulating cdl is
dpbated (Waldron, 19(0). A rpcpnt study of lH'mc and pol'phYl"in nlPtabo-
lism in an adult \\"ith Ipad poisoning (Bpl"k el al., 1970) has sho\\"n that
thpl'p is a din'ct hpmolytie pffect of lead on matun' rpd bLo.QclCf'lIs ,,-hieh .
is -Iñde;:ñd;'n-t" -oC ptfec~~em(ibíOsyñ t flPsis-:-P~~i-;;-us ,\"O~kl'l"s \\"ho
poMulatcd dl'~1"(':lSPdl'rythrocyt(, sur\'ival ~l' basis of shortf'nf'c! half-
Jife of slCr-labplpd C'l'ythrocytl's in lpud poisoning, "-Pl"e mis!f'd by the
faet that Icud incrpasC's the ratp of slCr e1l1tion from taggpd ('ells (Bel'k
el al., 1970). This conclllsion \\"as based on thC' demonstration of an parly
excr<'tion of 14C-labded stC'l'cobilin and on pl'ythrokinC'tie studips ,,-ith
multiple tracPl"s.

-
-
-

D. INHIBITIO:-IOF HE:\IE SYXTHESIS

A schcmatic pl"Pscntation of the effect of lcad on hpme synthpsis is
sho\\"n in Fig. lü. At Ipast thrC'c stpps in hem(' synth('sis may be uffpeíed
by lead. d-Aminolcvulinic ueid. dphydratasc (ALA.-D) is probably thc
enzymc in -thp-I~'m(:- path,,--uy that is mnst scnsitin to lpud. Inhibit-i6ñ
of this pnzyme I"esultiiln :~ block in llti'-izution of ([-A.1•.-\ £lnd in sllbs('qu('llt
'd(:Clíne in -h~'me synthesis. Sceond, in thc sehemc of negati\'c feedback

FlG. lG. SehclllC of hcme synthesis showin~ s¡tes of lcad effcet. P13G, porpho\'ilillo!-(cn;
lJH.OPOH. IrI, uroporphyrillo¡.(cn IrI; COPltO IrI, eoproporphyrino!-(ell IIr; l'ltOTO,
protopot"phyrill; CoA, COCllZYIUCA; ALA, amillolcvulillic acid; CYTO C, cytochrollle c.

ALA
- dehydratase

Pb

Mitochondrion

HE

1

ME Ferrtin. ferru¡;inous miCe¡:l:cine + sLUCCinY¡_COA "

Ferrochelatase I

4W' /"
ALA , /'

PROTO synthetase--:--' ALAt Pb :

PROTO'GEN 1- Fe"- CYTO C I

:::::,::: :: _------ UROPOR'GEN ff1_~~ __ ~C

?

I Pb

-

-
-

-
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control of heme synthesis proposed by Granick and Levere (1964), d-ALA
synthetase activity is dcrepressed, whieh results in inereased aetivity of
the cnzyme and increascd synthesis of el-ALA. Since utilization of el-ALA
is blocked, urlnary excretion of el-ALA is greatly increascd, serves as a
sensitive biochemieal index of lcad toxicity and is widely used as such
(Haeger-Aronsen, 19(0).
A third abnormality of heme synthesis in lcad intoxication is injlibition

of the enzymc ferroche!atas(' (Ortzonsek, 19(7), \\"hi9.hjs locº,trd_ on the.
iimcr_ mem:branc -01 mitochondria (.Tones and .Tones, 19(8). This effect is
particularly interesting bccause of assoeiatcd ultrastructural ehang('s in
the mitochondria. Ferrochelatase catalyzes the incorporation of thc ferrous
ion into the prophyrin ring strucfurp'.Bpssis and .Tensen (196;") have
shown that iron iñthe form -0£ apofcrritin and f<"rruginous mieC'l1cs may
accumulatc iñmitochondria of bone marro\\" rcticuloeytps from l('ad-
poisonC'd rat-;'.

OthC'r stC'ps in thc biosynthC'tic path\\"Uy of h{')11('may also be abnormal
in l<,ad toxicity, but thc C'vidC'nee for this is incomplete. rncrC'asc in mi-
nary excrC'tion of eoproporphyrin, thC' degradative produet of copropor-
phyrinogcn rIl, is a sensitive refiection of lead toxicity. ~Ietabolism of
porphobilinog<,n to coproporphyrinogen procepds unimpairpd. Ho\\"Pvpr,
sine(' ALA-D is an cxtramitochondrial pnzymp, and 1atpr stpps in hemp
synth('sis are intramitochondrial. coproporphyrinogpn must rppntpr thc
mitochondrion to bp nwtaholizpd furthpr. It has bppn suggpstpd that \
transport of metabolitps likp eoproporphyrinogen into thp mitochondrial
matrix might be imp:1ÍI'('d in the prpspnce of alt('rpd innpr mpmhranc
pprmeability and rcduction in ()xidation and phosphorylation (Ha('g('r-
Aronspn el al., 19(iS). WIH'th('[' tlw incrpaspd minary eoporporphyrinog<'ll
ocemring in k~oiso~ is a rC'fipdion of a nons¡wcifí(:' a!tprafi()ll-ill -
mitochondrial mcmbranps 01' rdl('cts a m~r~ sl)('cifie ('fTpct of [pad on tlH'
intr:iffiítoc11ol~CIrütl. ('-nzy~~~o¡;roporPí0~rin-og('llaS(:, is not kn¿wn.
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VII. Renal Effccls of Lca<l

A. LEAD XEPllHOPAT[¡Y 1:-<Hc~tA=" Ih:I:-lW.;

1. Awie 01' Bar/y ¡""i!cr;is ()n tite Kidl/ey

AClltp pffpets of kad on tlH' kidn('y \\'('1'(' distingllisll<'d from I('ad-indw'pd
chronic lH'phropathy mon' t han ;-)0 y<,ars ago I>y t IH' Engl ish toxicologist
Thomas Oliv('r (1914). ACllt(' n-nal <,!fpets of \(-ad are s<,pn in I)('r~ons
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dying of acute kad poisoning 01' suffering from lead-induced anemia and/or
encC'phalopathy, and arc usualIy restricted to nonspecific degencrative
changC's in n'nal tubular lining cclIs, usually doudy swelling and some
degrC'c of ccllular nC'crosis. Cells of the proximal cOÍ1Voluted tubules are
most severely affC'ded. ThC'rc is little evidC'nce that the glomerulus is
affectcd in acute lead poisoning, although a recent report- suggests that
ultrastructural changes in th(' glomerular basemenf -membrane may
occur (:\laeadam, f9(9). ThC'se consist of complete fusion of epithelial
ceIr fóot processes ~nd of increased cytoplasmic density of epithelial
celIs adjac('nt to a normal looking basem('nt membran('. As long ago as
1928, P('jic emphnsiz('d that the degenerative chang('s in proximal tubules
rath('r than th(' vaseular changC's often rderred to in earlicr studies, are
primal'y evidene(' of injury to the kidn('y in \cad poisoning. :\lany subse-
quent studies have sho\\'n at I('ast thre(' pathological alterations in the
renal tubul(', \\'ith onset during the "early" 01' the acute phase of lead
intoxication in th<, kidney. These ind\Jdc thc.fQrlliation-of inclusion bodics
in_nuc1ei ofQroximal tubular lining celIs and the development of func-
tio~~l ~- ,;elI~;' ultrastructural changcs in !'f'nal tubular mitochondria.
Th(~s;ha~cn- discussed i'il'Scctlon IV.

Dysfunction of proximal renal tubules (Fanconi's syndrome) is maní.:
fested by aminoaeidurin, glycm;uria, and hyperphosphaturin, and \\'as
first noted in acute lcad poisoning by Wilson and co-workers in 19.'j3.-
Plasma amino acids \\'l'r(' normal, \\'hich suggested that thc aminoaciduria
and other functional abnormaliti('s \\'ere of rPllal origino SubsequC'ntiy,
aminoaciduria in childn'n \\'ith acute lead poisoning \\'as observ('d by
:\farsdl'll and 'Vi!son (19;);;) in England, and Chisolm (1962) found that
9 of 2:3 childrC'n \\'ith !l'ad ('ncC'phalopathy had aminoaciduria, glycmmria,
and hypophosphat('mia. Thc aminoaciduria \\'as gPllf'ralized in that the
amino acids ('xcr('t('d in grl'at('st amounts w('re thosl' normally presel}t-m
urin(', and it was n'latl'd to sl'v('rity of clinical toxicity, most f!Ul-rked in
childrPll \\'ith <'lleephalopat hy: TIH' aminoaeiuuria disapPl'ars~ífter treat-
ml'nt \Vith ehe1ating ag('nts and elinical rl'mission of other symptoms of-
l('ad toxieity (Chisolm, 19fi:2, 19fiH). This is un important ohservation
rl'!atiV<' to th(' long-tl'rm 01' ehl'Onie eff(,(.ts of kad on th(' kidnl'Y. Rl'stora-
tion of thl' functiona! int('grity of r<'llal tubular !ining ed!s follo\\'ing tr('at-
ml'nt of acute lead poisoning implil's n'storation of normal morphology,
hut this has not 1>l'('11confirnll'u ('xperiml'ntaliy.

2. Cltrollic Lcal! .\"cjI}¡rn¡latlty ill .1rall

TI\(' ol:l:lIrl'l'nc(' of a l'ilronie form of n'nal disl'asl' in man is contro-
versia!. TIl('n' :U'l' llUIlH'l'fJIISf('ports in tlw ml'uical literatun' of the past
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century which describe a form of cnd-stage renal disease and renal failure
in humans which is said to follow many years of excessive exposure to
lead. The pathogcnC'sis of chronic kad ncphropathy expressC'd by Charcot
and Go~bault in 1SS1 (cited by Aub el al., 19:2;)) relates renaL effects of
lead on the tubular liningcC'lls rC'suiting in diffusc renal fibrosis charac-
terizC'd by "epithdial cirrhosis of thc kidnry," Later descriptions by
Olinr (1914) and Aub el al. (19:2;)) arc consistcnt with this hypothrsis,
and emphusizc tubular atrophy und dilatation with intrrstitial fibrosis,
but with mini mal inftammutory cell infiltration, There is progrrssivc
contraction of kidnry sizc with subsC'quC'nt sclcl'Osis of glümeruli. Thcsc
dcscriptions have no spC'cific pat hological featurc, so that thc role of lcad
in: thc pathogC'ncsis of diffus(' cnronic nephl'Opathy in a particular person
has always bc('ll unccrtain, Thc implication of lcad as etiological agcnt
of chronic ncphropathy is largC'ly the result of association of chronic
renal disrasrwith ehronic rxposure to lcad and signs and symptoms of
chronic lcad poisoning, such as abdominal colic and peripheral nruropathy.
a. Lead Inloxicaliol/. in Childhood and Chl'onic Lead Xephl'opalhy in

Adulthood, A sC'ries of r('ports from Quernsland, Australia, points to a
strong ussociation b<'twcen sevC'rc lead p"oisoning in childhood associated
with crntral nCITOUS.syst('m symptoms and chronic' nC'phritis in rarly
adulthood, Henc!rrson (19;)4) followec! up 401 chilc!rcn \Vho had been
diagnosrd as having kad poisoning in Brisbanc brtw('en 191ií and 193;).
Of thrsC' 1Gií had diC'd, lOS from ncphritis 01' hYP('rt('nsion. This is greatly
in ('x('ess of rxp('ctation, Information ,,"as obtainrd from 101 of the 1S7
living survivors, and of thcse 17 had hYlwrtC'nsion und¡'or albuminuria.
In a mor(' l'('CC'ntstudy, Emm('rson (19ü:3) prrs('nted ('r¡teria for implicat-
ing kad as an rtiological factor in sueh patirnts: thr patients should have
an ('x('('ssi,"(' urinary rxerrtion of l('ad follo\\"ing administration of calcium
EDTA. In his study, :~:2patimt,s with ehronic l'('nal r!is('asr attrihutable
to (:hi!dhood I('acl poisoning sh()\\"('d iIH't'('as('d ('xt'l'dioll of I('ad. Unly 4 of
El patients with ehronic l'('nal di:-was(' not attrihutabk to I('ad poisoning
had similarly ('\(',.:tti'd I'x('l'rtion of lpad, A photomil'l"ograph of parí. of a
kidn('y from a ~G-.Far-old maI(' with a ehildhood history of I('ad poisoning
is shown in Fig, 17, '1'111' 1)I'('S(,I1('('of in tranuckar illelusion bodi('s is V('f'Y

11('lpful ('stal)lishing a l'('lationship lH'twe('n rrnal I('sions and kad toxieity,
but inf'!usioll bodi('s tU'(' not ahmys pr('sent in pCl'sons with chl'onic I('ad
n('phropat hy.

