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Abstract. This study was designed to investigate, in some detail, the relative effects of 
the hormonal form of vitamin D (1,25-dihydroxycholecalciferol) on duodenal Pb and Ca 
absorption as a function of dietary Pb level. When cholecalciferol-deficient chicks 
were chronically repleted with physiologic levels of 1,25-dihydroxycholecalciferol 
(1,25(OH),D3), as the sole source of the vitamin, 203Pb and 47Ca absorption were enhanced 
over 4- and &fold, respectively. Ingestion of Pb during the repletion period had no 
significant effect on the intestinal Ca absorption response to 1,25-(OH),D3 even at a very 
high dietary Pb level. The efficiency of intestinal 203Pb absorption was, however, signif- 
icantly diminished by dietary Pb, in an apparent dose-dependent fashion. The results 
indicate that the extent to which systemic Ca homeostatic mechanisms influence 
intestinal Pb absorption is dependent, in large part, on Pb status. 
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ead toxicity remains a significant health hazard 
today despite efforts to reduce environmental L exposure. It is currently the most common pre- 

ventable pediatric illness in the United States (1,  2), 
with an estimated 17.2% of all preschool children at 
risk (3). 

Lead enters the body primarily through the gas- 
trointestinal tract (4, 5 )  by a mechanism which is not 
well understood but proposed to involve both passive 
diffusion (6, 7) and active (carrier-mediated) transport 
(8). It has been recognized for some time that a number 
of nutritional factors, including Ca, P,, and vitamin D 
status (9-1 l), can significantly influence the body re- 
tention of Pb. 

The common thread connecting these factors is 
now known to be the cholecalciferol (vitamin D) en- 
docrine system, which functions to regulate systemic 
Ca homeostasis in response to Ca need and intake. 
Parathyroid hormone levels, elevated in response to 
diminished plasma Ca concentration, enhance the renal 
synthesis of 1 ,25(OH)2D3 which, in turn, stimulates 
intestinal Ca absorption (12). Associated with this re- 
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sponse is the synthesis of the cholecalciferol-dependent 
intestinal calcium-binding protein, calbindin D (1 3), 
and an increase in alkaline phosphatase activity (14). 
The observations that dietary Ca deficiency (1 5, 
16) cholecalciferol repletion ( 17, 18), and exogenous 
1 ,25(OH)2D3 ( 1  8-20) also stimulate intestinal Pb ab- 
sorption in a similar fashion establish a link between 
Pb and Ca metabolism. The importance of this rela- 
tionship was initially revealed by the studies of Six and 
Goyer ( 15) in which the clinical severity of Pb toxicity 
was shown to be dramatically augmented by dietary Ca 
deficiency. 

Indications that Pb-Ca interactions may be some- 
what more complex arose from clinical studies on Pb- 
intoxicated children which demonstrated significantly 
reduced serum 1 ,25(OH)2D3 levels associated with di- 
minished Ca intake and high blood Pb concentrations 
(2 1, 22). These observations were subsequently con- 
firmed experimentally in rats (23) and chicks (20), 
indicating that dietary Pb can diminish both the syn- 
thesis and circulating levels of the hormone in the Ca- 
deficient state. In rats (23), intestinal Ca absorption was 
also reduced, in the normal dietary Ca situation, and 
totally blocked, in the low Ca situation, by 0.82% 
dietary Pb. In the latter case, exogenous 1,25(OH)*D3 
administration did not reverse the inhibition, suggesting 
an additional effect of Pb, directly on the intestinal cell 
(23). These converging lines of evidence indicate that 
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intestinal Pb absorption, as well as body Pb retention, 
are significantly influenced by systemic Ca homeostasis 
which, in turn, may be significantly influenced by Pb 
status. The effect of Pb status on intestinal Pb absorp- 
tion remains unknown. The present studies were de- 
signed to compare and contrast the effects of dietary 
Pb on intestinal Pb and Ca absorption and other relev- 
ent indices of Ca and Pb metabolism. By administering 
1,25(OH)zD3 as the sole source of vitamin D, it was 
possible to limit the effects to post-renal events. 

Materials and Methods 
Hatchling White Leghorn cockerels (ISA-Babcock 

Industries, Inc., Ithaca, NY) were fed a semisynthetic 
vitamin D-deficient diet (20) for 2 weeks. They were 
then divided into three groups and fed the same diet 
containing 0, 0.2, or 0.8% Pb (as PbClZ) for an addi- 
tional 2 weeks. During this experimental period, one- 
half of the chicks in each group were injected (subcu- 
taneously) daily with 0.1 pg of 1,25(OH)2D3 in 10% 
ethanol in propylene glycol. At the end of the experi- 
mental period, chicks were fasted from food, but not 
water, for 16 hr. Each group was further subdivided for 
determination of intestinal 47Ca and 203Pb absorption 
by the in situ ligated duodenal segment procedure (24). 

