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Abstract

Intake and uptake of lead in the general population is mainly via the gastro-intestinal (Gl) tract. Those biclogical and
biophysico-chemical factors operaling in the Gl tract are the main determinants of Pb bioavailability. They include sites
of Pb uptake. the physioiogy of uptakestransporn lo blood. the stage of development, interactions of Pb with nutrients,
and Gi biochemical transformations of ingested material. Lead uptake occurs as ion or compiex, from micelles and
perhaps by pinocytosis in the infant. Uptake is mainly via the duodenum but other sites can participate, e 9. ileum
(pinocytosis) and colon. Transpart to blood is by active, carner-medialed transport and passive diffusion. Uptake may
include movement through intercetiular tight junctions.

Lead uptake is affected by nutrients in the Gl tract, operating synergistically or antagonistically. Iron and calcium
interactions are most important and augment those afse occurring in vivo in lissues.

Liberation of lead from diverse ingested media, e.9. food, paint, soil and dust, mining waste, is alfected by their
chemicaliphysical forms, hydrolytic and oxidative processes in gastrc fluid and other Gl sites. Such changes in vivo
are poorly simulated by in vitro tests. The downward revision of blood lead (Pb-8B) levels considered ‘safe’, to about

0.5 umel ! (10 ug dL") or lower, causes even sources of moderalely bicavailable Pb to become important.

Introduction

The concept of biclogical avaiability as applied to the public
health risks from environmental potlutants is a relauvely simple
one: potential human health nsks associated with a substance
are actualized when Lhe subsiance in a biocactve form is
deliverable or delivered to sites of toxic action. The specifics of
the delivery are modulated by the many factors discussed in the
symposium, including the nature of the lead-containing
environmental matnx in sources and pathways.

in areas of nutrition and pharmacology/pharmacokinetics,
assessment of a substance’s bioavailability has often been the
sine qua non of research effort and quantiiative application. The
volume of pyblished work relaling to the topic in these
disciplines is considerable and growing. Bioavailability is also
implicit in that dictum of toxicology which states that “the dose
makes the poison’. The environmental epidemiology of woxic
melals and meualloids, by contrast, has ofien given less atiention
1o circumstances of Lheir form-specific bioavailability and/oe
bioactivity (¢.g. Mushak, 1987a, 1985, 1983). This is due in part
10 the absence of information on form-specific bicacuvity and
in part 10 an assumplion that the core clement should confer
uniform toxicity.

Various funciional definitions of bioavailability have been
put forward and these have as their hasis entry into systemic
cuculation, delivery o sites of action or the extent of some
cffect,

A generic form of the definition by Firsov and Piourovskii
(1986), put forth for drugs, is useful:

"The biological availability is the fraction (nutrieat, drug
or human environmental toxicant) of substance entering Lhe
syslemic circulation (¢xtent of systemic absorpuon) and the rate
at which entry occurs.”

The bicavailability of environmental lead in human
popuiations is defined by the bioiogical aspects of lead uptake
from body compartments, the biophysico-chemical behavior of
different lead species in body compartments, interactive
relationships of lead with other species in body compartments
and toxicokinetcs of lead in the human body. We are here
concerned with inlake/uptake of exogenous lead, but it should
be kept in mind that release of lead from the body stores such
as the skeleton produces bioavailabie lead and exogenous lead
exposure.

How does one determine lead bicavailability, paricularly
ingesied tead, in human populations? Approaches include:
(1) use of appropriaie experimenial animal models o simulate
the behavior of tead species in humans; (2) validaied
multimedia toxicokinetic models using appropriate intake/
uptake kinetic parameters; or (3) epidemtological approaches
through biological monitring, including methods of inferential
siatistics for identifying relationships of biclogical markers o
lead sources or pathways.

Biocavailability of lead in the gasuro-intestinat (GI) wract of
humans and experimental animals is of particular inlerest, since
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Figure | Schemauc diagram of intracellulariinter- cellular lead uptake by enterocytes in the human small intesine. lons with
a ++ charge within/between cells are either hydrated or interacting with ligand sites during diffusion.

ingestion is the mayor route of lead exposure for most sk
segments of the general population. The enteric bicavailability
of lead in some ingested medium, in turm, is govemned hy
various intrinsic (biological and biophysico-chemical) or
extrinsic (level of source-specific exposure) factors which can
operate separately or in combination.

Biological Determinants of Human GI Absorption of Lead

Biological determinants include: (1} interspecies differences,
e.g. ruminant vs monogasuic species such as humans; (2) the
site of lead uptake in the GI tact; (3) the physiological and
molecular processes underlying lead uptake and transport (o the
systemic circuladon from the gut; and (4) the stage of
physiclogical devclopment, ¢.g. children vs adults and
young/middle-aged adults vs the aged.

fnterspecies differences in the Gl absorption of lead

Interspecies differences in the entenc and metabolic handling

of xenobiotics have principally been of interest in the area of
organic chemical substances (Calabrese, 1984; Rall, 1969;
Smyth, 1960), with particular reference to distinctions
atoributable 1o mixed function oxidase (MFO) transformations
of various substances. Comparatively less has been forthcoming
with regard 1o metals and metalloids (Calabrese, [984). Some
relevant companisons have appeared for arsenic and selenium
and certain forms of mercury (Mushak, 1985, 1983) but rather
less for inorganic, divalent lead, the most environmentally
significant chemical form (see, however, Scharding and Oehme,
1573 and relevant papers in these Proceedings).

Any effect of species on lead bioavailability wouid depend
on differences in such parameters as Gl tract anatomy and
physiology, gastric processing of lead-bearing media, GI tract
acidity and/or oxidation-reduction potenuial and the
participation of biliary clearance. Existence of species-
dependent differences, in tum, becomes a key consideration in
the development of animal models of lead moavallahiity 1n

human porndatinne Srasfa Ao oan
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Table | Siudies of lead uptake sites in the mammalian Gl tract.
Species Dosing details Results Reference
In vivo
Male Wistar rats In situ ligaled intestinal Pb uptake primarily 1n Conrad and Baron, 1978

loops injected w/Fb-203

Gl intubation w/Pb-203
followed by segment
radiography

Sprague-Dawley
suckling rats: 10,
14 and 24 days oid

Same: 9-16 days old Gl inwbation w/Pb-203 as
salt or in milk micelies

Pb-203 njected into situ
figated intestinal loops,
different diets

34 week-old White
Leghom chicks

Pb-203 given via open-ended
duodenal loop perfusion

C356 BI/6 Jax adult
mice

Adult guinea pigs  PB-Oac in drinking water

Daosing of isolated loops,
colon and jejunum w/Pb
solytion

Adult guinea pigs

In vitro
Adult Wistar rats Everted duodenal sacs

iMcubated w/Pb-210

duodenum

Duodenum 1s site of PB uptake Henning and Leeper. 1984
w/lransport, transport, ileal

uptake wiretenuon at 24 days

Pb salt absorbed in duodenum,
Pb in micelles absorbed in
ileum

Henning and Cooper, 1988

Label uptake in duodenum Edelstein et al., 1984

varied w/level of nutnents

Duodenal uptake, vaniable
with iron status

Flanagan er af., 1979

Pb uptake in ileum and colon, Rizzi er af., 1989

similar tissue levels
Jejunal uptake higher than Hussein er ai, 1984
for colon; other sites not

tested

Labet uptake and wansport, Barion, 1984
mucosal 10 serosal surfaces

of duodenum

lead bioavailability in humans are presented elsewhere in these
Proceedings.

There is litle evidence to support any nouon that ingested
lead behaves differently in ruminants compared 10 monogastric
animals, whatever the differences in gastric anatomy and
physiology. For example, regurgitation and chewing of
lead-containing material and a methanogenic, chemically
reducing milieu in the ruminant G! tract might be expected w0
affect lead bioavailability differently than when simpie passage
of ingested lead through the monogastric stomach and intestines
with an oxidative environment occurs.