At!<'mpts to eonfil'm tI\(' n'!ationship \H'tw('('n ehildhooo I('ar! intoxica-
tion alld chrOllic n('phropat hy ha,'c llot \)('('n Slll'('('ssful in al. l('ust t\\"o
studi('s in t h(, Cnit('d Stat('s, T('PI)('I' (l U¡¡:n found no ('\"id('nc(' of (,hnlllie
rcnal dise;lse in 4~ I)(,l'sons \\"ith a \\"('1IdOCUllH'nt<.d histol'Y of childhoo¡[
plumlJism :!O-;{;) Y<'aI'S pn"'iously at tlll' Boston Childn'n':-; Hospital.
Lik<~wisc, Chióiolm (l H70) found no rvid<'llec of renal dis('ase in m udo-

........- .••....
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Fw. 17. ltenal <:ortex from a :!fi-year-old malc with history of childhood lead poisoning
ami chronie Icad nl'phrol,athy. The patient \Vas hypertcnsive ami died in uremia. At
autopsy thc kidney was sllIall ,,,,d fihrosed. BOlle lead was hi¡(h. Thc hbtolo¡(i<:al picture
js '\ mixture of illtel"stitial film,sis ami dil'lte,1 tllbllles. :-;omc tllhllles arc atruphic (Iowcr
Idt). lntranlwleat. illc1l1sion I,,,dies are not presento X:!lU. (~Iidc fllrnishcd hy J. A.
lnglis, :\f.0., 1Jepartlllent "f l'athology, L:nivcrsity of (JlIcensland, Aw;trnlia.)
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lescents known to have had intoxication 11-16 years eariier. An important
.•.• distinction hetween the Australian group and American patients \Vas that

none of Chisolin's (1970) subjccts showcd evidence of incrcased residual
body lcad burden following the EDT A mobilization tpst. This diffcrC'nce .
has suggestpd ta Chisolm (1970) that kad toxicity in thp Austr1l1ian chil-

- drcn must have bcen of a different type, with a more protractcd.coursc
than that pxperienc{'d by the Amcrican childrcn. ~Io"t American ehildl'en
suffer from lead toxicity pariy in childhood, bct\\'C'pn the ages of onp and

_ four, the sourcc bcing oral ingpstion of fkcks of \VaH paint and pla"ter
containing lead. Austl'alian childl'pn, at kast aÍ>the timc of thp XYC' (19:29)
and Hcndcl'son (19;j;j) studiC'H, ingcHtcd lcad from po\yder 01' ehalky paint

••• on veranda rails of thcir hom('s \Vhilc playing. They tendC'd to be old('l'
than tho Amcrican childl'cn, and had a more chronic form of lead poison-

ing.
b. Occupational E.tposure to Lead-Renal Hypcrtensioll and Chronic

_ Lead .Yephropathy. Soveral studics of \\'ol'kel's in lcad industries in the
eady part of this eentury sho\yed un incr{'ascd ineidcnc{' of hy¡wrt('llsion
which appcared to correlate with cxposurc to kad (citpd by Cantarow

_ and Trum¡wr, 1944). However, a relationship of hy¡w1't('nsion to renal
discase \Vas not establish<:,d. A rctl'ospcctive "tudy (Dingwall-Fo1'dyce and
Lanc, 196:~) 1'pviews eausps of death among m{'n C'ligiblc for ppnsion (6;j
yea1's 01' ag{') \Vho had \VorkPd in an accumulator factol'Y in England be-
t\Vepn 19:2li and 19GO. Th(' incid('nc{' of dpaths fl'om cel'('bral llPmorrhagc
and from thrombosiH 01' arte1'iosc\c1'oHis \m" higlwl' than pxpected. AH
aff{'cted pCl'sons wcre ('mploypd 1'01' not I('s" than :2;j ypa1'''' Again, a renal
ba"is for thc hYPcl'tension \\'as not demonstn1tcd.

Control 01' occllpational (,xpOSlln' to kad has llnd('rgonp eontintlf'd
improvcnH'nt dUl'ing thp past ;-)0y('ars, \dlÍeh may 1)(' J"(,,,ponsiblp 1'01' thp
failllJ"(' al' oth('r innstigators (B('lknap, l\):~Ii; lt E. Lalw, 1\)49) to find
an inen'as(' in fn'qw'n('y (jI' hYlwrt('nsi;)l\ and ('hl'Onip ['('nal dis(';lS('. ~[on'
r<:'ecntly, Cramér ami Dahllwl'g (HHili) did not find an (,x('('ssi\"c ineiuC'n('('
01' hyp('rt('nsion among \mrk('rs in a S\y('uish ~t('('llmulator fadorv in
\Vhieh :21j;jWOrkpl'Hw('['(' ('mployp~1 1'01' mol'(, than lO Yl'al's, On t1H' (;tlH'r
hand, in Ihos(' parts 01' Ihp \\"(¡rld \1'11('['('O('('llpat iOllal ('XPOSIl[,('to Il'ad

. is not <,!os('ly eontml\('d, tl1('['(' ('()lltilllwd to 1)(' a high ill('idpll('(' (JI'('hmni('
nophropathy and ['('nal faill1['('. In Yugoslavia, in a sllldy 01' ,-):~pati('nt,.;
\Vith (,hronip ('XPOSllJ'('to \('ad (:2 monlhs to :{.-}y('ars) ami wilh C'!inieal1y
manif('st I('ad pois(Jning, lbdos('\'ié I'l al. (1!Hj1) ('on<,!\l(kd t hal l('ad
may inc1t1('('funetional and anatomi('al I('sions 01' t 11('kidlWYS. Sllldi('s 01'
renal fllndion in 10:2 pati('nts aomill(.d to tll<' (kC'llpationai Dispas(',.;
Clini(' in BIl('han'st, ltumania, dlll'ing a 10-y('ar I)('rio</ (lH.-)7 I\Hi7) \\'('1'('

1'cport('d by Lilis ano c()-\\'Ork('r,; (l!JliS). !t('nu! faillll'P \\"as fOllnd in 17



patients who had had severa1 episodes of abdominal colic and occupational
exposure to lead for more than 10 years. Thirteen of these patients had
arterial hypertension and evidence of renal disease preceding the rise in
blood pressure by scvpral years. The authors related the progressive de-
velopment oí renal failure to prolonged exposure to lead, with repeated
episodes of lead-induced abdominal colic

c. Illicit Whiskey aY/el Renal Disease. Co.ntamination ,,'ith lcad, in ten-
tional 01' accidental, is a 10ng-rN:ognized risk attending the consumption
of "home brew" 01' illega11y produccd alcoholic beverages. The Romans
are said to have added lPad to wine to improve £lavor (Gilfi11an, 196;)).
Devonshire colie, an endemic disease in the County of Devonshirc,
England, in the middle of the 18th eentury, was found to be a symptom
of lead intoxication caused by drinking cider contaminated with lead
(Anonymous, 19(8). Homemade wine may be contaminated by lead
glaze in earthenware erocks (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
1eached into the distilling alcohol from lead-soldered pipe joints. Hammaek
(Owenet al., 19(7) has recordcd that oyer 250 patients were admitted to -
the Birmingham Alabama Vcterans Administration Hospit.aJ for intoxica::/"'
tion with lead in i11icitly disti11ed whiskey This number of acutcly ill
patients suggests that many others must bc affected with subclinical 01'
chronie lead toxicity amI eontinuc to go unrecognizcd. :\Iorgan and co-
workcrs (1966) havp described renal biopsiC's in 13 of such patients, aged
3ií-iíO, with early renal failure, anemia, and increased urinary pxerption
of lPad with 01' \\'ithout provocation by EDT A, Two of the patients had
fixC'd hypertC'n!'¡ion. TIH' biopsiC's £rom a11casC'SshowC'd interstitial fibrosis
with f{,\\' inflammatory ('dls. SomC' glomeruli werC' selProsed; othC'rs shO\\"l'd
a mild in{'.l'e:ls{' in bas{'m('nt membran{' thicknC'ss, A11 casC's were founo
to hil\'e intranuc\l'ar inl'1usion bodies. /'

At tlH' V<'t{'mns Administration Hospital in Xashvilll', -Tennl'sscl',
. San{lst{'ad el al. (H)70) studied the rf'nin-aldosteI'OIll' rl'sponsl' to salt
d{'pl'ivation in \) nll'1l with subdinieal 01' "oeeult" kad poisonillg. A11ninc
hau l'il'\'atr'u body burd{'ns of 11'[ul dl'monstrated by in{'1"l'asl'u ul'inary
I'xer!'t ion {jf !l'ad followin~ .administratioll of EDTA. Plasma rl'Ilin adivity
:lnd aldostl'rOlH' s('ndory rat{' w('rl' mellsul'l'd artel' administl'atioIl uf t he
uilll'(,ti{, furos{'mid(' and in~('stion of a lo\\' sodium did fol' ;j days, Xeither
of thl' nH'asUl'(,d pamnwtl'l's in{,l'l'asl'd to I'xpl'{.ted I('vl'\:; in most of th{'
ml'll. L{'ad toxieity is .1Jl'li('v('(l tu \)(' I'l'spunsibk for abnormal sodium-
eons('l'\'in~ fundiuns al' tlll' I'l'nal tulHlk.

It ('annut \)(' provl'd un{'qllivuelll1y that lead in alcoholie b{'v{'rag{'s \Vas
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responsiblp for thp r{'nul di,spasp in pithpr of th('sp studi{'s. Incr('as('d body
burd{'ns of l('uu WPI'(' dpmonstrat('d in al! thp pati{'nts, AIso, th(' finding
of intranuc!('ar indusion bodi('s is furthn ('vid('nc(' of ('xcpssin' rpnal I('au.
It is also pos,sibl(' that J<'au anu alcohol ha\"(' a syn('rgistie toxic effeet on

the kidrH'Y. Alcoholic I)('verag{'s hav(' long b('('n tluJ1Ight to enhanc'(' I{'ad
toxicity (Oliwr, 1914), anu avoiuanc(' of alcohol is r<,comm('nu('d for
workmen in I('ad inuustri('s (Cramél', 10{j()), L('ad ami aleohol han' som('
simjhu,-iQ)'!£.!i!<.'.Cts at the cdlulal' I(,\"{'!. 1'11<'basis for this p~(;~urr;ptiOl~
is discussed in S(,(,tion X in t('rms of al('ohol as a faetor infilH'ncing sus-
cpptihility to lead toxieity. Ev('n though tI\(' mOI('cltlar m('chanisms unckl'-
lying the !2xieity of al(.:Qbol ane! kad pJ'()l;;-IJy cuff(:j.,- t1H' fa<'t that tl1<'Y
affe<'t th(, sanw organ('] k', the mito<'!lOndl'ion, may n'sult in a mutual ('n-
hnnlTIl1<'l1t or(,(,IlliGlrlñjl"úf ir is abo possihl(' that il!i('itly distill<od
whisk('y -ront¡lins othel' impuriti('s that are t()xie to kiun('ys, although
nom' hav(' b('pn docunwnt('d,