For the 47Ca absorption studies, the intraluminal 
dosing solution (1 .O ml) contained 20 m M  CaCl,, 0.1 
pCi of 47 Ca, and 10 mM Hepes in saline (0.9% NaCl), 
pH 7.0. The absorption period was 20 min, after which, 
the chicks were bled by cardiac puncture and killed. 
The intact duodenal segment was removed, placed in a 
counting vial containing ice-cold saline, and counted 
(Gamma-300; Beckman Instruments) for 1 min to de- 
termine total radioactivity remaining in the segment. 
The segment was then drained, rinsed with cold saline 
(20 ml), and counted again, as before, for radioactivity 
associated with the tissue. The segment was then slit 
lengthwise, blotted, and the mucosal tissue scraped 
from the muscle layers on a cold glass stage. 

The mucosal tissue was homogenized in 4 volumes 
(w/v) of cold Tris buffer (pH 7.4) and samples were 
removed for determination of alkaline phosphatase ac- 
tivity (25) and homogenate total protein (26). The 
remaining homogenates were then centrifuged at 
38,OOOg for 30 min and the supernatants retained for 
determination of intestinal calbindin D levels (27) and 
supernatant total protein (26). 

One tibia was also removed, stripped free of soft 
tissue, and counted for 1 min for 47Ca. Blood plasma 
was analyzed for total Ca by atomic absorption spectro- 
photometry (model 360; Perkin-Elmer, Nonvalk, CT) 
and inorganic phosphate, according to Kraml (28). 
Carrier-free 47Ca, in saline, was obtained from Amer- 
sham (Arlington Heights, IL). 

'03Pb absorption studies were performed similarly 
to the 47Ca absorption studies. The intraluminal dosing 

solution (1 .O ml) contained 0.01 mM Pb acetate, 0.1 
pCi of 203 Pb, and 1.0 mM sodium acetate in saline 
(pH 6.5). At the end of the absorption period (60 min), 
the chicks were killed and the intact and rinsed seg- 
ments counted, as before, for 203Pb. One tibia was 
removed, stripped free of soft tissue, and counted for 1 
min for 203Pb. Carrier-free 203Pb was obtained from the 
DuPont Co. (New England Nuclear Research Products, 
Boston, MA). 

From identically treated chicks, not subjected to 
absorption studies, the mucosal tissue was harvested, as 
were the kidneys, extracted with 4 volumes (w/v) of a 
mixture of 20% trichloroacetic acid, 5% lanthanum 
oxide, 25% HC1, and analyzed for stable Pb and Ca by 
atomic absorption spectrophotometry. In addition, one 
tibia from each chick was removed and stripped free of 
soft tissue for determination of total bone ash Pb and 
Ca by atomic absorption spectrophotometry following 
ashing. 

The following terms were used to define the various 
steps in the overall absorption process: (i) absorption 
refers to the percentage of administered dose (isotope) 
which left the intact segment and is computed as (100 
- % dose retained), (ii) tissue retention is the percentage 
of administered dose remaining associated with the 
segment after rinsing, and; (iii) luminal efflux is the 
percentage of administered dose which left the lumen 
and is equivalent to the sum of absorbed and tissue 
retention. Statistical analyses were performed using 
one-way analysis of variance and Duncan's multiple 
range test (29). 

Results 
The effects of cholecalciferol deficiency and 

1,25(OH)zD3 repletion on body weight, plasma Ca, and 
plasma Pi are shown in Table I. Body weight gain, over 
the 2-week experimental period, was significantly in- 
creased by 1,25(OH)zD3 repletion at 0 and 0.2%, but 
not at 0.8% dietary Pb. Plasma Ca levels, as expected, 
were elevated to normal by repletion. However, chole- 
calciferol-deficient chicks fed 0.8% Pb were normocal- 
cemic and there was no additional increase due to 
repletion. Plasma Pi levels were lower in the deficient 

Table 1. Effect of Dietary Pb and 1 ,25(0H)*D3 Status 
on Body Weight, Plasma Ca, and Plasma Pi 

Treatment 

-D 
1,25-D3 
-D + 0.2% Pb 
1,25-D3 + 0.2% Pb 
-D + 0.8% Pb 
1,25-D3 + 0.8% Pb 

Body Plasma Ca Plasma P, 
weight (9) (mg/l00 mi) (mg/l00 ml) 