On the other hand, there is extensive literature
documenting that ruminants readily absorb lead from
contaminated range feed/soil and expenmentally-dosed diets
(e.g. Allcroft, 1950; US EPA, 1986; Zmudzki er a/., 1986) and
are at rather high risk for lead poisoring (Allcroft, 1951;
Hammond and Aronson, 1964; Zmudzki et al., 1986). This
vulnerability possibly reflects soul ingestion during grazing.
Furthermore, Stara (1971) has reponied that the exient of Gl
uptake of elements such as cesium by the ruminant (80%) is not
much lower than monogastrics (90%). These Proceedings
discuss the opic clsewhere.

Sites of uptake of lead
The epithetial lining of the small intesune ta humans and

experimental animals is the principal anaiomical an
physiclogical locus of uptake and transpont from the lume
There also is evidence for the invoivement of coion
epithelium in experimental systems. The siomach separate
plays a role in uptake via transformation(s} of lead-beanr
media or form- specific lead (o potentially more soluble
otherwise mobile forms.

Uptake involves epithelial cells on the mucosa) surfac
the enterocytes. These specialized cells are structured wa
finger- like projections, the microvilll (Figure 1). Sw
morphology provides an enormous surface for contact with as
uptake of kead and other substances relative to cellular volun
and time in the gut. Note in Figure | the intercellular juncu
and associated intercellular lateral space, which also m
parucipate in lead gansport.

Various in vivo and in vitro studies have been done
identify e site(s) of uptake and transport of lead, and the mc¢
significant reports are summarized in Table 1. [t is imporiant
keep in mind that these data were gathered typically by usi
surgically and physiologically manipulated segments of the ¢
ract in experimenial species. The full exient to which the
manipulations inoroduce arufacts in the results s not known

In rats and other species, lead uptake and uanspe
principally occurs in the duodenum in developing and mat
animals (Henning and Cooper, 1988; Banon, 1984; Edelsteir
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Table 2 Siudies of lead uplake sites in the mammalian GI iract.

Species Dosing details Results Reference
In vivo
Adult and suckling Oral intubauion or drinking Concentration-dependent Aungst er o/, 1981

Sprague-Dawley rats

C56,BU/6 Jax adult
mice

White Leghom chicks

Suckling Sprague-
Dawley rats

In viiro
Adult Wisiar rats

Adult and juvenile
Sprague-Dawley rats

Adult rats

H20; Pb dose range of
1-100 mg kg"

Open-ended, in-situ parfusion,
Pb-203 or Pb-210 + camier

{n vivo, ligated duodenal
loops. injected Pb-203 +
camer, 0.01-1.0 nM Pb

In vivo intubation of Pb-203,
as salt or in milk micelles,
segmental analyses of
ingestinal ract

Rat everted gut sacs with
Pb-210 1n bathing medium,
active transport inhibitoes

Everted gut sacs with Fb ion
at 0.5-48.3 uM, metabolic
inhibitors

Evented gut sacs with Pb ion.
Cellular Pb localized by
histochemical techniques

uptake rates were observed,
I.e. carrier transport and
saturation kinetics

Uptake dependent on lumen Ph,

{.e. saturabon kinetics

Concentration-dependent Pb
uplake, saturauon kinetics

Pb in micelles absorbed only
with retention in teum,

Pb salt absorbed in duodenum
with transport

Duodenal sacs transported Ph,
by active transpon,

Ileal and jejunal sacs did

not transport Pb

Non-linear Pb uptake vs dose,
acuive transport dominant at
all doses, with diffusion <20%

Pb appears localized beiween
enterocytes, in ‘tught
junction’ region

Flanagan e: al 1979

Mykannen and
Wasserman. 1981

Henning and Cooper,
1988

Barton, 1984

Aungst and Fung, 1981

Coogan, 1982
Morton e: al., 1985

al., 1984: Henning and Leeper, 1984, Flanagan er ai., 1979;
Conrad and Banion, 1978). In general, the more reliable in vitro
data support in vivo results, i.e. uptake via duodenum (Barton,
1984). In other studies experimental arufacts, such as the use of
medium cofactors that remove Icad by precipitation, limit
conclusions 10 be drawn about regional uptake in the smail
intestine {e.g. Blair ez al., 1979; Gruden and Stantic, 1975).

Hussein and coworkers {1984) have found that lumenal
lead dosing ot isolated loops of guinea-pig colon and jejunum
yields significant lead uptake at both sites, but colonic uptake
is less than that in jejunal epithelium. The reiative amount of
lead actually entering the bloodstream from transcolonic
transport was not determined. However, Rizzi er al. {1989)
reported that orally dosed guinea pigs showed tissue levels of
fead in colonic ussuc similar to those in ileum.

In theory, xenobiotic transport from the gut to the
circuiation can entail such processes as carrier-mediated
ransport, passive and facilitated diffusion, pore filtration,
phagocytosis and pinocytosis (Calabeese, 1984). In the case of
lead, a number of these mechanisms have been identified.
Various studies of the kinetic nature of lead movement from the
imestnal lumen 10 the bloodstream arc presented in Table 2.

Transport of fcad from duodeénum to the blood stream

appears (o include significant intraceflular uplake via a satuale
active transport system that normalily functions for metal
nutrients, such as calcium and iron, with further uptake by
passive diffusion being reporied (e.g. Flanagan et af , 1979;
Barton et ai., 1978).

Evidence for carrier-mediated transport includes
observation of energy requirement and identified carrier
prowzins {e.g. Henning and Cooper, 1988; Barton, 1984,
Mykannen and Wasserman, 1981) and saturability of ranspon
indexed as loss of Lssue lead linear response above a certain
level of oral dosing (Aungst and Fung, 1981; Flanagan er af.,
1979).

There is also evidence that paraceitular uptake of lead via
diffusion through ‘ught junctions' will occur, based on rat
everted sac techniques and histochemical staining. Epithelial
Light junctions have a pore diameter of 10-16 A, a negative
charge density and high selectivity for cations (e ¢ Monon ef
al., 1985; Coogan, 1982).

Is this mode of uptake an arufact of experiment or is it in
co-existence with intracetlular transport i vive but restricted
cationi¢ (vs complexed) lead? The latter is the more hkely, and
supporung wformauon from data on other ionic metals exists,

It 1s known that some uptake of iron, in low molecular
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Table 3 Relationship of age and development o Gi absorption of lead.

Study group Study deails Resultv/comments Reference
Humans
8 children, aged 11 lead balance studies Mean extent of Pb uplake Alexander et af , 1973
3 months w0 8 years was 53%
12 infants, aged Two-pant lead balance studies:
2 weeks 1o 2 years Part 1. 51 suudies with
(2 stutlies) 9 children 42% absorption Ziegler er al., 1978
Fart 2: 38 studies with
6 chiidren 42% absorpuon

29 hospitalised Lead balance studies: Showed highly vanable uplake, Barlirop and Strehlow,
children, aged 104 studies with 29 children 15 children in negative 1978
3 weeks 10 14 years balance, w/ -40% uptake.