d. Gou/ al/d [Jead Xephropalhy, B('caus(' of tl1(' ('ommon association of
chronic r('nal dis('us{' with gout among kad imlustry workpl's, industrial
physicians and toxicologists in 19th C<'l1tury hdi('wu strongly in u n'!a-
tionship lH't\\"('('ngout anu rhronic l{'ad nephropathy. Sevpral casp rqJOrts
of tl1<' UHh ('<'l1tury linking Ipau with gout al'P summariz('d by Luu\\"ig
(19;i7), Ev('n Sir Alfn'd Barrin¡.!; Garrod, \\'ho is ('J'{'uit('u \\'ith (il'st n'eog-
nizing devatpd bloou ul'ic a('iu .Ipv(']s as an l'tiologieal factor in gout,
('mphasized th(' rl'lationship of I('ad poisoning \\'ith gout (cit('d by Lud\\"ig,
1\);i7), A typi('al ('arly study \ms Lorimer's (lSS()) of 107 eas('s of gout amI
l('ad poisolling, LOl'inH'1' distinguish('d saturnin(' gout as o('("urring ('arli('1'
in lifp than ol'uinal'Y gout. In auditioll, t11('1'('\\"as ab"ene(' of familial pn'-
dispo,;ition. ami tll<' an('mi~l of lead poisolling \\"as al\\"ays prps('nt. ;\rthl'itis
\\"as of ('arly ons<'t, Bul ('\'('n in this n'pol't, the <¡1H'stion \I'as rais('d \\"ll<'tl\('1'
joint involv('nwnt ('oltld 1)(' dll(' to ('o('xist('nt "rh('umalism," /0'('\\"('1'cas('s
hav(' I)('('n se('n in n'(Tllt y('al's ami t tI<' n'\"i('\\' by Aub 1'1al, (10:2,i) qll<'S-
tions tlt<' I('ad-gout n'latiollship,
Tlt<' pl'obl('m of gout and jead-indw'('d Iwphl'Opathy has J'{'('('ntly I)('('n

r('op('I1<'d. Among th(, ;{;{ indi\'iduals in Emnwl'son's (l!}(iS) study of pa-
ti('nts \\'ith I('ad n('phl'Opathy, l() suff('l'ed fl'Olll a('ut(' attacks of gout.
EnlllH'l'son fOlllld thú1 his pati('lIts dif'f('I'('d fl'olll thos(' \\"itlt idiopa1hi('
gout in t hat Illon' \\"()llwn \\'('n' af!lid(.d, and oft('1I IwfoJ'{' tlt<' n\('llOpauS(',
1'111'1"('\I'as oft('n a histol'Y of I('ad p;)isonillg in C'hildhood, .\lso, ti\(' I()\\"(.I'

l¡mlls \I"(,J'l'mon' ('omlll()JIly aff(,et('d, and att:l<'ks of gouty arthritis \\'('1'('

ie;;s fJ"('qw,[lt titan in pati('nts \"itlt idiopa1hi(' gOllt.
:\f:lllY pati('nts \\'ith ('hl'Oni(' lH'phropath,v ass()('iat('d lI"ith ing('stion 01'

illicit \"his];:('y ('ontaminat(,d I¡y I('ad also ha\'(' h~'p(,l"llri('('mia ami gO\lt
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(:\[organ el al., 19(3ü). In each case, !cau ncphropathy preceded thc onset
of gout.
From a review of aU aumi:,;:,;ions for gout at the Birmingham Alabama

VdC'mns Hospital, BalI and SorPllspn (1!){j!)) w('re able to c1assify ;~aof
4;~ patients \\'ith gout as sC'condary to prolongf'd consumption of "moon-
shinc" contamimttf'd \\'ith !Pad. Kin<'tic stlldi('s of mil' aeid on thrf'c of
thf'se patipnts confil'm('(l the rol(~ of the kidlWYS in the pathog('npsis of
th(' hYI)('rmicf'mia. Th('l"(' \\'as no evid<'llcp of overpl'Oduction of mic aeid.
Th('se findings HUgg(':-;tthat Ipad impairs rf'nal tubular sf'crf'tion of mil'
aciu, Howf'vpr, in anotll1'r l"('c('nt study of urat(' f'xcrf'tion in If'ad npph-
ropathy, EmnH'l'son (p('rsonal eommllnication) mf'asUl'pu n'nal tubular
rf'absol'pt.ion anu s('cl'l'tion of llratf' spparatP!y by obsprving t hp eff('ct on
renal u('position of mate of thp drug pyrazinamidp \\'hich blocks acti\-e
tubular secretion of umtp. Tubular reabsorption of mate was found to
be grf'atf'r than pxppctpd \\'hpreas activf' tubular secretion of urate was
within the mnge pl'('dict('d from the plasma matc concmtration. TIH'se
results suggest that !Pad-induepd gout is mediated by exc('ssive tubular
reabsorption of umtf',
Klineubf'rg (1900) has note'd that few patients with chronic rpnal dispase.

per se' dev('lop gouty arthritis, \yhpr('as patipnts with Haturniri(' gotíf,
dpspitp prolong('d ('XI)()Slll'p to Ipad, have' only modc.'l'UÚ' impail'mpl1t of
glonH'rular infiltmtion mte and are not azotpmic. Also, patients with
!Cad gout han' normal tl'ig[ycprid(' and cho[pst('rol [(,\"PIs;patif'nts with
primary gout havp a high incid('ncc of hYPPltriglyc('ridpmia (Emmcnion
and Kno\de's, 1971),

B. EXI'BRnU;XTAL LEAO :'\EPIlROl'ATIIY

Qw'stions about pff(,('ts of [('au on t1H' kidm'ys, basf'd on 0Y;;f"rvation
of pati<'llts with l('ad poisuning, al'(' difficu[t if not impos:-:ibl(' to in\"pstigate
in man, TIH' :-;pC[W'II<'('01' pathological <,vpnt" I<'ading to a ehronic nf'phro-
pathy indl(('('(1 by ¡('ad J'('(¡llin'" a mu:jol' portionof the lifl'timp of an in-
di \'idual. Con t inui ty uf st IIdy fol' "uch a lon¡l; I)('riod is difficul t if not
impo,,:-;ilJl<', AI"o, in human studi('s t1I('l'(' is 110 control of J<'ad dosa¡?;<,m"
of otlH'r (int<'n'ulT('nt) n'nal di:-;('a:-;('.And finalIy, it is not possib[p 1,0
obtain n'na! tissw' at 111(' ¡H'rio<!i(' int('ITa!s n('c('ssary to docum('nt such a
(.hl'Oni(', pl'O¡l;n'ssi\'(' ,palhu!ogical pr()('('"s in man, [t i" imporlant, t1l<'I'(~-
1'01'(', lo study pl'Of,!;n'ssi\'(' (.ff(,('j" of l('ad on II\<, kidlH'Y in pxppl'inH'ntal
animals, alld to eot'n'!at(. Ihe' findillf,!;s \\'ilh slaf,!;('" 01' l('ad ll<,phl'Opalhy
S('pll in lIl:111, TI\<' mt and t Ill' t'ül¡J¡it :;1'1'\'1' aH good modl'1:; fol' thi:; purpo:;c
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sin ce thcse animals tolcmte large doscs of lcad for long periods of time
and since thcy both dcvelop progressivc structuml and functionai renal

_ changes in response ta lcad. Dosc-effect relationships can also be studied

in animals.
The progrcssive morphological and functional changes induced by lead

in rat kidneys may he dividcd into three stages-primarily, for thc pur-- POSI~oí obscrving thc dcvelopment of lead effects and, secondarily, for
making comparisons to observations in mano

.-
-'

-

1. Stage [-Tubular EjJecls, Reversible

The first stage of lead nephropathy in rats fed a diet containing 1%
lead as lead acetate continues for about :W weeks and is characterizcd by
the development of intmnuclear inclusion hodies aftf'r about 4 or 5 weeks.
No other changes are apparent by light microscopy. An eledron micro-
graph of a nuc!eus of a proximal tubular lining cdl containing an inc!usion
body is shown in Fig. 3. Swelling of organelles and mitochondria is also
seen by electron microscopy, as shown in Fig. 9B. Impairmcnt of respira-
tory and phosphorylative abilitics of mitochondria isolated from kidneys
of rats fed a 1% lcad acetate diet for 10 weeks are discussed in Section
IV, B. The mitochondrial changes may be related to the triad of func-
tional ddects in proximal renal tubules, that is, to aminoaeiduria, glyco-
suria, and hyperphosphaturia, as notcd in children with acute lead poison-

mg.
Excf'ssivc aminoaciuuria also oecurs during stage 1 ncphropathy in

rats. After about 10 wl'pks on the l'xperimental uiet, fi{~arly all amino
acids are excrl'teu in grpatl'r amounts than in control mts. The amino-
aciduria is "gencralizl'cl." \vith grl'atf'st inerpasl's oecurring in amino
aeius normally prl'spnt in urine in !argl'st amounts. These arl' the small
neutral monoamino, monoearhoxylic acids, e.g .. glycinp, sf'¡'ine, and
alaninf'. Rl'nal c!earancps for most individual amino aeids (Fig. 18) increasc
approximatl'ly 1-:~ timl's. Excl'ptions incluup a decrcased clearance of
tyrosine, little changp in thc c!earanee of glyeine and valine, and a vcry
large inCrf'tLSI'in tlH' cll':tntncp of histidinp. Plasma kVl'ls of near!y aH
ami no :lcids from kad-fpd rats arf' f'ithl'r the saml' or lpss than plasma
leveIs of control rats. Exel'ptions are inerl'ases in threoninp, glycinf', and
lysinp. Rl'nal clcarancp of glyeilH' is normally eonsiul'rably iargpr than
that of otlwr amino aeius, hut it u()('s.not inerpase apPI'l'eiably in the kau-
fed rats. This SUg/:!;I~StSu prprl'nal faetor in the pxccssi\'c gIYI'inuria.TIH'
large incrcáse in histidilw clcamnee anu the uisproportionatp incrl'usps in
uninary excrction of othcr amino acius may also rcRcct compkxing of
lcad with amino acius (Goycr, 1971b; Goycr el al., 1970a).
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Effects of lead on morphology and function of the distal tubuks in
rat kidneys are less dramatic than thosC' on proximal tubulC's, and thC'y
have not been studiC'd as intC'nsivC'ly. Pardo(' and WC'athC'rall (19:>:2)
showC'd a numbC'r of yC'ars ago that tubular C'xcrC'tory activity, as mC'asurC'd
by p-aminohippuric acid C'xcretion, progrC'ssivC'ly incrC'as('s during kad
intoxication. Other experiments by these authors suggC'st that watC'r
diuJ"{'sis is slightly increasC'd, with rC'dll('C'd sC'nsitivity to vasopr<'ssin.
1'hesC' functional changC's are reversiblC' on rC'duction of kad dosage. Such
studiC's have not been J"{'p('atC'dby otlwrs.
Abs('nce of C'ffeets of lcad on glonwruli is C'mphasizC'd by Pardo(' (19;):2),

\Vho showC'd normal ereatinin(' elC'araneC's in rats l'C'd l('ad for as long as G
months, but a lat('1' study (~Ia{'adam, HWU) sllgg('sts that ultrastruetural
changes in glomC'rular basC'mC'nt m('mbnmC's may oecur.
Rabbits f('d ¡cad subacetate (0.;)-1.0%) in th('ir dif'ts also dC'\'('lop intm-

nuckar inclusion bodiC's (Hass el al., 19fi-1) and hypC'raminoaeiduria (von
Studnitz and Ha('gC'r-AronsC'n, 196:2) in ~-12 ".C'('ks. 1'h(';;(' ('ady l('ad-
induced rC'nal chang('s progre'ss to stagC' Ir n('phropathy whieh is ellamc-
teriz('d by the development of perman<'nt searring and tubular changC's
al'ter about 20 \veeks.