150 f 3a,c 7.5 f 0.4a 3.0 f 0.4a 
237 f 10b 10.7 f 0.2b 5.9 f 0.3b 
148 f 9a 7.9 f 0.3a 1.6 f 0.lc 
241 f 7b 10.0 f O.lb 3.6 f 0.2a 
141 & 9a 10.0 f O.lb 2.1 f 0.4a,c 
175 f l l c  10.4 f O.lb 5.0 f 0.3b 

Note. Values are mean * SE for five chicks. Mean bearing a common 
letter within a column are not significantly different (P > 0.05). 
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than in the repleted chicks, and there was an additional 
significant reduction at 0.2% dietary Pb. 

Repletion with 1 ,25(OH)2D3 significantly en- 
hanced intestinal absorption (over 8-fold) and dimin- 
ished mucosal tissue uptake (3 to 4-fold) of 47Ca, re- 
sulting in a substantial increase in luminal emux (Fig. 
1). There was no significant influence of dietary Pb, 
even at the very high level of 0.8%, on the intestinal Ca 
transport response to 1,25(OH)2D3. 

Intestinal ’03Pb absorption was also significantly 
enhanced (4-fold) by 1,25(OH)*D3 repletion in Pb- 
naive chicks (Fig. 1). Tissue uptake of 203Pb, while 
extensive, was not affected by repletion and, therefore, 
the difference in luminal emux was attributed solely to 
absorption. Dietary Pb had no effect on intestinal 203Pb 
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absorption, in cholecalciferol-deficient chicks, but did 
reduce tissue uptake and this was reflected in the lu- 
minal emux. For the case of the 1,25(0H)2D3-replete 
chicks, dietary Pb diminished intestinal 203Pb absorp- 
tion, in an apparent dose-dependent fashion, so that at 
0.8% Pb, there was no difference due to repletion. 
Tissue uptake of 203Pb was also somewhat less at the 
0.8% Pb level, resulting in an even greater difference in 
luminal emux. 

Results essentially identical to the absorption stud- 
ies were obtained from measurements of the tibia1 
uptake of 47Ca and 203Pb (Fig. 2). Again, repletion with 
1 ,25(OH)2D3 markedly increased 47Ca incorporation 
into bone, regardless of dietary Pb status. The increase 
in ’03Pb incorporation into bone of Pb-naive chicks in 
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Figure 1. Intestinal absorption, tissue retention, and luminal efflux of “Ca and ’03Pb in cholecalciferol-deficient (-) and 1 ,25(0H)2D3-replete (+) 
chicks fed the indicated levels of Pb. Each point represents the mean * SE for five chicks. Means bearing a common superscript are not 
significantly different (P > 0.05) for each measured parameter. 
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Figure 2. Tibial uptake of 47Ca and ‘03Pb in cholecalciferol-deficient (-) and 1 ,25(OH),D3-replete (+) chicks fed the indicated levels of Pb. Each 
point represents the mean t SE for five chicks. Means bearing a common superscript are not significantly different (P > 0.05) for each ion. 

response to 1,25(OH)2D3 was partially reversed by 0.2% 
and completely inhibited by 0.8% dietary Pb. These 
results indicate that, at least during the absorption 
period, tibia1 uptakes of Ca and Pb are entirely depend- 
ent on the extent of intestinal absorption, rather than 
on local factors. 

The synthesis of intestinal calbindin D in response 
to 1,25(OH)2D3 was unaffected by dietary Pb status 
(Fig. 3) and the usual increase in alkaline phosphatase 
activity may well have been augmented by Pb. These 
results, in combination with those for 47Ca absorption, 
indicate that the overall intestinal Ca transport response 
to 1,25(OH)zD3 is not influenced by dietary Pb. 

Additional pertinent indices of Pb and Ca status 
are shown in Table 11. Kidney total Ca level was unaf- 
fected by dietary Pb in the cholecalciferol-deficient 
chicks, but was somewhat elevated by the combination 
of 1,25(OH)2& repletion and Pb. Kidney total Pb levels 
were significantly increased as a function of dietary Pb 
in both the deficient and replete groups, although the 
1,25(0H)2D3-replete chicks retained considerably 
more. 

The total content of Ca in the intestinal mucosa 
(Table 11) was reduced by 1,25(OH)zD3 repletion, at all 
levels of dietary Pb. These data agree with 47Ca results 
and confirm the importance of cholecalciferol in the 
transepithelial transport (as opposed to tissue uptake) 
of Ca. The total mucosal Pb content increased with 
increasing dietary Pb level in the deficient, but not the 
repleted chicks. 