Results limited by unknown

Pb exposure and stresses of

disease and injunes,

¢.2. bone fractures
Animals
Sprague-Dawley Intubation of Pb-203 at Ileal uptake of lead with Henning and Cooper,
suckling rats varying doses as salt or retention is greater than 1988

in milk micelles elsewhere in gut

Albino rats; 1-2 GI administration of Pb-203 1 week-old animaly absorb Kosual, 1987

week-old sucklings:
6-8 week-old weanlings

Fisher-344 rats:
adult {8 months) and

and measurement
of label

Oral Pb disposition at 0,
250, 500 ppm Pb in drinking

70% lead vs 23% in weaned
ras

Marked changes in bone and
soft tssue Pb of old rats;

Cory-Schlecta, 1990a

old (16 months) water

Fisher-344 rats:
young (21 days);

Oral Pb disposition at
vanous doses: 0, 2 or 10

adult (8 months) and mg Pb kg“' day"

old (16 months)

Fisher—344 rats: Oral Ph disposition at 50
adult (8 months) and ppm Pb in drinking waler
old (16 months)

Pb-B was similar

Changes in old ratbone and  Cory-Schlecta, 1990b
excreted lead; no change in

Gl uptake

Increases in Pb-B and soft Cory-Schlecta er al.,
tissue Pb in old rats; 1989
may reflect higher uplake

weight forms, is through passive diffusion and occurs via tight
junctions (Simpson e1 al., 1989) while aluminum is normally
transported via tight junctions (Provan and Yokel, 1988).
Furthermare, aluminum uptake is markedly enhanced by citrate
in animals and humans (Slanina er al., 1986; Fromem er al,
1989a), while citraie impans a similar enhancement of lead
absorption (Spickett et al., 1984). Froment et al, (1989b), using
ruthenium red and Ussing chamber techniques, have shown
conclusively that citrate funciions in aluminum uplake by
opening light juncuons for more facile aluminum passage.

Age and developmental determinants of GI lead absorpion
in humans and animals

It 1s now known tha age and the stage of development in
humans and expenimental animals have an intninsic effect upon

body lead burdens. These closely linked factoes potentiall
operate through a variable combination of: (1) the extent ¢
lead uptake in the GI tract; (2) the distnibution of lead amon
tissues and its retention; (3) the relative efficiency of excretic
of absorbed lead.

in examining this body of data, it is imporiang |
undersiand the nature of the wechniques for assessing the abo
inter-relaled phenomena with respect 1o distinguishing amor
higher uptake, higher relention and relatively lower exient
excretion. One should also understand that higher uptake
intestinal epithelium does not necessarily result in more le
delivered 1o the blood. These distinctions have not always be.
comprehended by various investigators. We are main
concerned here with age and development as a factor i mc
lead uptake from the GI tract, and this topic has been review
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Table 4 Varwous nuirient relationships with lead in humans.

Group Study design

Results Relerernce

All nutrienes
Adult volunteers
(n=23)

Calcium

Cluster sampling of

1-11 year-oid children

in NHANES I (a = 2926)

Saustical analyses of Ca
in diet vs Pb

Staustical analyses of
dietary Ca and Pb uptake
in balance studies

Infants (see Table 3)

Staustical analyses of
dietary Ca and Pb-B

Children 1-6 years
old (n = 43)

Pb-203 labe! uptake in
Ca/P-variable diets

Adult voluntcers
(n=8)

Iron

Children 2-6 years old
in NHANES II survey
(n=1677)

Staustical analyses of Pb
vs EP as a function of Fe
a funcuon of Fe

Children at high
risk for Pb toxicity
and Fe deficiency

EP = erythrocyte protoporphyrin.
1 umol L™ Pb-B = 20 pg dL.™".

Ingestion of Pb-203 label
varably umed with meals

Analyses of relauonship of
Pb-B to EP and Fe deficiency

Minimal uptake of 6§1% Pb with James et ai , 1985
fasting, 4% uptake with meals.

Intermediale uptakes between

these imes

Dietary Ca inversely related
to Pb-B. (p = 0.028)

Mahaffey er af., 1986

Pb uptake inversely related
lo diet Ca; occurs even
within Ca RDA guidehines

Ziegler eral., 1978

Ca intake and Pb-B were
negatively correlated
(r=0327: p < 0.05)

Johnson and T
1979 =

Heard and Chamberlain
1982

In fasting, 60% Pb uptake,
with Ca + P giving 10% uprake

Dose-effect curves for EP Marcus and Schwartz,

vs Pb-B showed slope depends 1987
on % transferrin satyration
Children with Pb-B >1.5 Yip ei al., 1981

pmot L™! and elevated EP had
increased rate of Fe deficiency

(Musak, 1989; US ATSDR, 1988; Kostial, 1987, US EPA,
1986). Some of the relevant studies are presented in Table 3.

The main focus of this area has nghtfully been on the
growing child. Also, there may be a tole played by the ageing
Gl tact in lead wxicokinetks. While the latter is only now
being examined W any exawent, the ageing of populations in
developed countries, especially in the Uniled States, and the
problem of potentially mobilizable icad after life-long body
accumulation requires much more attention to the matier.
Available data are included in Table 3.

Young children, in those studics where reasonably stable:
exposure histories can be assumed to have existed (Ziegler er
al., 1978, Alexander ef al., 1973), have been shown 10 absorb
{and also to retain) more ingesied lead than do aduls, 40-50%
vs 10-15% in adulis. The data of Barltrop and Suehlow {1978)
are based on hospilalized children with fully unknown lead
exposure histories and who have metabolic stresses of disease
and trauma, ¢.g. bone fractures, and are not easily interpreted.
Many studics comparing developing vs adult experimental
ammal models show the same phenomenon {Mushak, 1989; US
ATSDR, 1988, Henming and Cooper, 1988; Kosual, 1987, US

EPA, 1986), and animal models of bicavailability must iake
account of this.

What is the physiological basis for enhanced lead uplake
in young (pre-school) children and suckling animals? While
pre-school children are more apt to be at nsk for nutrient
deficiencies which can enhance lead uptake, as discussed below,
the namire of the swdies of Ziegler er al. (1978) and Alexander
¢t al. (1973) would tend 10 minimize any nutritional facwr. For
example, Ziegler et al. used a middle-class infant cohort in
which deficiencies were apt to be minimal, while Alexander g/
al. used 3 broad range of children, only some of whom were in
the deficiency-risk group. :

In the rat, many of the structural pans of the small inestine
are matured at weaning, including villus and crypt density
(Trehair, 1989). Furthermaore, the well-known general
phenomenon of pinocytosis in the suckling rat ileum (e.g.
Williams and Beck, 1969) has also been idenufied as a
significant factor in increasing suckling animal uptake of lead
in the gut. This involves ileal pinocytosis of lead in milk
micelles {Henning and Cooper, 1988). Once pinocyiozed, such
lead remains sequestered in the cell and can be “nonted s
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Figure 2 Schemaiic diagram of various routes of lead uptake from the intestinal lumen. {Source: Morton et al.. 1985.)

contributing to body retention without necessarily contributing
to lead in biood. Epithelial desquamation then results in simple
climination. Consequently, such uptake does not translae ©
more iead entering the general circulaton.

The level of onwogenic concordance in gut maturation
between humans and animals in the neonate and suckling period
is not high, inasmuch as the human newbom stans life with a
more mature G1 tract than the neonate rat (Henning, 1987). On
the other hand, acid and pepsin production rates in children do
not approximate adult levels until about two years of age
{Christie, 1981; Deren, 1971), and some food proteins may be
more readily taken up in infancy than later, suggesting a
pinocytotic mechanism {(Walker, 1985; Henning, 1987),

Limited information exists on changes in Pb uptake in the
agcing mammalian Gl tract. In human populations there appears
10 be a modest falioff of lead body burden owing to either
metabolic or dietary changes (e.g. US EPA, 1986) after age 60.
The post- menopausal female segment aclually shows an
increase, probably due 10 bone mineral changes and enhanced
bone lead resorption (Silbergeld er al.. 1988). In the ageing rat,
oral dosing at 50 ppm lead is associated with an clevated blood
1--d 1eval cnmnarad 10 the voanger adull, but this difference

does not pessist at higher dosings (Cory-Slechta er al., 198
Cory-Siechta, 1990a). These studies suggest that ageing m:
affect tissuc lead distribution and lead excretion more than
uptake (Cory-Siechta, 1990a.b; Cory-Siechia er al., 1989).

[nieractive-relationships of fead in the G tract

Lead absorption from the GI wract of humans and expenimeni
animals s markedly affected by the presence or absences

other bioactive agents in the gut, particularly cenain classes
nutrients (Mushak, 1987b; US EPA, 1986; Mahaffey, 198,
Such interactions augment those which occur elsewhere wid
the body and heip to define overall lead wxicokinetics and le
toxicity in humans.