2. Siage Il-Chro/lic, Irreversible Xephropaihy

Continued fC'('ding of l('ad n'sitlts in atrophy ol' tubular lining e<'lls in
some t.ubul('s, with dilatation and C'vC'nt\wl cystic chang(' (Fig. 1U) (GoY(,I",
1971e). 1'111'('C'!lular lining of som(' tulmJ¡,s b('eonws hyp('rp1astic. 1'11<'1'C'
is a progr('ssivc incn'as(' in intC'l'stitial fibrous tissu(' with [('w infiammatol'Y
cC'lIs. 1'he nurnl)('1' ol' intmnuckar inclusion hodi('s llPeonws rnaximal
bct\n'('n ;;tagC' 1 and Ir and d(,cI"('as(';; as ;;{'arring :md tubular atrophy
progn'ss. HYI)('rplastie tubular lining c('lIs do not contain intranllc\(':U'
inclllsions, but many of t1H';;(, c('lIs han' hYlwrchromat ic 1111C\('iand al"(,
atypical in apl)('amncc, \\"hidl sugg('sts pr('malignancy. Similar progn'ssi\"c
rcnal cff('e!s in mts l'('ti Icad for s('v('ml month;; han' I)('('n pn'viously
ff'port('d by oth('rs (Chiodi and Sammal'tino, 19-tí; Pardo(', 1U.):!; ~1mphy.
el al., 1UG-1), and also oecul' in kitiIH'YS of J¡'ad-f('d rabhits (Has:; el al.,
196-1).
Gr<':1t('r dC'po;;ition al' l<':ld in J"{'nal tuhular lining e<'lls may 1)(' inducC'd

by giving 13 slIce('ssin' intmI)('ritOlwal inj(,(,tions \\"ith 1 mi of l?ó \(':ui
ac<'tat(' solution oncp in :! w(,('ks 0\"('1' a p('rioti ol' :20 \\"('('ks. In addition
to thp aln'ady d('scl'ilH'd intmIl\tel<'ar ilH"lusion !>otii('s, d('ns(' ('oll(~rdiolls
aPlwar in ttl\' l'ytoplasm (Fig. :!O). TIl<' ('OlHTdiollS stain lI"ith hydrog('ll
su1fid(', suggC'sting that tll<'Y ('ontain Imd (.\Iurabmi, 1\)/1).
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PIG. l!). Renal ('ol'tex of rat feu a diet ('ontaininll; 1r; lead aretate for fl weeks. :\[arl~"
tulmies, partiClllarf~' in the decp (,ol'tex. are dilateJ ami ¡incd with atrophic epithcliulll.
Cells ¡ininll; othel' tllhllles are hypel'pl:v,ti(' and ('ontain hype['('hrulllati(' mll'lei. fnter-,
stitial fihrosis is prcsent. hnt inflamlllator~. ('('lis al'e spal'se. X LjO, From (Joyel' <. [flT1c),
hy perlllission of :-;pl'ing;cr-Verlag, Berlin :l/ld );ew York, /"

:3. 8ta!fP [[ [-Rflla! Tai!l/re am! CalleN

Rats f('d 1(.:~ i('ad as ¡('ad ac<'tat(' in t h('il' Ji<'ts fol' mol'(' t han on(' .y<'ar
ha\'(' pl'ogres:;ion 01' int('l'stitial s('al'l'ing and lihrosi,;, se1('rotic ¡.!;lonH'ruli,
und fr('ql[('ntly Jc\'{']o[J n'na] failun' and a(!l-noeareinoma. J3looJ UJ'{':l
icv('is uf si", mts aftcr S-1- \\'ccks of ingl'sting a ll'ud-containing dil't arc
shO\ni in Fig. :21:\. Ell'\'[ltion 01' b]ood mie acid abo' ocrUfS (Fig, :2113)
and may 1)(' J'{'la!<'d to t Iw n'nal failun', although in tlH's(' G rats th(,l'(' ,"a,;
no (')Par l'datiollship lH't \\'('('n tlw hYP('l'ul'i('('mia :md Ill'('mia. On tl1<'
otllC'l' hand, 1 h(, ('l('vat<'d Illood ul'i(: :l<'ids 1,'v<,1:; may 1)(, an~tlogou,; to t llC'
hYIH'l'lll'i('('mia S('('ll in human !('ad [lC'phmpathy (~('l't ion \"1[, A, :2, d).
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Fra. 21. BIood urea (A) amluric acid (B) from control ( .) and lead-poisoned ( O) rats
sacrificed after ingestion of diet containing 1~~ lead for 10, 40, and 84 weeks. From
Goyer (197Ic), by permission of Springer-Verlag, Berlin and Xew York.

Sincc hypcrtC'nsion may occur in pprsons \\'ith chronic lead ncphropathy,
therc have bcpn several studips of blood pressurc lcvds in expprimental
Icad poisoning. The results arp inconsistent. Spveral years ago, Fou~_
and Pagc (194:2) tried unsuccpssfully to produc(' hypprteTlsion in dogsoy
chronic Icad poisoning. Griffith and Lindaupr (1944) shO\\'pd a progressivl'
increasc in systolic blood prpssure of lead-poisoned rats ovcr a 2-month
ppriod, but thpsp rp::;ults ,,'pre not confirmed in similar studies by Pardoe
(19;')2) and by Padilla el al. (I9G9).

Rpnal :úlPnomas or careinomas dpvplop in GO-RO% of rats fed for more
than onc~ year a did containing lead, Incidenc(' and :oizc of thp tumors
are re!ated to dlll'ation of kad fcpding (Fig. 22). By light microscopy,
th(' tumors are adl'nocar('inomas, presumably arising from focal arpas of
hYI)('rp!asia of n'nal tubular lining cPlls (Fig, 2:{A). ~./

Th(, ultrastrnetu!'l' of t!tp tumors (:\ [ao amI :\ [olnar, 19(7) .W'éharac-
t('riz('d by ('P1lular and nlll'!('ar hYI)('rtrophy, numcl'Ous lysosom('s and
mierol>odi('s, and al>s('n('(' of infolding of basal plasma m('mbntn('s as
normally s('pn in !'l'nal tubular lining ePlIs. Tumor (.('lIs do not contain
intmnue!('ar inl'!lIsion I>odil's, and I<':ld ('ontent 01' th(' tumors is l('ss than
that of adja('('nt n'nal ('ort('x, In om in\'('stigations, about one-fourth of
tlH' rats \\"itil tumors had m('tastati(: foei in thl' lungs, but not in othPt'
OI'gans (Fig. :2:~B) (noY(,I', EJ71e). R(,IWI tumors in I('üd poisoning \\"ere
first Oi>SPIT('d in rats by Zolling('r (l!);i:~) follo\\"ing long-tprm injpetions
of I<'ad phosphat(', and lat('r I>y Kilham el al, (l\J(j2) in \\"ild rats \)('lieved
to han' I)('('n ('xpos('d to [('ad fum('s in bUl'lling l'l.fllS(, in. a city dump,
L('ad-indu('('d !'l'nal ('pit !t(,lial tUll10rs hav(' sin('(' \)('('n studi('(i by a num-
\)('1' of inv('stigators (Boyland el al., lUn2; Van Esch pl al., 19G2; Hass
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FIG. 22. Correlution of incidenee of renal tumors with duration of lead fcedÍng. Open
eireles indieate rats withollt tllmors (9); X, rats with mieroscopie tllmors (14); +, rats
with gross tumors (17). From Muo and Molnar (1967), hy permission of A.mer . .J. Palhol.,

DlIrham, North Carolina.

FW.2:1. (A) Renal adenocareinoma in cortex of kidncy of rat fed 1'"; lead acetate
diet for X4 weeks. The t nmor appears well demarcated from adjacent cortex, l>llt tlle
eells are poorly difTercntiatcd. 1"l"Onl(;oycr (1!l71e). X ¡"O. (13) Pulmonary metastases
occllr as smallnests of cclls in tlle periphery of the lung; parcnehyma. X2;'j(). Fmm (;oyer
(1971c), hy perlnissiotl of 8pril;gcr-Verlag, Berlin and XCIV York.
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el al., 1967). They have not been noted in Ipad-intoxicated experimental
animals other than rats and mice, less frequently in the btter (Van Esch
and 1\:roes, 19(9). The tumors do noí appear to haye any obyious or im-
mediate rckyance to man, sincc renal tumors haye noí, bef'n noted in
industrial workers ,,'ith chroriic f'Xposurc to !f'ad. ~Ioreovf'r, the incidf'nce
of carcinoma of any type in such workers is not grf'ater than pxpected
in the gf'nf'ral population (Dingwall-Fmdyce and Lanc, 1963).

-
-
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4. Comparison of Experimental al/d Human Lead Yephropathy

l\Imphological and functional rcactions of kidnC'ys in f'xpcrimf'ntal
animals ff'd lpad orally and in ppoplC', particu!ar!y dlildren \\"ith acute
lead toxicity, hayp fC'aturC's Idlich arc comparable. In both instances,
proximal tubular linin.K.QC'lls are affC'ctcg, iIltxanuc!('ar inclusion bodips
a~é JornlC'd, and .J1!c:rp i.s_uu_ussociaírd aminoacidu~'ia.lÍlU?airmf'nt oí
mitoehondrial fundion has noí, bf'en dpmonstratf'd in man, but may be
inff'rred from morpho!ogícal cilangf's-m-h-umim1Jiopsy m~'ltC'rial (Sf'ctioñ
IV, A). R,CC(l\'(~y- fronl tlle lc'ud-¡nc1ucpd acute tubular !csion in man
certainly occurs. Excpssiy(' aminoaciduria rC'turns to normal a fe\\" \\"f'eks
aftC'r che!ation thC'rapy, but intranuc!C'ar inclusion bodips may ])('rsist
for seH'ral .Fars aftf'r aeut(' kad poisoning (Calle and :\Iorl'!-:\Iuroger,
196;». Contilltl('d formation of inc!usion bodif's probably reflects a certain
body burdm of lead.
In man, progrf'ssion of acutf' (,fff'cts of !f'ad on rpnal tubular epithelial

celIs to chronie Ipad npphropathy has hpf'n Ipss c/('ar!y documpntf'd.
Morphological chang('s ObS('ITPd in kidn('Ys of ])('rsons \\"ith historips of
pxcessi,'p C'xpmmrc to !l'ad an' ¡;imilar to t he changf's s(,f'n in kidnC'ys of
pxpC'rim('ntal animab, TIH' probl<'m is that in the alispncC' of intranucJpar
inclusion hodips, tlH' pathology of ehronic l<'ad IH'phropathy, likf' that of.
many otl]('r fmms of chronie r<'llal disc'usC', !aeks sp('('ificity. HypC'rtlri('Gmí~{
oeC'urs in rats \\"ith l('ad poisonin/.{ ancI in ])('rsons with ehronic lC'ad npph-
ropathy .. -\ major difI('l'('ncp I)('tll'e('n th(' rrnal l'C'action to Ipad in man ancI
in the raí i:; that rat:; d('\'('lop n'nal adpnocarcinoma. ThC'r(' is no C"'idpncC'
that ¡Pad ('nhanc(\,; mali/.{n:llley of any ty])(' in mano
A prohl('m in tlH' und('rstandin/.{ of tl](' progrC'ssion of acute rpnal pff('cts

in man to ehronie r('nal disC'asf' is tl1(' pal1('ity of n'II:t! hinps}" mut('l'ial
from ])('rsons \\"ith ('xcC's¡;i,'(' ('xposurp to ]('ad.
It apl)('UI'S. hOII~'s.from l'('port¡; of studi('s on mall amI on C'xlwl'illH'lItaI __

aninlal¡; that <'hronie (,fr(,(.t:; of If'ad on thi' kidll<'v al'<' d<'¡)(,lId('nt on a
p¡lrfinl!ar r('nar eontC'nt (~LI<':VI during a pmloll/.{('d 1J.e.rioL!cl tillW~~;lÚiL-=-
t!rat-¡¡'aif is ('('rtainl.y ;::;pa!>l('_of j!!dU(jI~ a dll'O!li(~ n(']JI~'o]Jathy. ~Ion~ \
informal ion iS~-lim1c'd-about fadors that inf!IIC'IH'PSUS('('ptibility uf the
kidn('ys ta ('(,fC'(:t:;01' I('ad,
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VIII. Effects of Lead on Other Organ Systems

A. EFFECTS ON THE REPRODUCTIVE SYSTEM
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Severe lead intoxication has long been associated with sterility, abor-
tion, stillbirths and Í1eonatal death~ in man (~ishimura, 1964; Gillet, 19;'););
Potter, 19(H), but evidence that lead poisoning affects birth rate 01' causes
injury to the fetus is not conclusive. Studics with rabbits, guinea pigs,
and rats indicate that ingC'stion of lead by either parent may have an
effC'ct on reproductive performance. Both size and number of offspring
are reduced (Cole and Bachhuber, 1914; Weller, 191.i; :\Iorris el al., 1938;
Dalldorf and Williams, 194;), Puhae el al., 19G:3). A recent study by Sto\Ve
and Goyer (1971) has shown that ingestion of lead by offspring (1<\ gen-
eration) of lcad-burdcncd parpnts results in decreased reproductive fitness.
Both paternal and maternal effects were recognizcd.