Tibial Ca content (as % ash) was significantly ele- 

40 
n 

F 2 30 

c 20 
0 

v 

c 
U 
.- 
.- 
0 
0 

10 

0 
(-1 :+> 

a 
a a  

C 

:+> 

Figure 3. Intestinal calbindin D and alkaline phosphatase levels in 
cholecalciferol-deficient (-) and 1 ,25(0H)2D3-replete (+) chicks fed 
the indicated levels of Pb. Each point represents the mean 2 SE for 
five chicks. Means bearing a common superscript are not significantly 
different (P > 0.05). 

vated by 1,25(OH)2D3, but unaffected by dietary Pb 
level, again indicating that Ca metabolism was not 
compromised by Pb. 

Tibial Pb content (Table 11) was increased dramat- 

INTESTINAL Pb AND Ca ABSORPTION 261 



Table II. Kidnev. Gut, and Bone Ca and Pb Levels as a Function of 1 ,25(OHhD3 and Dietary Pb Status 
Kidney Ca Kidney Pb Gut Ca Gut Pb Tibial Ca Tibial Pb 

(PPm) (PPm) (PPm) (PPm) (O/O ash) (PPm ash) Treatment 

-D 69.0 f 8.8a,c Oa 116.8 f 14.6a Oa 33.2 f 0.4a 23.4 f 14.3a 
1,25-D3 64.1 f 1.5a Oa 74.6 f 4.3b Oa 36.0 f 0.2b 10.9 f 6.7a 
-D + 0.2% Pb 56.6 f 3.8a 4.8 f 0.5b 87.0 f 3 . 4 ~  3.8 f 0.4b 33.5 f 0.3a 133.1 f 24.1 b 
1,25-D3 + 0.2% Pb 80.2 f 13.4a,c 13.7 f 2 . 4 ~  69.6 f 2.0b 3.0 f O.Ob 35.5 f 0.2b,c 335.1 f 1 5 . 8 ~  
-D + 0.8% Pb 62.4 f 2.4a 9.2 f 0 . 9 ~  104.4 f 8.0a,c 7.0 f 1 . 0 ~  32.8 f 0.2a 299.8 f 4 . 8 ~  
1,251-0~ + 0.8% Pb 90.1 f 7.6d 32.4 f 7.6d 69.5 f 2.3b 4.2 f 1.0b 34.7 f 0 . 4 ~  1008.8 f 71.2d 

Note. Values are mean f SE for five chicks. Means bearing a common letter within a column are not significantly different (P > 0.05). 

ically by both dietary Pb level and by 1,25(OH)'D3 
repletion. These results are not entirely in agreement 
with the '03Pb absorption data. At the 0.2% dietary Pb 
level, elevated tibial Pb content can be accounted for 
by increased Pb absorption due to repletion. At the 
0.8% Pb level, however, there was no substantial differ- 
ence in '03Pb absorption (due to repletion) and, yet, 
over three times as much Pb was incorporated into the 
tibia of repleted chicks. 

Discussion 
The present studies compare and contrast the ef- 

fects of dietary Pb intoxication on the duodenal Ca and 
Pb transport responses to the hormonal form of chole- 
calciferol. By supplying 1,25(OH)zD3 as the only source 
of cholecalciferol, it is experimentally possible to assess 
the effects of Pb on processes other than formation of 
the hormone. This is important, since there is evidence 
that Pb can both inhibit (20, 23) and enhance (30) 
the renal conversion of 25-hydroxycholecalciferol to 
1 ,25(OH)'D3. However, since it is possible that Pb may 
also influence the biologic half-life of the circulating 
levels of hormone (23), such an approach does not 
necessarily pinpoint the intestine as a potential site of 
Pb action. To this end, *03Pb and 47Ca absorption 
experiments were conducted in parallel. 

Chronic repletion of cholecalciferol-deficient, Pb- 
naive chicks with 1 ,25(OH)2D3 markedly increased 
duodenal '03Pb as well as 47Ca absorption. These results 
confirm, in general, previous observations in rats (1 9) 
and chicks (18, 20) employing both acute (18, 19) and 
chronic (20) administration of 1 ,25(OH)zD3. Although 
the responses of '03Pb and 47Ca to repletion were qual- 
itatively similar, there were differences in detail. En- 
hanced 47Ca absorption, in response to 1 ,25(OH)2D3, 
involved the movement of Ca from the lumen to blood 
(transepithelial), but also from the tissue to the blood 
(transcytosolic). The response for '03Pb involved only 
transepithelial transport, with no change in tissue '03Pb. 