An integraled expression of such interactive behaviour
the full diet effecy, as seen by the impact of meal scheduling
lead uptake in the human gul. James er al. (1985), using hum
volunieers ingesting labelled lead (Pb-203), found that whe
meal was taken 12 hours before tracer lead ingestion, la
retenlion was about 62%. A similar percentage was found wt
meals were consumed seven hours afier label ingestion on
empty stomach. Shoner periods of label-meal separation g
intermediate relenuons, while the lowest retenuon, about



Lead hioavallabddiry

Table § Touciry risk in lead sulphide-based ethnuc preparations.

Preparauon Subjects Ouicome” Reference

Surma Case report Severe Pb poisoning Warley er al., 1968
with encephalopathy

Surma Asian children (n = 37) Mean Pb-B = 1.7 umol L™'  Alieral, 1978

using ‘surrna’ vs Asian
controls (n = 25)

Surma Asian children ysing
‘surma’ vs controls

Al kohl Kuwaiti infants <6 months
old (n = 4}

for ‘surma’ chijdren vs
1.0 umol L™ for controls

Significantly elevated mean Green et al,, 1979
Pb-B over conurol Pb-B

Acute Pb poisoning Femando ¢r a/., 1981

"1 umol L™ Pb-B = 20 ug dL™'.

occurred with co-ingestion of meal and label. These results are
in accord with a number of other studies showing the inverse
link of lead uplake with levels of nutrients in the gut.

There are various categories of lead interactions
applicable 10 GI behaviour of lead. While these can entail
toxicant-toxicant inleractions to some exient, attention has
mainly been on lead—nutrient interactive behaviour. Interactions
can be synergistic, additive or aniagonisuc, and in some

imponant cases intrnsically antagonistc agents can appear o -

function extrinsically in a synergistic way due Lo their
deficiencies during lead exposure, e.g. calcium-lead
interactions.

There are many interactions with lead in the GI tract that
have been described in the literature (see US EPA, 1986), but
some have more obvious and recognized impacts on public
health nsk than others (Table 4). Two nutrients that figure
prominently are calcium and iron. Phosphate and vitamin D
meiabolites are also impornant, but are not as fully characterized
epidemiologically. Lead interacions with zinc, protetn, fats,
saccharides and natural chelators are known principally from
studies 1n experimental animals.

A number of lead exposure populations have been studied
in terms of calcium status and its cffect on such measures as
blood lead. This includes relevant data in the large and
comprehensive Secand National Health and Nutrition
Examination Survey (NHANES II). Mahaffey er al. (1986}
reported a statistically significant inverse association between
dietary Ca intake and blood iead using data gathered in the
NHANES I1. This large analysis is consistent with balance study
results of Ziegler er al. (1978) for infants and various
investigations of the interactive rclationship in high-risk
children (Johnson and Tenuta, 1979; US ATSDR, 1988) and
adult volunteers (Hecard and Chambcriain  1982).

Numerous animal studies have described the quantitative
and mechanisti¢c aspects of Pb-Ca interactions in the
mammalian gut, and these have been reviewed (US ATSDR,
1988; Mushak, 1987b; US EPA, 1986; Mahaffey, 1982).
Mechanisms of interaction in the gut include a ternary
interaction of Pb, Ca and phosphate (Heard and Chamberlain,

10N, Crmirbhe a2} TATMON oA .

camer protein {(Barion ¢t al., 1978), which would be an acor
saturable transport process (see above). That the Pb-Ca
interaction is a robust onie can be seen in the study of Ziegler ¢/
al. (1978) where an invcrse correlation of absorbed Pb and Ca
intake was seen at intake levels of Ca within the range of
recommended daily intake,

The large NHANES 11 database has also been analyzed in
erms of Pb-Fe ineractions in children at the ages of highest Fe
deficiency. Iron status has been shown o be inversely related
1o blood lead, i e. iron deficiency is associated with higher blood
lead levels in this survey (Mahaffey and Annest, 1986; Marcus
and Schwartz, 1987). Onher reports showing this relatonship
and involving high-risk children have appeared (e.g. Yip et al.,
1981).

As with Ca, a number of animal models of the Fe-Pb
interaction have been described in which Fe defici
produces increased Pb uptake/retention. The Fe-Pb interac. .
is quite complex mechanistically, but it can be said that Fe
deficiency stimuiates iron absorption and this stmulation
enhances Pb uptake via site binding at intestinal receptors for
the nutrient (Mormrison and Quanterman, 1987).

Are the lead-nutrient interactions metabolically
reciprocal, i.e. do alterations in levels of enteric lead affect
nutrient metabolisms in the same way as the reverse? At a
simple glance, they might be expected o da so but they are not,
and for a good reason. Lead is non-essenual and xenobiotic,
while elemenis such as iron, calcium, eic., are essential nutrients
under tight homeostatic conwrol. It is reasonable that a
xenobiotic agent can ‘piggy-back’ on one part of the overall
homeostatic control pathway for nutrients, as in Pb binding 0
carrier proteins in nutrient deficiency. Fully reciprocal behavior
would require that Pb effectively obliterate tight homeostlatc
control of nutrients, something which is highly uniikely at other
than very high Pb exposures. Lead would, therefore, be less
robust in affecting Ca or Fe uptake than the reverse.

This may explain why deficiencies in Ca and Fe enhance
Pb uptake but the enhancement does aot persist iinearly with
repletion or excess (e g. Mahaffey-Six and Goyer. 1970:
Moraison and Quarterman, 1987). Homeostauc control
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putrieni 1s operative, whatever the level of Pb present.
Funthermore, Pb can function 10 alter Ca mewbolism 1in ways
other than direct, reciprocal ineraction. Fullmer and Rosen
(1990) found that Pb affects Ca metabolism prior 1o calbindin
D synthesis via the cholecalciferol system in experimental
animals.

Overview of biological factors in GI uptake of lead

One can conclude that there are different mechanisms for Gl
uptake of lead in humans and experimental animals, and these
are graphicaily summarized in Figure 2. As summarized by
Morton et al. (1985), uptake of lead can include participation
of the soluble, divalent Pb cation or various soluble complexes.
Simultanecusly, some sizeable fraction of divalent lead ion will
be forming relatively insoluble, excretable lead complexes, e.¢.
hydroxide, bicarbonate or phosphatie/mixed phosphate.
Maturity of the GI wract and nutrient interactions affect these
processes.

Uptake of lead ion by paraccllular means, ie. diffusion
through ‘ught junctions’, has been shown in one study Lo be a
major route under cenain experimental conditions (see above).
There is supporting evidence for this in other studies of
elements and their interactions with ‘tight junctions’.

Intracetlular lead uptake is the route that has been studied
and most accepied as the principal pathway in experimental
systems. Such uptake is consistent with saturable, active
ransport as well as some passive diffusion. Diffusion most
likely nvolves a neutral complex or other lipophilic form.
Binding of lead ion 10 receptors in the enterocyte that serve for
active transport of Fe and Ca would account for active transport.
This dual mechanism of uptake appears 10 be one explanation
of the non-finear nawre of the relationship of lead dose in the
GI wtract and {ead in blood or other biological marker.

Biochemicai/Biophysical Factors in the GI Absorption of
Lead

Some biophysico—chemical factors which affect the Gl uptake
of lead in human populavons are of imponance, and they
include GI solubility, particle size and reactivity of the ingested
lead- conuaining chemical matrix with reference 0 in vivo
mobilization. These factors are nol intnnsically biological but
they operate within, and interact with, the biological
uplakefiniake compartments 10 affect bicavailability.