P_ate~gr..stiºn-ºUcªd-Rppcm's_ tO.result iI! retardatio,n Qf embl'yonic
gro\Vth of the offspring and in a reduction in the number of \Veaned pups
per litíer. These observations may indicate a defect in the spermatozoa
oflead-intoxieated males which f~rtilize the normal ova. No morphological ./'
01' fuhcfional (motility)differencc bet\Vcen sperm fmm controLand lead-fed .
parents \Vas found.

The maternal effects of lcad are exhi.bitedj)y r.Q.<itg:~dJitte.r:.sizc, retarda-
tion of fetal develQPIl).QTlt~tllld ip1...Q£ircdRQstnu"taJ survival. These effects
muy be clas:;ificd as gametotoxic, intrauterino, and extrauterine. Thc
combined ma!<~and female l'ffects oí lead toxicity on overall reproductivc
ability \V('fe grcater \\'hen hoth parents had incrpased lcad burdcns, which
suggc'sts differcnt cffccts in both parcnts as \Vdl as additive effects. 1J:!.£...
ovaril's of ll'ad-burdPlled rnot her:> sho\V a reduced number of devcloping_ /'
follicl!':> (Fig. ~4). Similar rnorphologieal ehang!'s have bccn obselTcdin"
oV'üilPs of rlH'SllS monkeys \\'ith IPad intoxication (Vcrmande-van~'Eck
and :\I('igs, H)()O). Thc' offspring in these pxperimC'nts did not have any
congC'llital malformations.

A t('ratogC'nic effect of lcad has bppn demonstratc:d cxperimentally in
the golclPll hamster (Ferm and Car¡wnter, l!.l(7), ancl chromo:;omc abcr-
ratiolls ocellr in leukocytp culturps of lead-poisoncd mi ce (:\Iuro and

FIG. ~4. (A) Cross section of ovary from a normal rat 22 days postpartum. Xumerous
developing; fol\icle~ are presento X 20. From Htowe and Goyer (l!l71). (B) Cross section
of oval'Y frolll an \<" leau-intoxi"ateei rat, 22 uays postpartum. 'rhe ovary eonsists ldmost

••• entil'ely of corpom lutea with few develuping; fullicles. X~O. From Stowe anu Goyer
(HJ71 ). Reproduced from Feri. Sieril. Copyright @ 1!l71, Williams & Wilkins, Bultimore,

Marylunu .

...



Goyer, 1969). Both expcrimcnts employed rclativcly large dosagcs of
lead and the teratogenie effect of lead is speeic$ specific.
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B. ENDOCRINE EFFECTS

Endocrinc effpcts of lead are poorly udinpd at thc prespnt time. Lcad
dcercases th,yToid function in man and cxpprimpntal animals. Con\"(:r~
o{iüdine to proteiñ=bound-ioain(~ is impail'pd in lcau'".-illtoxicatc'd rats
(Sandstcad, 19(7). Uptakc of 13'1 is som<'tinH's dccreased in men with
lcad poisoning and can bc offset by treatnwnt with thyroid-stimlllnting
hormone (Sandstead el al., Hl(9). The uptake of iodine by thyroid gland:>
in l'ats poisoned with Icad is dccreaspd, and the uptake of iodine hy thy-
roid sliees from lcadcd rats is also dceI'eascd (Slingcrland, 19;");"»)

C. }IYOCARDIAL EFFECTS

Struetural and funetional changes of thc myoeardium have I)('en noted
in ehiluren \\"ith aeutp lead poisoning, hut, to datp, the extent of such
studip:> has Iwpn very limited. TIH're is sparsp mrntion of uirpct eardiae
effccts of leau in the oluer litpratul"{'" Hom',"('r, a report of d('gl'lH'rative
ehangl's in hrart muselr of fi\"(' ehilul"rn dying of aeute leau toxicity ha')
bI'ought attpntion to this pos:>ibility (Klinl', 1UGO). } [orl' ¡"('c('ntly, Sil\"('r
and RodriglH'z-Tor¡"('s (lUGS) notl'u abnol'mal ('l('ctrocaruiograms in ,OSé
of 30 ehilu¡"('n \\"ith symptoms of lr>at! toxicity .. \ftel" dH'1ation thl'rapy,
the l'1('etroeardiograms I'emain('u abnormal in only fOIll" (1;~S~) of th('
patients. El('ctron microscopy of myocart!ium of leat!-intoxieatpt! rats I.H!;L
shown diffll.';p (!Pg('nprativ(' l'ilang('s (Xsokan el al., 1971).

D. CHANGES Di' THE hl:\IC:-;E }[ECIL\:-<ISM [:-;Dl"CED BY LEAD

Althollgh littJ¡, i::;kllown at p¡"('Sl'nt abollt tl1(' d'fl'cts of aeuÍP oI' ehronie
lPad poisoning on tlH' immlllll' nWl'hanism :tnu on ::;u::;el'ptibility to in-
fl'ctious t!i::;('asl'. ¡"('c('nt studi('S slIgg('st su eh a rl'lationship. :\Ii('(' l'xpos(,d
to lu\\" dos('s of [l'ad nitral(' fOl" ;W days sho"lI"l'd g;l"l'at('r suse!'!>t ihilit.v t o
ehal!('ng;l' with Sall/lIIl/clla l!/I}¡'¡lIIurilllll than ('ontrol" w!lidl n'epivl'd llO
leau (H(~mphill el al., 1U7l). Po"sibll' m('c!lani"ms for thi::; ('ffl'et ille1ud(,
intel'f('¡"('ncc with polymorp!lollllc1l'al' Cl'1!funl"tion and bindin¡!; of immulH'
prot('im; (incluuin¡!; antibodi('s anu ]wr!laps eOIl1]lknwnt) by 1l'au. FurllH'r
undpr::;tanding will come hom additional ::;tllt!y, IlUt re1(,v:.lIlt:P to 1Pad
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toxicity in man may be difficult to establish. Children most frequently
affected by lead poisoning live in underprivileged urban groups and fre-

_ quently have anemia. They may be high-risk candidates for contracting
infectious disorders for reasons other than lead toxicity.
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IX. Recognition of Lead Toxicity

For the recognition of lcad toxicity oné must distinguish between body
burden of lead (body content) and adverse biological effects of lead which
may be regarded as toxic effccts. Therc is no particular level of total body
lead contcnt above or below which one is affiicted or not affiicted with
lead intoxicatiún. Symptoms of toxicity or cellular effects of lead eorre-
late \Vith tissue content of diffusible or mobile lead as discussed in Section
I1I, D. This concept explains at least in part why one individual with a
relatively small cxposure to lead and body burden of lead may have
clinical symptoms of lead toxicity whereas alead industry worker with
large body stores of lead, largely in the form of fixed or nondiffusible lead in
bone, may not have symptoms. :\loreover the onset of lead toxicity, even
acute toxicity, is not a sharply defined evento Rather, it involves a contin- /'
uum of change from normalcy to ill health (Goyer and Chisolm, 1972). Qne
published "Statement" intended as a guide for the diagnosis of lead toxicity
in adults includes four classes of !Cad effect (R. E. Lane el al., 1968).
Regardless of the number of leveis of toxicity one \Vishes to define, it is
important conccptually, to rccognize a transitional state bet\Veen no effect
and clinical iUness, a state that may be regarded as a compensatory or
asymptomatic phasc of lead poisoning.
A simple scheme for the diagnosis of lcad toxicity is presented in Fig 2:5.

/--
Adaptive

or Clinical /"
Sign No eHect subclinical toxicity

Blood lead, <40 40- 80 > 80

¡.¡g/IOO mi

Urine ALA Normal Slight increase > 5-Fold
and CP

Anemia None Reticulocytosis Usually

Nervous system Nane ¡Nerve conduction? Ataxia, coma,
eHects convulsions

Renal effects Non" None, Fanconi syndrome,
inclus10n bodies? chronic nephropathy

FIG. 25. Relatiollship of vario\ls parameters of lead toxicity with stage of lead effect.
ALA, arnillolevulillic acid; CP, coproporphyrin.



Diagnostic criteria are divided into three phases, no effect phase, an
adaptive phase, and a phase of overt 01' clinical toxicity. Blood lead
concentration is pro~bly the single most us<'Íul ~('~~uEc:-oi}eac!.toxicity
since increased blood leadconcentrations refkct soft tissue c_oncentratiqns
which. relate- t? adv~r~efunct.lona~ or~ctaboli~~cff<ic~. It is uncommon to
find subjccts with blood lcad concentrations greaü'r than 60 ¡.¡g/lOOgm of
whole blood who have not had excessive exposme to lead. Few pl'rsons in
the general popuiation, adults 01'children, have blood lcvels of 40 ¡.¡g/lOOgm
without a history of exeessive exposure to lead. The "compensated" lead
industry worker may have bloodlead levels near 80 al' 100 ¡.¡g/lOO gm
without overt symptoms of lead toxicity. On the other hand, children with
blood lead levels greater than 60 ¡.¡g/lOOgm must be regarded as experienc-
ing lead intoxication. Blood l('ad concentration in itseIUiLnQt_a_mea.sW~C_Qt
pathological C'ffects of lead_lmJ;Jl:1ust be wxrdated \VitIl other biochemical,
fúnctional, orclinicaLma~tions~t'J~ad toxicity.

d-ALA and coproporphyrin~.xcretio!! reflccts lead effects Oli heme
synthesis, anci.thj¿Sc. tlYQcJ~giRhyrin inter~diates are th(l Illost se_nsitive
indicU'i~;~of an ª~ke.r&e-bioQhllmicJlLflffecLof lcad (Editorial, 1970). The
relationship bctween minary d-ALA and blood lead is shown in Fig. 26. For
persons with blood 1Pad levels aboye 40 ¡.¡g/lOOgm urinary d-ALA excretion
does relate to blood lead le\"(,ls although variation is great, and thl're may
possibIy be no increase in d-ALA with blood lead lcvcls below 80 ¡.¡g/lOOgm.
This range COIT('sponds to the adaptive al' subclinicaI phase of Iead
int:)xication. Increase in urinary d-ALA is exponential with respeet to l('ad
concentration in the bIood. BIood Iead aboye 80 ¡.¡g,'1QOgm is nearly aIways
associated withjnJ:TC:).$ed urmary d-ALA exc~ction and i;L;sualIy accom-
panied by discer!libIe clini~~ll f'ffects such as IC'ad-relq,ted anemia, with al'
withoUtf'ff~cts on the nervolls systf'm. Urinary coproporphyrin conCf'n!l'Jk
tions similarlU'fleet,-AI('a~U'ff(~<;t on !!emp !n('t-tlbQlism~and may-I¿e (~\~f'll,
mo~~ñsiti\:~' than urinary d-ALA, hut thf'Y lack sm'eificity. :'\i'verthe1Pss,
mC'asurl'nll'nt of urinarY(~OI);Op;rphyri;-con~(:~tration may Iw a lIseful
scrl'ening t('st. AnC'mia is a less sensitiV<' inckx of Il'ud toxieity than
detection of hem(' prodllcts in the urine. Dming tlll' earIy 01: udaptive phasf' I
of incrf'asf'd l'XPOSIU'('tO i<'ad, inerf'usf'd syn t l¡psis of hemogIohin amI
prodllction of f'rythroeyt<.s may eoml)('nsat(' fOl' Ioss of erythroeyt('s du(' to f
dec!"l'ased survivaI 01' dUl' to inhibitory l'fff'l'ts of I('ad on hl'ml' :;ynth(':;is
.-(Sectioll VI, C), but rl'ticuloeyt<'s amI basop!lilie stippling of n'u blood e!'lls
are prl'sl'nt 1l('vf'tth!'ll'ss,

\

Efff'ets of If'ad on thl' nl'I'VOllS syst('m and thl' kidlll'YS arf' \lsualIy
rccognizablf' only durinp; ti\(' OVl'rt phas(~ of toxieity. Childl'<'n \l'ith bIood
Icad concentmtions abov(' 1,:2,.¡.¡g/lOQ I5.mnl'ar1y alw.ays hav(' ¡l'ad ('n-I ccphaIopathy, and adlllts \l'ith bIoad !l'ad I(,vl'i:; in this rang(' arl' n'gar(\<.d
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in blood. The dottcd lilles mark the upper normal limits. From Selander and Cramer.
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as having ¡idangl'rous" \eVl'\s of ('xposure with accompanying acute symp-
toms and long-tf'rm Sf'qlH'!al'. ::\('r\'f' conduetion, as l'~prf'ssed by a decr('asc. --
in nf'rw impulsl' amplitud<" may bf' decrcased in thl' adaptiw phase oJlcad

I toxieity (Fullerton and Harrison, 19(9) in \\'ork<,rs with excessivc f'~osurc
-¡ to kad (S('e Sf'ction V, D).