Smith et al. (23) reported a dose-dependent inhi- 
bition of in vitro Ca transport by dietary Pb in chole- 
calciferol-deficient (normal dietary Ca) rats chronically 
repleted with cholecalciferol. Cholecalciferol-mediated 
duodenal (everted sac) Ca transport was completely 

blocked by 0.82% dietary Pb. Chronic repletion with 
1 ,25(OH)'D3 partially, but not completely reversed this 
inhibition, suggesting dietary Pb exerted some influence 
at the level of the intestine (23). 

The present in situ results are not in agreement 
with this suggestion. Since the intestinal response to 
exogenous 1 ,25(OH)'D3 measured either directly as 
47Ca absorption or the associated molecular events (cal- 
bindin D synthesis and alkaline phosphatase activity) 
was unaltered by dietary Pb status, it is concluded that 
under the present conditions, dietary Pb does not sig- 
nificantly influence the biologic half-life of the hor- 
mone, its entry into the intestinal epithelial cell, or 
interaction with receptor and/or subsequent genomic 
and nongenomic events. 

Unlike intestinal 47Ca absorption, '03Pb absorption 
was significantly inhibited by increasing levels of dietary 
Pb. at 0.8% dietary Pb, enhanced intestinal '03Pb ab- 
sorption in response to 1,25(OH)zD3, was completely 
inhibited. For the most part, the site of inhibition 
appears to be the entry of Pb into the epithelial cells, 
i.e., a reduction in luminal emux. The effect is appar- 
ently related specifically to 1 ,25(0H)2D3-mediated Pb 
transport, since there was no influence of dietary Pb on 
'03Pb absorption in the cholecalciferol-deficient chicks. 

An additional point of interest is that, while ab- 
sorption and tibial uptake of '03Pb in the cholecalci- 
ferol-deficient and 1 ,25(OH)'D3-replete chicks fed 0.8% 
Pb were similar, tibial and renal accumulations of 
dietary Pb were markedly increased by chronic reple- 
tion with the hormone. Such results might suggest an 
effect of 1 ,25(OH)'D3 on bone and kidney Pb retention, 
independent of any influence of 1,25(OH)~D3 on Pb 
absorption. Dietary Ca deficiency, known to elevate 
1 ,25(OH)2D3 levels, also increases bone and kidney Pb 
retention in some fashion(s) which may not necessarily 
be related to enhanced Pb absorption (30-32). 

Another explanation would be the influence of 
temporal factors, perhaps related to body Pb burden. It 
must be emphasized that values for tibial (and renal) 
Pb content are cumulative, whereas '03Pb absorption 
uptake data result from point measurements and indi- 
cate duodenal capacity to absorb Pb only at the end of 
the 2-week experimental period. Therefore, at the si- 
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multaneous onset of 1 ,25(OH)2D3 repletion and Pb 
intoxication, the initial response may be enhanced Pb 
(and Ca) absorption at all levels of dietary Pb, similar 
to the situation observed in Pb-naive animals ( 1  8). Such 
an initial event might result in body Pb burden (and 
tibia1 Pb accumulation) proportional to Pb intake. A 
secondary response, triggered by increased Pb burden 
would then reverse, and ultimately inhibit, the intes- 
tinal Pb absorption response to I ,25(OH)2D3. Clearly, 
it is necessary to conduct thorough time studies of Ca 
and Pb absorption and body Pb retention related to 
1 ,25(0H)*D3 administration and Pb intoxication. 

The location of the inhibitory effect of dietary Pb 
on Pb absorption is not known. It is difficult to envision 
a negative feedback mechanism from bone or kidney 
to intestine which would be independent of the chole- 
calciferol endocrine system and would not influence Ca 
absorption as well. The intestinal epithelial cell is a 
likely choice. Competition between Pb and Ca for 
potential transport components has been suggested and 
experimental evidence exists both for (30) and against 
(16) such a possibility. Intestinal Pb accumulation does 
not appear to be involved, since the mucosal Pb content 
in 1,25(0H)2D3-replete chicks fed 0.8% Pb was signifi- 
cantly less than the cholecalciferol-deficient counter- 
parts, but not different from either ‘groups of chicks fed 
0.2% Pb. The localization of this Pb in the intestinal 
cell, however, is not known. 

In order to fully elucidate the mechanism of intes- 
tinal Pb absorption, it is necessary to understand not 
only those elements common to Pb and Ca transport, 
but also those which are not. The present results dem- 
onstrate that differences exist between Pb-naive and Pb- 
intoxicated animals and these should be given consid- 
eration in future studies. 
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