These factors take on added importance when one
considers the chemically and physically diverse exposure media
ingested by populations at risk: Lap water, beverages, baby
foods, adult diets in general, lead in urban dusts and soils arising
from input from mobile emissions, paint and stationary sources,
lead in communities impacted by lead production and use, i.e.
secondary and primary lead smelter emissions and tailings from
ore milling, lead battery plants, efc.

In vivo bioavailability versus in vilro behavior

One factor of concern in the GI bandling of lead is the exient
1o which lead can be dissolved or otherwise mobilized with the
ingestion of cerain media, and movement to the stomach and
small intestne. This especiaily applies w0 kead in those chemical
forms considered 0 be inert by typical in viiro reactivity
critetia. For example, it is important to keep a disunction

between lead mobtiizauon {rom media in the human stomach
and simpie solubiiiy tests intended 10 simulale such complex
activity, The lauter are relatively crude simulauons of events in
vive, given that the human stomach harbours sigmficantly basal
acidity, has a large capacity for sustained acid output in
response o stimulation oy acid-consuming ingesied matenal,
and may have, in its gastnc fluid, substances other than just
hydrochloric acid which can inleract with the Jead ion (see
below)(Merki, 1988; Konturek, 1981; Davenport, 1977,
Connell, 1974).

The resting pH of the gasac fluid in children s about !
(Connell, 1974), while sustainable gastric acid output with
stmulation can approach 150 mequiv L-', depending on such
faclors as the gastric oxyntic (parietal) cell mass (Kontrek,
1981; Davenport, 1977). In addition to gastnic HC! there are
zymogens (lrypsinogen, pepsinogen, renninogen), Uypsin,
pepsin, rennin and elecurolytes {e.g. Davenport, 1977).

The complex interactions of the GI wract with lead can be
illustrated in the in vivo behaviour of various chemical forms of
lead Lead sulphide, a chemical form of lead considered less
bioavailable than the chloride, sulfate, or organic chelates, has
a simple solubility product constant (K'sp) of 3.4 x 10728 bug is
extensively solubilized by acidic gastric juice o lead chloride,
Ksp = 107* (Healy et al., 1982). Such reactivity towards gastric
juice probably plays an important role in the reported
bicavailability of this species, particularly when used in ethnt
preparatons such as the (conjunctival) eye cosmetic known as
'surma’ in Asia and ‘al kohl’ in the Middle East. As noted in
Table §, the sulfide in such preparations has been documented
as causing elevation »f blood kead 1o toxic levels (e.g. Alier al.
1978; Green e al., 1979) and ovent lead intoxication (Warley .
al., 1968; Fermando et al., 1981).

Interestingly, ‘surma’ is Urdu (or antmony and this
metalloid was the elenfent historically used in the sulfide
preparanon. The recent change w lead for economic reason:
accounts for the rather recent history of toxicity nsk associatec
with the use of this cosmeuc preparation.

Several studies of lead isolope uptake in the human gu
have been done and these indicate that the sulfide can hawve
measurabic or comparable bioavailability 1o that of form:
considered much more soluble. Rabinowitz ¢f al. {1980) foun
that lead as the sulfide, when ingesied during meals or it
fasting, was absorbed to the same amount as the lead chlorid
or cysieine complex. In fasting, there was 35% uptake for al
three forms. Chamberlain ef al. (1978) found that the sulfid
was absorbed 10 the same degree as the chloride with meals, bu
less in fasting. The difference with fasting conditions for th
sulfide in the two studies may reflect differences in panicle siz
of the sulfide (see below).

Particle size and bioavailability of lead
Particle size of Jead-bearing media is an important factor in th
enteric mobilizauon of lead. Available experimental dat
indicate that the smaller the particle, the more easily it will b
dissolved in the stomach or elsewhere in the GI tact.
Barltrop and Meek (1979) reported that particle size «
lead in several forms was a significant determinant of blood lea
in rats fed the toxicant. The smaller the particie, the higher
blood lead level. The most pronounced effect was seen wit
metallic lead, indicating that relative ease of both oxidation
the divaient state and dissoluuon were factors of imponance.
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Healy et al. (1982) found that the cxtent of lead sulfide
solubility in gasanc juice in viiro was inversely proportional o
parucle size, particles of 30—um diameter being much more
soluble than like mawral of 100—um diameter. According w
Healy er al. (1982}, lead sulfide was found in cosmetic
preparations (se¢ earlier discussion) in particle sizes ranging up
to 100 um. Since the sulfide-based cosmetics, whatever the
particle sizes, ail appear to be associated with elevaed blood
lead and/or wxkity nsk {see Table 5), the cosmetics with
100-pum particles of lead suifide contain relatively bicavailable
lead. A sulfide particle size of 100 um is also within the range
of concern for general bioavailability of lead encountered in
lead-bearing dust and soil media. Theoretically, as particle size
decreases, the Noyes-Whitney dissoiwtion law dictates that the
substances will become fully soluble at a sufficiently small
mean diamcter (Healy, 1984).

These laboratory data augment extensive epidemiological
and environmenial evidence pointing to the imponance of
parucle size of lead-containing media. First, diverse studies
document increased lead absorption in children in urban
(Bornschein et al., 1987, Brunekreef ef al., 1983; Lepow et al.,
1975), smelter (Roels et al., 1980) and mining (Bomschein et
al., 1989; Gallacher e al., 1984a) sites as a direct function of
hand-lead concentration. Secondly, there is an inverse
relationship of soil/dust pasticle size (0 the amount of material
adhering (o hands (Duggan et al., 1985; Que Hee et ai., 1985).
Lead-beaning particles of < 100 mesh (<150 um) not only
adhere most tightly to children’s hands (Bornschein et al., 1987,
Duggan er al., 1985; Que Hee er al., 1985), but are readily
mobilized in gastnc or other acidic media (Healy et al., 1982;
Day et al., 1979; Harrison, 1979). Finally, the smaller the
sorl/dust particle, the higher the relative concentration of lead
and other elements (e.g. Van Borm er al., 1988; Spiuler and
Feder, 1979). :

The lead-containing matrix and lead bioavailability

Matrix effects on lead bioavailability, in the form of interactions
of lead with various nutrients in the diet, have been described
n an earhier section. The impact of lead-conzining non-food
media of a geochemical or formulary origin, e.g. gcochemically
diverse sotls, gangue mamix in mill Lailings or crushed ore (e.g.
silicate, barite), polymerized oil film in leaded paint, on
gastrointestinal bioavailability has not been exiensively studied
as a separate factor.

This is particularly the case for lead-contaminated soils,
dusts and such geochemically related media as metalliferous ore
particles and mil! tailings. Available data make it clear that the
level of physical and chemical heterogeneity within and among
these media is considerable, and this {actor would be reflected
tn lead bicavailability. Part of these difTerences are atribuytable
10 the alrcady discussed parameters of chemical speciation and
particle size. Matrix effects on ia vive lead bicavailability take
on increasing importance as the wxicity threshold for risk
populations conunues to be revised downward. With current
concems about Pb-B levels starting at a blood level of 0.5
pumol L~} (10 ug dL™') (Mushak et ai., 1989; US EPA, 1989,
1986}, even those media from which lead is only moderately
bioavailabie now take on significance.

Few conuolled clinical or experimental animal stadies of
medium matrix cffects on lead bicavailability have appeared
irefer, however, 10 several amimal swdies described in these

——

Proceedings). Generally, published studies rely or
environmental epidemiclogy, occupational exposure or fiele
biow daia to indirecy assess lead broavailability. This
commonly done by analysing relationships of exposure o
toxicity biomarkers o lead levels in vanious source/pathway
media. Table 6 sets forth iHustrative results with human subjects
exposed 10 dust and soil lead contaminated by such sources a5
paint and atmospheric fatlout. It must be remembered that such
studies of environmental exposures as those in Table 6 provide
an inegrated measure in blood of bioavailability from expecteq
dominant sources of exposure. Bioavailability assessed in thig
way is commonly compared 1o other surveys and usually cannog
be fractionally apportoned 1o each of the specific sources
present, ¢ 2. leaded gasoline combustion, leaded paing
weathering, point source emissions, withoul appropriate
statistical, environmental or other analyses.