Clinically demonstrable rl'nal ('ff('cts of Il'ad toxicity, namcly renal
tubular dysfunetion, 01' thl' Fanconi synd'ronw, oceur only in association
\\'ith othf'r signs of kad toxicity. Induf-itrial workl'rs with f'xcf'ssivf' f'Xposurc
to If'ad and incrf'af-il'd urinary <'xcrf'tion of I('ad, hut without clinical signs of
Icad toxicity hav(' only minor incrf'asf's in urinary amino acid excrction
(Clarkson and I\:ml'h, H);j(j; GOYf'r el al., 1972). It is unlikdy, therdore,
that rmal tubular fundian is impaired ta a mf'asumble df'gree during the
adapti\'f~ phas('. ::\('\'l'l'thl'\<'ss, intmnuc!P-ar ineillf-iioIl bodil's occur in mts at
a low('r dosagl' of ¡f'ad titan is n<'<'c\l'dto produc(~ functional signs of lcad
toxicity, Also, ine1usion hodi('''; an' prcsf'nt in ¡'l'nal hiopsy spccimf'ns of lcad



industry \\'orkers \\'ith minimul signs of lead toxieity (Section IV, A). It is_
suggested, therefol~ that inclusion body formation involving the binding
of renullead i~ u nondifÍllsible-lead-protpin complex probably o'ccurs durin~
thcúdaptive phase orincreused exposurc to lead. •

Overt clinical toxieity may be further subdividpd into an eur1y, reversible
phuse and irreversible effeets.Rpfercn~e to reversibility is more meuningful
thun use of tlw terms ucutp 01' chronic since these tprms imply time as u
factor. A child \\'ith aeute Irad intoxication muy have more significant
nonrevl'rsible, crntral nl'l'\'ous systrm ::icqllPlae than an individual \rith u
more prolonged but lrss se\'erl' exposure to !Pad.

Estimutrs of body burden of leud in thc abs('ncr of clinical symptoms arp
difficult to make and must be sonw\\'hat conjpeturul. In childl'('n, X-mys of
long bonrs may revl'al rxcrssivr storngp of !Pad in the form of bands of
inerrused density ut the metaphysis. In adu[ü; (H<>ndcrson and Inglis, 19:i7;
Westermun el al., 19G;i), iliae bone biopsies obtaill(,d \\'hile performing bone
marro\\' aspiration may be uspful to meusure bone lead. Urine !Cud h'vel may
be normal even \\'ith inereased body stores, but the inel'(~ase in urinary lead
\\'hieh follo\\'s a provocative dose of EDTA is anothcr useful approarh to
cstimating the body burdm of lcad (Emnwn;on, 19(3). And, finally, lead
eontel1t of huir and fingf'rnail clippings muy rdlect inc{rase in body lcad
sto res (Kopito el al., 19G7; Hammrr el al., 19i1).

Although blood Il'ad k\'l'ls in the upper range of normal (40-GO IJ.g1100
gm) 01' in thc {'ur]y adaptive phase are not usually associatcd \\'ith cliniral 01'

even biochemical ('vidl'nce of toxirity, it is not lH'cessarily true thut tlH're is
no harmful elfect of marginal in('n'ases in body kad burd('n 01' blood !Pad
levpls. Th('rr is obvious 1H'ed for mol'(' ~;{'nsitivp tpS!S of suhclinical eff('cts
of !Pad. :\ vpry spnsit iv(' bioc!H'mieal ref\pdion of minimal increasps in
blood h'ad is thp ill/'ilru assay of AL:\-D hwat('d in thp stroma of cireu[ating
red blood ('<'Ils. H('rnl)('rg and ~o-\\"Ork('rs (1\)70) ha\'(' l'('cpn t Iy sho\\'n t hut
de~t'('asp in AL:\-D acti\'ity eorr<'lat('s \\'itlt innpase in blood 1('aJ !Pvels
(Fil,!;.n). TI\(' aetivity of tll(' ('nzynw may J('e!ilH' to uhout OlH'-thinl of its
normal 1(,\'(,1h(,fore henw synt I\('sis is affp<:!('d, l'('slll! inl,!;in <'I('\'at('d urinary
d-AL:\ (Ha<'ger~Al'Ons{'tl el al., UJit). At higlH'r levels of blood l('ad ti\('
aetivity 01' ti\(' pnzynw is too lo\\' to 1)(' lIs<'f1l1('Iini('ally. \VI\('th('r a d('~['('as(~
in AL:\- J) in ('ryt hroeyÍ(' st rt>ma of pl'l's{)ns \\'i t h normal (J[' marl,!;inally
ekva!<'d blood I('ad 1(,\'<'Is indieates any ad\'prse eff('els on Iwalth is I
unkn.o\\'n. It mllst 1)(' k('pt in minJ tha!' this t('s!. nH'asun's ti\(' in ¡'ilro
activity of AL.\-D in hlood lH'tIlolyzat(' anJ llIay not lH'('('ssarilv l'(,fl(,(.t any
impait'll)('nt 01' this enzynH' in ti\(' illta('t n'J 'h[ood ('ell in á/'o. B(~{'alls('(JI' t he
px!.t'('nw spllsiti\'ity 01' this t('sl, ('valllation 01' its possihk dini~al sil,!;lliri('all(,(~
must lJe continuccl.
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thc toxicity of lead. It is apparpnt from a revi('w of thp proposC'd factors that
few of them have bpcn subjpcted to the rigors of C'xperimcntal confirmation.
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A. AGE

Childrcn with acute lead poisoning brought to out-patiC'nt dinics and
emcrgency rooms of largC' mC'tropolitan mC'dieal cpnters are usual1y I)('tween
the agps of 2 anel ;j yC'ars (Christian el al., 19G-l; Ingalls el al., 1961; H.pnne'rt
el al., 1970). Recpnt scrC'cning studies suggpst that thp total numbpr of
urban children" ,,'ith ('vidC'ncc of subclimeal Ipad poisoni . many tim('s
that spcn in the m(~ lca cen ers. H'SC numb('r;; contrast \\'ith ;;poraare-
oc'CurrC'ncc of lead pOlsonmg' lñtidu1t;;. TIl<' \aUpr is usual1y associated with

. idcntifiablc episod('s of cxposurc to largc amounts of lead. .
This diff('rC'ncC'in incid('nc(' of Icad poisoning bC't\H'C'nchildrpn and adults

is not, howe\1C'r, proof of gn'ater biological susc('ptibility of childrl'll to the
toxicity of Icad. It may only mC'an that childrC'n.1!:..ITJnor<' ¡mm(' to o\'C'r-
cxposure to lead ~nd that thc small('r GOdY~f ehild;:-;;~ak('s ~¡jldrcn
iñ()"f0 suscC'phble lo a parheufardose'of1~aa. The oppOi'funiti('s1oring('stlon
oC \(>ad contri6ut(' fo thF ITlativefj=pqü(-;¡-¡ey of I('ad poisoning in young
childn'n, and pica prohably accounts for most of the ineid('ne(' of I('ad
poisoning in early childhood.

OrC'atC'r ineidl'llcP of Icad poil>oning must, howC'\'C'r, be distinguil>lwu from
grC'atC'r biological suscC'ptibility. TlwrC' an' many r<'al>ons why tlH' young
might 1)('eXlweted to be morC' su;;ceptible to I<'ad. :\Iany of tlws(' ha\"(' Iwen
rcviewPd by Hardy (19(j(j) and indude the grpat('r \'uln('rability of young
grO\\-ing til>sLH'anel greatpr variation in intestmal aCldlty or alkallIlItv, i:('.,
pHráng('s tILat may fa("lhf:i""fPTt1)sorptí()n-~f \<-:-;td.Also: sl~ift~ of \Pa~Cinto
ami ouf()flll<' grO\\"lng h~)"i"H~(~fa ehiWi11aYlnRW'nep biol(;p;l(~::¡1df('!"ts. On
t hCfJ:lSi:'l()f I\:('IL;)("s(" i"9(i 1)~1:-;:-t:0~-1~1(-:¡;shO\vtlüiTli1m,{l-t¡'füh'(ihT-¡-'n1 riit ions
ris(' to toxie le\'<,\s upon ehronie fC'<,ding of daily sUPP!('nwnt;; of 1-;~ mg
of Ipad ¡)('r day to young. Ill'althy adult;;. inl?;('stion of (j mI?;of I('ad ¡ll'1' day
i;-u1rrÚí::ifePI'mtñll) l'CSlílt ir;7iini('al t<lx1i;ít}' in -:l(hiTts~Wlll't IIl'I' an adlll t.
\\"ill d('vl'!op ('ad <,nei;¡)li:l[o¡)athy as- o¡'s('l'n,d In dlildn'n i;; diffieult to
an~\\"('r. Enl'l'l)haiopathy is ran' in adults ('xe('pt a~ th(, I'l'Sltit of \"('I'Ygl'l'at
l'XPOSUI'<'to I('ad vapor;; 01' orp;anie eompoullds of l<'ad. Dos<'-l'l'spons('
l'(.1ationships for largC' amollnts of l('ad an' not <!()(,IIIl\('nt(.d \\"(.11('lIollgh in
adlllts to al1o\\" of an~\\"('ring this (¡tll'stion. Also. tlll' gn'at('1' in('id('n('(' of
\<'ad en('C'phalopathy in ehildn'lI may rl'fl(.l't inh('n'[;tl¿ ~(';tl<'r :wnsitivity
01'"the IH'rVOll;;sy;;tl'm. Alt('l'rlatm,¡Y.adult-;;-I;I:ly-han' a great('r ('apa(.&t()-
store !l'ad in an inadiv(' form iJl 1)()l\~;:--:IS lc-a~tJ'l'otl'in ('ompil'x('s or
nuef(.¡u' inclll~ion-hodi('s. Un ti\(' o tI\(' l' hand, Hanly (l!Hlü) has sllgg(~st(~1
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B. SEASONAL VARIATION

Clini?alIy, lead poisonin~ is sel'nmost frl'quently in the summpr months
although most affccted childrpn are cxposcd to lead contained in indoor
paint, and sueh exposure is unlikcly to vary seasonalIy. Kehoe's (1961) data
suggpst that urinary lead cxcrction in a pcrson voluntarily ingesting
supplcmcntal lcad is greater in the summer. It \Vould seem thereforc that
this phenomenOñiñüst result from sorne scasonal metabolie difference. Two
explanations citedby Ba(:tjer (19;)9)-in~l~d~-inereascdvitaminD -f;om the
sun's ultraviolet radiation, and increased environmental temperaturc. The
lattcr notion is supportcd by cxperimenül.l studies sho\\'ing that lcad-
poisoned rabbits subjeeted to :37°C die in about 4 days, whercas lead-
poisoned rabbits kept at room temperature survivc. ~Ii~ ~xposed to high
temperature and injccted intraperitoncalIy with lcad nitrite die more rapidly
and have a higher mortality rate than similarly injected mice kcpt n.t room ./
temperature. The added burden of dehydration further lessens OH' survival ~
of miee injeeted with lead (Badjer), although it is unlikely that dehydration
is clinicalIy rclevant in l('ad-poisoned ehildren (Chisolm, 19;')9). Horton
points out that seasonal metabolic cycles might explain increased suscepti-
bility to infectious diseas(' and also may infiu('llce nutritional and metábolie
abnormalities (Horton, 1971). These ideas have heen reviewed hy Sargent
and Sarg('nt (19;'jO), but have not been related to the problems of lead
toxicity.

C. CALCIlJ~[ A~D PIlOSPIIORCS

T!).2-al>~:ption_()Lh~d from the ga~troi~.!ys_tinal tract as \Yel! as the
pat'titioning of l('ad in various I)ody c()mpartm~'nts apP('ars to he regu!ated
by the sanl'e phy;;iological.m(:chanisms- which control the Ilwtabolism of
caleium and pilo~¡)horus. 1ntl'r('st in t IH' re!ationship of these min<'l'als to
lcad nwtal)olism h~~sI)(,l'~ldin'cted toward their uSl'fulness in th(~treatm('nt
of leau poisoning. :\Iany of tlw l'arly stuuie" are summariz('u in ¡>al)('l';;by
Led('l'('l' and l3ing (lD-!O) and Shil'kb and ~Iitdwll (19-!1). Ab"orption of
le<ld from the gastrointl'"tinal tract is impaired by amounts of diPlary
ca1eium and phos¡>horus abovl' eertain low limits. Drinkin¡!; of largl' amounts
of mil k has bc('n praetic(,d as prophylaxis to h'ad poi"oning, hut tl1('
effectivenl'"s of thi" (~ustom has be('n C[u<'stioned (Longh'y, 19(7). Howl'ver,
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. INFLUISNC¡'; O~' Dn;'rAR¥ CAL~;IlJM. ON LEAD EFFEc'!' IN !lA'!' FED NORMAL 'CALCIUM (0.7%), LOWCALCIUM (0,1 %),
AND LEAD (200 Pl'~i OF DHlNK.ING WATlm) DIE'l'S FOIl 10 W¡';EKS" .

Level of significance clue toPb,
Ca, and interaction of Pb and Ca

N umber of animals
Blood Pb (llg/100 mi ::1: 2 SE)
Hematocrit (::1: 2 SE)
l.:rinary d-.\LA

(llg/24 homs ::1:2 SE)
Urinar)' XII,~,

(Ilmoles/24 homs ::1:2 SE)
Kidlley PI> (Ilg!gm ::1:2 SE)
Femur PI>

Animal groups
-~-----------'-----
Xormal Ca Lo\\' Ca Normal Ca' + Pb Lo\\' Ca + Pb

S 7 , 7 Ü
<10 <10 50::1:20 190::1:40
.1;3.2::1:0,8 4.1.(\::1:2,0 41. 0::1:1. G 3S.G::I:L2
:3;3.D::I:7.6 3.5.8::1: 10.8 4D.8::1:20.2 509.3::1:D8.6

;3(;.:1::1::31 57.0::l::lS 4(;.8::1:1:1 184. G::I:142

2.0::1:1.0 4.4::1:0.6 2D.ü::l:7.0 691::1:203
2.2::1:1.0 9.7::1:2.2 7:l.4::1:2.') 202::1:22

PI>

0.0001
0.0001
0.0001

0.0001
0.0001

Ca

0.0001.
NS
0.0001

0.0001
0.0001

Pb X Ca

0.0001
NS
0.0001

0.0001
0.0001

~
O
t:d
t'l

~
?-
O
O
>-<
t'l~
>
Z
1::'
t:d
O
Z
Z.~
?
::d:;¡:
>-<
Z
t'l

" ~Iodified from Six ,¡nd Goyer (1 DiO).



D. PROTEI:-<

Kostial and co-\\"orkers (1971) havC' sho\\"n that calcium and phosphate
additivC's to co\\"'s milk reduce body burdC'n of IC'ad in ne\\"born rats.
Greater rctC'ntion of trace amounts of dietary Imd-203 \\"as obscrvC'd in rats
5-7 days old fcd co\\"s milk tlum in rats givcn CO\\'Smilk supplcmentC'd \\"ith
calcium and phosphate.

Shic1ds' and ~Iitclw11 (1941) concluded that lo\\" dictary calcium,
phosphorus, 01' both, induce a higlH'r rct('ntion of lead in thc boay by
cOñíPal'lson t~ díCts contai~rnghi~r\;pls of th('se min~~Attempts to
partition thC' increase in retainpd Icad bet\\"Ppn bonc and soft tissu<'s \\"ere
limited to a few experim('nts. ~Iore recently, Six and Goy('r (1970) have
sho\\"n that in rats giv('n 200 fJ.gof I('ad per mi11iliter of drinking \\"at('r lo\\"
dietary calcium grcatly ;ñhancPS1he scverity of anemia, the blood I('ad
levels, the urinary el-ALA C'xcrC'tion und the aminoaciduria by comparison
to controls givcn tlw same amount of lead but adequate amounts of dietary
calcium, (Table V). Partition~ of lead bet\\"('en bone and a specific soft
tissue compartmcnt i;altered; a ~~p;l:;;;nt~c::Of th<i..lC'ugincn'~~ntis
insolttlsS~TIiisc~(~nt al so C'mphasizcs'the corrclatiQn bct\\"een soft
t"~uc Icadund scverity of c1inic''!l tóxlc!!y. _.~ ~ -~-
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Dietary prot('in may infiupncr Irad intoxication. An carly papel' on this
subjcct is that of Baprnstpin and Grand (1942). Young rats \\"C'i'C'fC'd lead
chloridp (1..'í%) in di(,ts containing G, 13,01' 20% protein (casein). D('crea15C'
in \\"eight gain and mortality diminishpd \\.Iwn di<'ts containing higlH'r
protrin I(~vpls \\"('re ginn. Addition of cystine 01' nwthioninC' to the G%
cascin did dpcreased mortality and imprond \\'eightgain in the rats fpd

.Iead a15 \\'p11 as in control rats. ~Iorc recpntly Gontz('a and Co-\\'orkprs / .
(19li4) llbs('t'\'pd that pair-f('d rats on a 9% .prot('in <lid \\'el'(' morC' suscl,'l)ti:"
bl(~to ¡pau intoxication than rats fC'd an 1W70 caspin diC't, as juugpd'\>y the
lead cont<'l1t of liv('I', kidn('Y, and blood.

E. VITA~lI);S

1. Vilam in D

Vitumili D may ('nhancl' I('ad poisoning in ('xll<'l'inwntal animab. Lpad
co~cPlltrat\()1l in bl<¿()l!_am.llwlll''iisgn'atpr in rats I'P('P\\'lIlg sLi¡ip17'nwnt-;ry
vit~j)t~~iI~ thos(~ Ilot J'('('(,i\'iniÚ-(Síil~'lel~!¡;~""'). I'n'sUlnal;ly:
vitümill J) ('nltan('(';; gastl'OlIltl'stlIwl absol'ption of I('ad as \\"('\1 as of
calcium. \Ylll'tlt('r inen'aspd 'ione deposition of kad dlll'ing administratioll



2. Ascorbic Acid

of vitamin D reflects a sp('cific eff('ct on bone metabolism, 01' merely refleets
inereascd blood levels of lcad, is not cIear. '

-
-
-
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The addition of Iargc amounts of aseorbie aeid to the diet of industrial
\Vorkers \Vas suggpstcd as a m('ans of a!leviating sueh symptoms of lead
intoxieation as basophilie stippling of ('rythroeyt('s (Holmes el al., 1939).
Pi!lemer and eo-\Vorkers (1940) found thaí lead-poisoned guinea pigs t!'Pated
\Vith u seorbutic di(,t devdoped neurologieul symptoms more readily than
did l('ud-poisoned guinea pigs f('d adequate amounts of aseorbie aeid. Gther
invpstigators have found ascorbic aeid to be \\'ithout effcct in lead toxicity
(Evans el al., 1943; Dannmbcrg el al., 1940).

3.. Vicolinic Acid

A numbrr of experimental studies suggest that nicotinic acid synthesis
from tryptophan is impaired in ('xp('rimental leud poisoning (Peeora el al.,
1(66). Administration of nieotinie aeid may rdieve somc of thc eIinieal
manifestations of experimental lead poisoning (Sales VazquC'z, 194:3), and it
rC'duecs porphyrinuria in lead-poisoncd rabbits (Pecora el al., 1966; Bmko,
1942). This finding \Vas not co'nfirmC'd in similar studies \\'ith mts (Acoce!la,
]966).

Gthers hav!' found redueed nicotinic aeid lev('ls in blood and urine in lead
poisoning along \\'it h increascd urinary rxcretion of xanthurcnie aeid, \\'hieh
sug;gcsts impaircd tryptophan mC'tabolism (PC'cora el al., ]96fi). Ho\\'C'vcr,
on t he basis of tryptophan load tc::;ts, Tenconi and Aeoee!la (1966) concluded
that IC'ud intoxicution in rats did not cau::;c chunges in tryptophan mC'ta-
boli::;m ::;imilar to those scen in pyridoxinc-dC'fieicnt statC's.

F. ALCOHOL

1t has long i)('C'n 1)('li(~v('dthat aleoholism iIH'n'ltl'll'Ssuscppt ibility to thc
toxic dfrcts of I('ad, a r('1ationship bridly I'(,f('rn,d to in S('etiOIl VII, A, :2 c.
Littlp is kno\\'n a!Jout th(' basit> for tlH' appar('nt synprgism b('t\n'('n alcohol
and lead. 1£ t 11(' c('!lular pathol!!£;L C!! ~'ll(l .i-lI1S:L alcohol l~r('~'o_mpar('d,
simi!ariti(';¡ 'can 1)('_11gt('(L Bol h [(oaci amI all'oho! produ('l' __..D1itol'hgndrial
injlll'Y. In -vilro siudi(';; of n"lítoe!lOnclria from ('thanol--trmtpd rats :-:iho\\'
d('cn'as('d oxidativp pl'Op('rti('s ane! iner('as('d mpmbralH' f)('rmpability
(Frl'llch und Todoroff, l!)70).

AnotIH'r ('xp1anation of tIll' apparpnt syn('rgism of l('ad ane! alcohol is that
th('-introduction of nutritional~ii;[ll'i('s i;y alcoholism ('nhanef's tlw'---- --



1~1
r r"¡¡ 1 '----;1 t ~\ 'h •('-'t 'r"1! ru r- !\ "[~J

, [' "j' (~ü r ""l~., J '1 '0

,) ',,, jJ " 4J ., . v

TABLE VI

INFLuENcE OF IRON DEFICIENCY ON 'TISSUE L'EAD CONTENT ANO HEMATOCR¡T ANO URINARY d-AMINOLEVULINIC Acm (d-ALA)

DI RATS FEO' NOHMAL IRON ANO Low IRON WITH AND WiTHOUT LEAD (200 ,..G/ML DRINKING WATER)"

, .Animal groups
Level oí significance due to Ph,
Fe, and interaction of Pb anel Fe

Number of Animals
Hematocrit (% :i: SD)
Urinary d-ALA (,..g/24 hours)
Kidney PI> (,..g/gm wet tissue
:i:2 SD)

Femur Pb (,..g/gm wet tissue)

Normal Fe

9
45.7:i:L2
16.3:i:8.5
1.0:i:0. 2

5. 6:i:2. 7

Low Fe

8 .
42.6:i:1.9
16.3:i:8.5
1.9:i:0.8

1O.6:i:6.0

Normal
Fe +.Ph

8
44.2:i:1. 7
180.2:i:95
14.5+3.2

75.2:i::26.2

Low
Fe + Pb

8
37.8:i::1.8
356.8:i::167
38.7:i::9.5

225.2:i::30.3

Pb

0.001
0.001
0.001

0.001

Fe

0.001
N.S.
0.001

0'.001

.Pb X Fe

0.05
0.050
0.001

0.001

~
~
::z::
O
t"
O
1:)
1-<
('1

>-
t"

t":I
"'l;J
('1
>'l
rn

O
"'l
~
~

" Modified from Six al\(l Goyer (1972).
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toxicity of Icad. Thcsc dcficiencies in elude insufficient intake of calcium,
of -protl'in, and of vita-mins. - -
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G. IRON DEFICIENCY

Chi\e!rl'n with ll'ae! poisoning often haV(' iron e!l'fici('ncy anl'mia, ane!
eith(.; \l'ad -;oisohiñg 01' iron- d('ficil'ncy ~ ¡~~~~-mic~:(~'ytG- anl'mia
(Sl'ction VI, A). A :;ynl'rgi:;m IWÍlY<'en thl' t\\'O cone!itions ha:; hl'('n :;us-
pl'ct('d. The tl'ndl'ncy for chile!rPn to han' pica. a factor in ehile!hooe! iPae!
poi:;oning, may be on(' \e\'('\ of intl'raetion IwtlY<'('n tl1(':;l' tIro cone!itions.
EXlwrínlentaI iron e!diei('n('y, cnhane(':; li:;sue roncl'ntrations of iPae! in rats
and rl'sults in toxie dfl'et:; when dos(':; of Il'ae! are given that arl' subtoxic to
contr?1 rats (Six ane! Goyer, 1\,)72) (Table VI).