Soil and/or dust lead arising from paint weathering or
chalking (Bomschewn e al., 1987; Clark e al., 1987: Swrges
and Harrison, 1985; Chamey er al.,, 1983; Stark et al, 1982)
and atmospheric fallout from mobile sources (leaded ¢
(Lyngbye er al., 1988: Brunckreef, 1984; Rabinowitowu .
1984; Brunekreef e al., 1983) or point sources (smelters) (US
CDC, 1986; Angle er al., 1984; Yankel er al., 1977) have been
widely associaled with significant contributions 1o blood (or
denting; Lyngbye er af., 1988), especially when examined with
regard 10 blood-lead elevation rates per unit increase in media
lead.

Quantitative studies of lead source apporionment in
household dust and child hand lead idicate that interior paint
lead is a significant contributor to Pb—B in children residing in
old housing of older urban areas, particularly housing in a state
of deterioration (Bornschein er al., 1987, Clark e1 al., 1987;
US EPA, 1986; Farfel, 198S5: US CDC, 1985). The
well-established bioavailability of lead from paint dust is
amplified by the persistence of such dust even with leaded paint
abatement. In a number of studies, failure to remove the “ust
associated with abatement either limits the full reduc _
Pb-B levels (Charney er al., 1983) or may even lead 10 AT w
higher exposure (Amitai er al., 1987; Rey-Alvarez 1 af., 1987).

As can be seen in Table 6, urban and smeller sources
produce a wide range of blood-lead increments per 1,000
mg PB kg~! soil/dust. The US EPA (1989) has esumated an
average slope for point sources, i.e. change in blood lead per
1,000 mg Pb kg~! medium, as being somewhat above 0.1
pmol L1 (2 pg dL~1) per 1,000 mg kg~!, but slopes for various
siles cover a very broad range. The high end of the slope range
can be assumed 1o reflect some complex mix of more
bioavailable lead in media and higher host vulnerability (US
EPA, 1986, 1989).

Transportable workplace lead and then conlamination of
these workers’ homes where preschool children reside can
produce both elevated body-lead burdens and toxicuy (Milar
and Mushak, 1982; Dolcourt et af., 1978; Baker et af., 1977).
Milar and Mushak (1982) and Baker et a/. (1977) noted that
blood lead begins w be affected at exposure levels of 1,000
mg kg™' dust using a Pb-B level of 2 umot L' (40 ug dL™")
as threshold. The present level of concern of 0.5-0.75 umot L~}
(10-15 pg dL™") (Mushak ef al., 1989; ATSDR, 1988; US EPA,
1986) would presumably show a more robust response. The
lead-bearing medium at issue 1s highly enriched 1n Icad, and
such lead is relativelv anite inasvailahia (o o tha s 4o
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Table 6 Selected epidemiviogical studies of dust and sod lead impact on chiidren.

Study group

Study design

Resulls’

Reference

Leaded paint contributions

Cincinnat, Ohio
inner-city children

New Haven, Ct
inner-city chiidren
in 3 age bands: 0-1,
2-3. 47 years

High-risk Baltimore,
MD, children 15-72
months-old w/elevated
Pb (n = 14} vs controls
{n=135)

British environmental
sampie study

Leaded gasoline/fallout
Nursery school
children 4-6 years

old (n =195) in

city and suburbs

Urban Danish children
(total n = 1302)

Mainly middle<lass
Boston infanis studied
longitudinally

(n = 249)

Smelter sites

Children living
varying distances from
closed smelter in
Idaho

Omaha inner-city
children near

primary and secondary
Pb smelter

Operating smelter
community in [daho
children 1-9 years
old straufied by
distance {(n = 919)

Mulli-regression analyses
of Pb-B versus surface
dusy/soll scrapings with
significant paint input

Pb in house dust at
differing levels with
leaded paint as a vanable

Dust Pb in test homes abated
by cleaning team and Pb-B
monitored

Quantification of paint Pb
inpul 1o street and househoid
dusts; paints had moderate Pb

Pb-B vs air Pb relationship
intcgrating Pb fallout from
mainly aulo emissions in air

Case-referent study of Pb in
shed weeth vs traffic density
and ages vs traffic Pb
exposure

Environmental and Pb-B levels
measured up (o 24 months age
Dusy/soil Pb would reflect
traffic density by fallout

Analysis of dust/soil Pb and
Pb-B vs distance from smelter
for relationships

Suatistical analyses lor

direct plus indirect
(soil/dust) Pb from emissions
in 1,075 samples

Multi-regression analyses
of awr, dust and soil Pb
vs Pb-B

Effect s:ze of 100-1,000
mg kg~ su.rfacc scrapings =
0.115 pmol L pcr

1,000 mg Pb kg

Children 0-1 years old showed
a slope of 0.2 umol L} per
1.000 mg Pb kg™

Pb-B of children with dust Pb
removal decreased 0.35

umol L~!; dust returned to old
levels quickly. No correlstion
Pb-B vs dust Pb

Paint Pb in sireet dusts up 1o
20%, and up 0 15% in house
dust; higher paint Pb would
have higher % input

An ad;usted slope 0f 0.425
gmol L™ per ug P m™

Pb—teeth were significandy,
positively correlated with
raffic density at ages
0.5-2 years

Pb-air and Pb-B highly
conclaled slope = 0.45
pmol L perug m"

Derrences in Pb-B of 0.45
umol L~ ! for dusl difference
of ~2,800 mg kq ! and soil
- 3,000 mg kg

Siopes:
AurOlumolL u; ‘m™?
SmlOBdumolL per
Hll)mgkg'
DusL036umolL per
l(XI)mgkg

Soil: 0.055 umol L per
1,000 mg kg

Dust: 0.01 umot L' per
1,000 mg kg~ -1

Bornschein er af.. 1987
Clark et al , 1987

Stark et al.. 1982

Chammey et af . 1983

Swrges and Harnson,
1985

Brunekreef et af , 1983
Brunekreef, 1984

Lyngbye et ai., 1988

Rabinowitz er al., 1984

CDC, 1986

Angle et al, 1984

Yankel et al., 1977

"1pmoli L™ Pb-B =20pgdL™.
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Table 7 Studies of lead bioavaiiability in areas with murung-related wastes
Srudy group Study design Results” Reference
Children
English children Pb-B and Pb—soil szrusified Slope = 0.032 pmoi L™ per Bariwep, 1575

in mining area
(Derbyshire) or control
site (total n = B2)

Australian children in
mining town w/ mull
tadings vs control
town (total n = 181)

Children 1-3 years
old (A = 61y and
mothers (n = 58} in
Welsh mining area vs
conrol wowns

Chuldren <72 months in
former mining town

in Colorado

(n = 150; 63% towl)

Children € 71 months

in another former
mining town 1n Colorade
Colorado

{n = 94) vy controls

Chiidren in Alaskan
commuruty with lead
ore lerminal

Mill and mine workers
Ore mill workers in
Missoun lead helt
(n=15)

Lead miners (n = 89),
flotstion mill workers
{n = 19), grinding/
bagging workers (n = §)

Ecological bioia
Pet dogs (n = 129)
grouped by location

Longear sun fish
(Lepomis megalotis)

Suckers
{Pisces: Carostonudae)

Ripartan wildhfe,

§ species: bullfrogs.
muskrals, green-backed
herons. water snakes,
swallows

by three levels. No conuol
for other sources, QAQC
unknown

Analysis of relationship
of Pb-B in tailings town
vs control site; 75% of
children >7 years old;
25% 5-7 years old

Analysis of Pb-B vs hand Pb
{pica} in children; Po-B vs
vegelable Pb in mothers

Multi-regression of Pb-B vs
sources, Pb-B distnbution
also reported

Multi-regression of Pb-B vs
environmental Pb sources.
Pb-B vs Pb-soil in 18 month-
old children

Pb-B survey of children,
older residents, 1988 and
1989

Pb-B and Pb-urine vs Mu.l
air ot Pb-respirable ar

Mean Pb-B levels for three
worker calegories

Statistical comparison of
mean Pb-B leve! for dogs in
mining. smeiter, urban and
rural sites

Pb-B and 1oxicity measured
from tailing conaminated
river vs. conuol site

Pb-B and hematotoxic indices
n wling-impscied vs control
rivers

Comparative tissue Pb levels,
downstream vs upsiream areas
n tailing -contamuinated rivers

1,000 mg kg™

Statistcally sigmficant
differences in PbBs in
WO Wwns

Children’s hand Pb was
imporiant contributor 1o Pb-B.
Mining area Pb-B > controis
{p < 0.05). Mother's Pb-B in

mining area > controls {p < 0.0001)

Arithmetic/geometric Pb-B
mean = 0.51/0.44 umol L™
Pb—B/soﬂ Pb slope = 0.24
umal L™! per 1,000 mg kg™
Pb-B values increased a soil
Pb > 500 mg kg~

Pb-B > 0.5 umol L' = 41%
Pb-B > 0.7S umol L™ = 5%

Arithmetic mean 0.3 umei L™
Effect size {for range of 100

10 1,000 me kg! soil)0.185
wmol L™ per 1,000 mg Pb kg™
Pb-B correlated w/ hand Ph up
to 24 months old

1989 survey: 3% Pb-B > 0.5
umol L' for 0-18 year-olds.

No analysis of Pb-B vs media Pb

No significant correlation of
Pb-B with respirable or wtal
Pb—air except for non-smokers:
mean respirabie air vy Pb-B

(r =094, p=0.00)

Mean Pb-B of miners = 1.0
pwmol L' rm]l workers =

218 umol L grinders/baggers
(Feb 1982 survey) = 6.1 umol L

(May 1982 survey after clean-up)

=355 umoi L™

Pb-Bs of mining site dogs
significantly higher than
those in other groups; 15%
of these had Pb-B > 1.75
pmol L™

Pb-B elevated; depressed
8- ALA-D scuviry; bone
and collagen ynpaument

Elevated Pb-B, depressed
B-ALA-D activity

4 of 3 species had significam
clevations of Pb in tissues
due o wilings impact

Heyworth et o/ | 198

Gallacher, 1984a.b

Colerado Department of
Health/US ATSDR, |0

gt

Bormschein et al., 1989

Maddaugh, 1989

Roy & al., 1977

i

Doman er af . 1986

Koh and Babidge, 1986

Dwyer et al., 1988

Schmitt er al . 1984

Niethammer ei al . 1985

*lTumetl P PhoR = e A1 7}
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Studies of mining sites and associated wastes have been
gporadic and have generally been limued in statisucal design
and quality assurance/quality control, but they ndicate that lead
@ ming waste can be bivavailable, based on statistical
1ssociaton, with the extent of bioavailability varying with
;omposiuon of these helerogeneous wastes (Table 7). The
satent of such bicavailability refative 10 other dust and sail input
wurces, hawever, remains 0 be fully established in wrms of
specific physicochemical and geochemical forms and ongins.

Such lead sources as weathered mill @ilings, unprocessed
ore spillage or waste rock overburden are physically and
geochemically distinct media, and would be expected to be
pioavailable through difTerent mechanisms and o have difTerent
moavailability. Given the recent emergence of these types of
sources in the environmental epidemiology of lead, because of
conunuing downward revisions i the levels of lead exposure
Jeemed accepiable {(Mushak er al., 1989; US ATSDR, 1988; US
EPA, 1986, 1989), it 15 useful 10 attempt to evaluate
bivavailability aspecis of such lead-containing media (Table 7).
Baritrop (1975) compared a lead mining community with a
non-mining sile in Derbyshire, UK, and reported thai there was
a modest biood lead rise in the miming area children versus
controls, i.e. an approximate 0.3 umol L™ (6 ug dL-Y) rise in
Pb-B when mean soil lead differed by 10,000 mg kg™!
{Table 7). This study provided no conwrol for Jead intakes from
other media for both sites and did not utilize any apparent
QAJQC protocol. Plus, the high caicium content of Derbyshire
souls limits applicability of results to other site soils.

Heyworlh er al. (198)) reporied that an Australian town
with widely dispersed fead-mill tailings showed statisticaily
significant higher Pb-B levels in the town's children compared
10 a reference town without mill wilings. The significant
difference was seen despile the fact that three-quarters of the
tauhing 1own children were over seven years of age: younger
children in the 2-4 years age range who ingest larger amounts
of dust and soul wouid be expected 1© show an even more robust
response.

Several reports by Gallacher er al. {1984a. 1984b)
indicated that lead exposure 1o mining waste in 2 Welsh mining
area, compared with a control sie, is associated with sufficient
bipavailability of the toxicant to elevate blood-lead levels,
either by direct contact by children from 1 w 3 years old with
leaded material on their hands (Gallacher et al., 1984a) or via
lead transfer 10 garden crops and subsequent consumption by
wormnen in the mining community (Gallacher ef al., 1984b).

A deuwailed epidemiological study of a Colorado (USA)
mining town heavily impacted for more than 100 years by
smelter, mill and mine waste was recently reporied, with data
on children’s blood- lead levels and their sources (Colorado
Department of Health, 1990). The survey centred on young
children and included measurement of blood-lead levels and
inferenual statistical analysis (stepwise {orward regression) of
blood lead-environmental media relationships. Most of the
lown’s children <72 months old (63%) participated. The
anthmetic and geometric mean Pb~B levels were 0.50 umol L™
(10.1 ug dL-!) and 0.44 umol L' (8.7 pg di.-?) respectively.
Children with Pb-B levels >0.50 pmol L™! (10.] ugdL-1), a
current levei of concem, comprised 41% of the sampie; ieveis
>0.75 umol L~ (15 pg dL~") constituted 15% of these children/
Pb-B leveis had a gcometnc standard deviauon of 1.79, most
hale waflacting an enicentric (Chot spot’) mix of exposure

sources. The strongest stausucal associabnon was found between
child Pb-B and sodl core sampies with odds ratios showing that
soil Pb >500 mg kg~ produces elevated Pb-B in these children.
A slope of 0.24 umot L~ (4.8 g aL."") per 1.000 mg Pb kg~!
soil, over the range of 100~1,000 mg Pb kg™ soil, was
calcylated.

Bornschein and co-workers {(1989) examined the
relationship of blood lead in children in another former lead
mining own in Colorado, and found that young children were
exposed (via the hand-lead pathway in those of 24 months oid
of younger) 10 leaded dust and soil-surface lead sufficient to
elevate child Pb-B, in a relationship of 0.1-0.2 wmol L~ (24
ug di-!) Pb-B per 1,000 mg Pb kg~' in the soilsurface
medium. This study does not permit precise identification of the
type of mining wasie at issue, e g weathered mill wlings, ore
spillage or weathered waste rock, but e wverse relationship
of blood lead with distance from the railroad line and the flood
line of the focal river, as well as no relationship to drstance from
the wilings site, suggests that the source of lead exposure is
more apt to be cumulative loss of rail-borme ore rather than mdl
taulings.

Two surveys of blood lead of children and older residents
in an Alaskan communily with an ore-loading lenminal made in
1988 and 1989 (Middaugh efaf, 1989) do not permit
conclusions (Table 7) a¥ 10 whether blood lead in very young
chiidren can be efevaied by fead ore exposure. The child sampie
size was small and no statistical analyses of Pb-B versus lead
in ore or other media were done. The percent of subjects 0-18
years old with Pb-B over 0.5 umol L~ (10 ug dL~1), (range
0.55-0.66 umoi L~!) in 1989 was found to be 23%.
Freshly-mined ore with a significant number of large parucles
and a relatively more intact gangue matrix may not be
comparable in lead bioavailability to other mining-related
wasles, ¢ 2., weathered mill wailings (see below).