H. SYNERGIS:YI WITH OTHER :\IETALS

It might b(~ expl'ctl'd that th(' metaboli:;m of e!iff('1'Pnt IH'avy ml'Íal:; is
similar enough to have o\'l'rlapping 01' similar toxic eff('cts. 1'IH'I'(' al'(' f(,\\.
clear ('xampl<os of :;uch synergi:;m. Sen'mI of tlH' h('avy mc'tal:; bine! il/ ¡'/¿'O

to I'('e! h\uoe! c.dl:;. Huwl'ver, tl1<' attachm('nt of \c'ae! to tlH' I'('e! b\ooe! cl'll
memlJl':lll(' is not infiuc'ncl'e! (il/ á/ro) by thl' pI'(':;c'nel' of otl1('r heavy nH'tab,
including cae!m iu.ll1, mel'('ury, zine, ane! a\uminum; this :;uggests that \l'ae!
may 1)(' nwtaboliz('d ine!q)('nuC'Tlt of othcr mc.ta!:; (Chu'k~';~I~(lI\:('ncl;,
19;¡K). -

It ha:; IH'l'n \l'~u'nee! l'eeent\y that cae!mium i:; <'l('v~tt('d a\ong with iPau in
tlH' hloouof ehildn'n ,,'ith SUSPC,(.tl'e!\('ae! poisoning, and tlH' possibk toxic
syn('rgism of th(,s(' nH'tals is !lC'ing ('XpIOI,(,(\ dinieally (Challop, 1\171).
A :;yn('rgism of tl1(' tl'ratog('nie l'fl"('cts of I('ad and c'admiulll in ('xpcrinH'nta\
anlmals has I)('('n d('monstra\(,d I'('('('ntly (¡.'(,l'll\, 1!)(;\) .

l'n'('xisting dis('ase of major organ syste'ms Illay ('nhal1('(' tlH' \'Idn('r:l!Ji\ity
of aff('(,t('d llC'rsons to tlH' toxie ('ff(,cts of I('ad, hut doeullH'nt al ion of this
tYI)(' of sYIH'rgisll1 is limite,d. S('v('ra\ I'('ports from 1-:u 1'01)(' point out thl'
iiH'('l'as('d SUS('('ptibility of 1lC'l'SOIlSI"ith 1H'Il111globillanolllali('s, slll'h as
hemoglobin S une! e ui:;('as(' amI tha!ass('mia, to toxi(' ;;uhst:lIl('('S whidl,
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like lead, affcct erythrocyte metabolismo Carriers of such defects must be
recognizf'd ando protcctcd from CxpOSUl'eto lcad (Gaulticr el al., 19(8).

Individuals df'ficiC'llt in glucosc-6-phosphate dehydrogenase sho\\" in-
crcasf'd suscf'ptibility to lcad and should be idC'lltificd by a sCrl'cning test
beforC' thC'y are f'mploycd in alead industry (8tokingcr and ~Iountain,
19(7).

1'11<'kidnf'Y has a kf'Y role in lead metabolism, and chronic rf'nal disf'ase
from any causf' must rf'duee tlH' eapacity of an individual to f'xcrctf' lf'ad.
8tudiC's in rats suggC'st that thf' immaturc kidnC'y is more susceptiblc than
thf' adült kidncy, and l'{'ducf'd l"('nal ('xcretory capacity, such as occurs aftcr
uni1at('ral nf'phrf'etomy, rnhanc('s thC' toxicity of lcad (1'ange el al., 196.'1).

XI. Summary

1'hf' patholo~ical f'ffects of l('Ud are most prominent in thrf'c organ
systC'ins: thC' Ilf'rvoussyS1(~m, hf'matop;irtic systC'm, and kidnf')'s. Acute
eñcrphtllopathy is charaetrrizC'd by cereb l:aI-6ckma , proIíIrration and
s\\"clling oI' C'ndotlw!ial cC'!ls,dilatation oí capi!larics and artcriolC's,
prolif('ration of glial edls, focal nC'crosis and neuronal deg('llrration. 1'he
greatC'st concf'ntration of IC'ad in the hrain is, in cortical and cf'rrlwllar gray ./
mattl'l'. 1'11('prolifC'l'ation of ~!ial epJ!::;may l'dlC'ct a dil"('et l;ca'ction to Icad
sincC' !<'ad-in<1uccd ine1usion bodiC's may hC'found in nue1C'iof astrocytcs ncar
thC' cortical SUl'fucp, of thC' hrain. 1'hc sC'c¡uC'Ia(~of lPtld ('nccphalopathy
inelud(, conntlsions, nwntal rdardation, amI, IC'sscommonly, optic atrophy.
PCl'iph('J"a[ [C'ad IH'Ul'opathy i,-; charaetf'l'izC'ti by sf'~mC'ntal dC'myC'[ination
and axona[ df'g('n('ratioIl \\"hich tU'C' accompani('d by Sch\\"ann cdl
dC'~C'Il<'rat i(lll.

LC'ad pro<!ut'l's a miero('ytic hyp()('hromic anC'mia, 1'hC' anC'mia I'f'SltltS
fmm t\\"o tYl)('S of ('[f('ds, a l"(,duetion in l'C'ti hlood ('dI sUI'\'ival and ~ .
impairnwnt of IH'mf' s.\'I1tl\('"is, TI\(' shortf'n('d lifC'-span of C'rythroeytf's Jn!l~;
rC'sll!t from a dilTet C'ff('(,tof IC'ad (JIl matlll'(' 1'('(1blood ('C'!ls. Impairn1i~nt of
lH'n\(' syntlll'sis by IC'ad has ¡¡('('n ill\'('stigat<'d in d('tail, amI at !<'ast thrC'C'
altl'l'ations hav(' I)('('n ddin(,d: inhil)itioll of ALA-D, dC'l'C'pn'ssion of d-:\LA
syn t IlC'tasC', amI impairnll'll t ofincorporat ion 01 mm Into -,1('llW, proba!>!y
d\\(, to lllhdlltlOll 01' fl'l'roch('iatas(' aeti\'it)~ Inhil~ition of AL.\-D I'('sults in
in('I'('as('¡[ u"'iTríán' rI-:\L:\ ('X('I'(:tiOl~':1 -;:;-¡lsiti\'('illai~:ilil[ or T>i()(;¡l(.ñlieal('ffi:M s oi I('ad. . . --' .. _. . ~

TI\(' l'('II:lJ('ffc,(,ts of kad ('ollsi",t 01' ;tcut(', 1'('\'C'l'si!>l('!uhulal' dy::;fllll('tioll
('h:ú'at'!('l'iz('d hv t I\(' Fall('~)J~i~;I~I~JI1~(',~;;;-I'(~f l'!II'Olli('-IH'phropathv Il'it h
1I0.Q~'d(i(~<Jla.;IV;('::L.im:lu~lill~Il~;t itial fihr(;'"is :\11<1('y,.;ti(, dilat aliOIL~)f
at I'OphiC' t IJhllles._ Chl'OlIi(' I('ad 1I('phi'opa! hy is ()ft('lI a('('()lHpalli('d hy
h~'I)('nll'i('('lIlia ami gout. \"('phrop:tt hy ollly n'sults fl'ol\l IOll~-t('rlll,



continuous exposure to high levels of lead and is presumably uncommon
today. In rats, lead-induced nephropathy resuIts in hyperplasia of renal
tubular lining cells and in adcnocarcinomas. There is no cvidence that Icad
produces cancel' in mano .

Other pathological effects of Icad incIude a possible reduction in repr~-
ductive fitness, altered endocrine function, particuIarly hypot.hyroidism,
and possibly myocardial changes in persons with acute lead int.oxication.
It is possible that lcad also reduces the cffectiveness of immune responses to
injections.

The cellular response to lcad involves the formation of intranucIear
incIusion bodies in cells of organs with the greatest cxposure to lcad, i.e.,
the celIs lining proximal convolutcd tubules in the kidneys, and hepatocytes.
IntranucIear inclusions have recently also be en demonstratcd experi':'
mentalIy in astrocytes of the superficial cerebral cortcx of suckling rats.
Thesc l:>0dics are composed of a lead-protcin complex and may permit
cclhilir 1tlliCtiOO~c~ntinucin the presencc üf-increased" amounts of
intracelIular Icad by binding thclcadiña nonaiffliSibli complex. r~
formation of inclusionbodics - may be important during adaptation to
e~cessive exposure to I~ad. - - ~.
l\lembrancsoTiñitochondria appC'ar to be Rarticularly sensitive to

intraccllülar lcaa~-\Iitochon~'ial Icsions incIude d~re~scd r~spiratory and
pnosplioryIafiveUblÍitirs. Sl~chlesions may contribute to the dysfunction
ofrC'nal tubulcs obsC'rvcd in acute lead poisoning. Since sorne of the
heme-containing ('nzymcs are locatcd within mitochondria, thc effect of
lead on thcsc organclIcsin crythroblastic cdls is rclated to the anemia of lcad
toxicity. Effccts of Icad on prot('in synthcsis are Icss welI und('rstood. Lead
interf('n~s in vitro with ribosomal aggrcgation and may also affect mito-
chondrial protC'in synthC'sis.

To rC'cognizc kad toxicity, onC' must take into account at I('ast thrC'P
phases: a ('ov('rt phas(', un adapti\'C' 01' subelinical phas(', und a phasc of
ovC'r1,e1inicul toxieity. B100d Iead Ip\'l'!s are u us<'Íul m('asllrC' of l('ad
toxici1,y sine(' l('ud cunePhtration in the blood is in ('quilibrium with soft
tlssu(, co;'ÜC'nt of lead, w1l'iNlm tUt'll is ¡.i;IateJTo udvc¡:Se functional "al'

~hollC C'ff¡'cts. IneÍ'pas(' -in Ú¡:in:J.ryPXC¡:C'tl(m~f'(l-.:Ü:-Aañ;r~~~p;.~p~'-
phyrinuriu rpfJpct parry;1r~s of Imd o~ h('m(' syntlH'sis. TIH' most
señsitivc biologicul assuy of blood 1(~~'v(~ls" pn:;C'~tTy -uvailabl(' is thc
deer('usin~ uetivity of tlH' enzym(: 1\L:\-D in h('molyzat('s of \Vho\¡' blood
with inen'm;ing bIood I(':ul IC'vp!s. EnzynH' aetivity d('c['('as('s with bloou
IC'udIpvpls ('v('n in tlH' normal rangc and is u('c['('us('d to onc-third normal
activity b('fol'(' symptoms of I('ud toxit:ity can bc uscC'rtain('d. \Vh('th('r
dcp['('ss('d in vilro aetivity of this pnzynH' rpfJpcts an ad\'l'rsc l'ffl'ct of \¡.ad
on health in vivo is no1, knu\\'n.
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. Conccrn for potential toxic effects of lead has arisen from growing
awarl'ness of the relatively large amounts of lead in the cnvironment.
Therc is no question that excessivc exposurc to lcad results in clinical
toxicity. Therc is unccrtainty, however¡ regarding thc potential harmful
effects of low leveIs of lcad that do not produce overt toxicity. Clarification
of this problem wil! only be achieved with greater knowledge of the
metabolism and cellular pathology of lead.
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