Steel er al. (1999) have allempied 10 help define the level
of bioavailability of [ead in mimng-related material by
including an analysis of the relationship of ore-mill lead,
presumably mainly geochemical iead sufphide, to worker
blood-lead levels. Such comparisons are highly limited in value
for exposures of general populations o histonical mine wastie
since: (1) the principal focus for health risk assessment in
leaded mine waste exposures are very young chiidren and
pregnant women with a range of vulnerabilities and exposure
rates, not adult workers who absorb much less lead compared
10 children, and who exhibit the well-known ‘healthy worker'
effect, and (2) workers are exposed to (reshly-generated
particles or ore and tailings rather than the weathered and more.
bicavailable materiai of, say, old tailing piles.

Nonetheless, several workplace studies have attempted 1o
examine mill tailing and relaed extractive process forms in
terms of worker blood-lead levels. These studies vary as o
design quality and worker sampie size. Roy eral. (1977)
surveyed 15 ore mill workers for compleie swudy for the
existence of air iead-blood {ead relationships and found a poar
cotrelation of respirable or total air Pb versus Pb-B across the
group. i.e. no apparent blood lead-air lead slope. The main
exception to these findings was the relationship of respirable air
to Pb-B of non-smokers.

This is not surprising. given the generally poor
retationship for air lead versus Pb-B found by the large studies
of many workers by Ganside es al, (1982) and Bishop and Hill
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(1983). These surveys both showed that little of the vanance in
Pb-B is explained by workplace air lead. The swdies of Bishop
and Hill (1987) and Gartside er al. (1982) are supponed by the
epidemiological studies of Chavalimkikul ef al. (1984) who
documented an association of workplace surface dust lead,
facial lead and hand lead with Pb-B levels in bauery workers.
In a later study, Doman {1986) reported group mean Pb-B
results for three work categories associated with lead ore mining
and processing: lead miners, mill workers using froth flotation,
and grinding/bagging empioyees. As noted in Table 7, the
miners showed hardly any elevation in Pb-B, while there were
sigmficant mean Pb—B ¢elevations for 19 flotation workers and
for 8 dry-grinding and bagging employees (Table 7).

Bioavailabiluy of lead in mining waste sufficient to
elevate blood lead has also been documented in terrestrial and
aquauc biota (Table 7). Koh and Babidge (1986) reported that
domesticated dogs (n = 129) in the lead mining community of
Broken Hill, Australia, had significantly higher mean Pb-B
levels than groups of dogs from any of three other sites,
including one having a lead smelter; 15% of the dogs had a
Pb-B of 1.75 umol L~! (35 pg dL™') or higher.

In the longear sunfish (Lepomis megalotis, Dwyer et al.,
1988) and species of suckers (Pisces: Caiostomidae; Schumitt
et al., 1984) exposed w leaded mill tailings entening the Big
River of Missouri’s ‘Old Lead Belt’, it was found that blood
lead was significantly elevated, and there was marked inhibition
of 8-aminolevulinic acid dehydratase (5-ALA-D) activity.
There were also marked adverse changes in collagen and bone
of fish {Dwyer et al., 1988) exposed w0 lead and other toxic
elements. Likewise, four of five species of riparian vertebrates
along two nvers in the Missourt iead mining region were found
10 have higher Pb burdens than thase biota from a reference site
(Niethammer et af., 1985),

Of direct relevance 10 the human and ecological lead
bioavailability studies are several reports describing such
parameters of mill-lailing lead as solubility, chemical form
speciation and particle size. Mill tailing leachability data of
Harwood (1984) showed that 55-69% of lead in these tailings
were bound as oxide, sulphate or carbonate, depending on
extraction medium. The sulphide amounted to only 7% of all
chemical species present

A detailed study of mill tailings was recently carried out
at a Superfund site in Utah (Montgomery Engineering, 1989)
and included particle-size distribution and toxic metal conient
studies. Study results, gathered under the rigorous QA/QC
requirements of the US Environmemtal Proiection Agency’s
Superfund site evaluation protocols, showed that about 50% of
lead in lead ore mill tailings was extractable by ammonium
acetate solution {{.¢. was present in oxidised, i.e. non-sulphide
forms). Tailing particle size disuribution analysis for composite
surface plus core samples showed over 60% of particles were
of smaller diameter than 100-mesh and about 25% of particles
were 10 um or less n size. It was also {ound, consisient with
the results of van Borm er al. (1988) and Spittler and Feder
(1979), described earlier, that the majority of total mass of lead
and other toxic elements were 10 be found on the smallest
particles of tadings.

A second investigation of the Utah site is that of Drexler
{1990 conuract report; arucie in preparation) who carried out
microprobe geochemical suuctural analysis of tilings, smeler

lasw nmAd ~fAamiamimAarA A caridamelal =10

site. Chemical speciation studies of the tailings and matenal in
contaminated soils showed that lead was present in 3
considerable number of chemical forms, with lead sulphide
often being the minor species. In additon, tailing parucles and
coniaminaung parucles in residential soils were often seen 1o
be less than 100-150 pum in size.

Overview of biophysico-chemical factors in Gl lead-uptake

All lead that enters the human GI tract exists in some
chemical/geochemical form, is often present in particylate
material of highly variable size (diameter) and is enclosed in
some matrix which variabty interacts with the biochemical
milieu of the Gf tract, panticularly basal and induced gasiric
acid.

Many forms of lead are rendered bioavailable in the
human GI tracy, and the behaviour of various chemical forms
of lead in vive is not well mimicked by such simple 1 viro tesig
as solubility. For example, lead sulphide which is ingesied in
precise dose or inadvertently by populations using this form in
cosmetics is absorbed extensively depending on paruc!
and is also associated with documented 1oxicity. -

Lead bicavailability in the human GI tract is also strongly
affecied by particle size, particularly for diameters of 100 um
or less, based on epidemiological and experimental data. Such
enhanced bioavailability in smaller sizes, which becomes wotal
at a theoretically determinable small particle size, is augmented
by the known higher retention of dust lead on the hands of
children for particles below 100 um.

The chemical/geochemical matrix in which ingested lead
is found can be variably transformed in the GI tract, leading to
release of bicavailable lead. A major mechanism of such
transformation is to be found in the stomach, via the action of
both basal and induced gastric juice. The lead-encasing matrix
of ingested lead is quite diverse in composition, and this
determines the relative ease of lead release. While the proximate
chemical form and the parucle size of the lead-conlaining
material are known determinants of reactivity, the basic 1
composition is also important. —

The biochemical matrix of human diets has a sgrong
influence on lead absorption, operating principally through
nutrient-lead interactions discussed in this article.

Non-dietary matrices, such as leaded paint film,
lead-bearing dusts and contaminated soils, are associated with
a range of bioavailability. Potential or documented
bioavailability of lead in dusts associated with atmospheric
fallout, paint, re-entrained soil deposition and such mineral
process waste as ore tailings have been documented. However,
there are gradations of bicavailability within these matrix types.
in mineralogical media, the available evidence collectively
suggests that lead in weathered mill tailings would be more
bicavailable than lead in freshly mined ore, which in turn may
be more bioavaiiable than the element in weathering
overburden mine rock.

As the wolerable levels of lead body burden in human risk
populations, especially preschool children, continue to be
revised downward, sources of lead which were not given much
attention in the past increase in IMportance as inpuls [0 exposure
markers such as blood lead. This includes the potenual impact
of mining waste on human populations. Such wasics are quite
heterogeneous in nature and tis would be reflecied in relauve
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geophysical-chemical swdies document this and suggest that
there is lead exposure potential in weathering lailings and
perhaps other wasie forms relalive 10 a new level of concern of
0.5 umol ~' (10 ug dL') for blood lead.
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