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Abstract

Effects of dietary P level on the oral bioavailability of Pb present in soil were examined in a mouse 

model. Adult female C57BL/6 mice had free access to AIN-93G purified rodent diet amended 

with Pb as a soluble salt, Pb acetate, or in a soil matrix (NIST SRM 2710a). In these studies, the 

basal diet contained P at a nutritionally sufficient level (0.3% w/w) and the modified diets 

contained P at a lower (0.15%) or a higher (1.2%) level. For either dietary Pb source (Pb acetate or 

NIST SRM 2710a), low dietary P level markedly increased accumulation of Pb in bone, blood, and 

kidney. Tissue Pb levels in mice fed a high P in diet were not different from mice fed the basal P 

diet. Dietary P and Pb interacted to affect body weight change and feed efficiency in mice. The 

relative contribution of different Pb species in diet and feces was also affected by dietary P level. 

Differences in Pb species between diet and feces indicated that transformation of Pb species can 

occur during gastrointestinal tract transit. These interactions between Pb and P that alter Pb 

speciation may be important determinants of the bioavailability of Pb ingested in soil.
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Introduction

Exposure to Pb in early life has profound and long-lasting health effects.(1–3) Widespread 

use of this toxic metal has resulted in extensive and persistent contamination of soil and 

dust.(4,5) Because hand to mouth activity in children can be an important pathway for 

ingestion of Pb-contaminated soil and dust ingestion, these media are major sources for 

exposure of children to Pb.(6–8) Quantifying Pb exposure through soil and dust ingestion 

requires estimation of cumulative intake of these materials and estimation of the 

bioavailability of Pb present in these materials. Operationally, bioavailability is defined as 

the amount of a contaminant absorbed into the body following skin contact, ingestion, or 

inhalation (https://www.epa.gov/superfund/soil-bioavailability-superfund-sites). Although 

the divalent metal transporter 1 ultimately mediates absorption of ingested Pb across the 

gastrointestinal barrier,(9–12) bioavailability also depends on interactions between Pb and 

other dietary components. For example, interactions between Pb and P, an essential nutrient 

are of particular interest.(13) Variation in dietary P level has been shown to affect the uptake 

and systemic kinetics of ingested soluble Pb compounds. In rats consuming a Pb-amended 

diet, lower dietary P levels increased tissue levels of orally administered Pb; in contrast, 

higher dietary P levels reduced tissue levels of orally administered Pb(14,15) and reduced 

the toxicity of ingested Pb.(16) Effects of dietary P on the kinetic and dynamic behavior of 

ingested Pb have generally been considered in terms of formation of poorly soluble Pb–P 

complexes. The role of P in control of solubility of Pb has been examined in both aqueous 

environments and in soils.(17,18) Because oxyanionic P forms poorly soluble complexes 

and sorption products with Pb, application of inorganic phosphate to Pb-contaminated soils 
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is a common strategy for soil remediation.(19–21) The efficacy of P treatment of Pb-

contaminated soils to reduce the bioavailability of Pb has been demonstrated in rats and 

mice.(22,23)

The work reported here extends our understanding of the role of Pb–P interactions by 

examining the effect of dietary P level on tissue distribution of Pb in a mouse model 

developed to provide estimates of the relative bioavailability (RBA) of Pb present in soil.

(24) This study also examined interactions between Pb and P in the mouse gastrointestinal 

tract to provide insights into P-dependent processes that could affect soil Pb bioavailability. 

A better understanding of interactions between Pb and P that occur in the environment or in 

the gastrointestinal tract may contribute to the development of effective strategies to reduce 

Pb exposure and accumulation in children.

Methods

Test Materials

The test soil evaluated in mouse assays was NIST Standard Reference Material 2710a 

(Montana I soil, SRM 2710a, www-s.nist.gov/srmors/certificates/2710a.pdf) with a certified 

Pb concentration of 5520 mg kg−1. Lead acetate trihydrate (Sigma-Aldrich, St. Louis, MO) 

was the soluble lead reference compound for mouse assays.

Test Diets

AIN-93G is a purified rodent diet formulated to meet nutritional requirements of rodents 

during growth, pregnancy, and lactation.(25) In work reported here, Dyets, Inc. (Bethlehem, 

PA) prepared AIN-93G diets that differed in P concentration. On a weight basis, basal 

AIN-93G rodent diet contained 0.3% P with approximately equal amounts of P contributed 

by potassium phosphate in the diet’s mineral mix and by phosphoproteins in casein, the 

diet’s protein source. Low P AIN-93G rodent diet that contained 0.15% P was prepared by 

omission of potassium phosphate from the mineral mix. Hence, in the low P diet, casein 

phosphoproteins were the sole source of P. High P AIN-93g rodent diet (1.2% P) was 

prepared by increasing the amount of potassium phosphate in the mineral mix. Total P levels 

in diets were confirmed by elemental analysis (data not shown).

Mouse Assay

The mouse assay for estimation of the RBA of soil-borne Pb has been described.(24) An 

important element of assay design was selection of dietary Pb levels (usually 4 dosage 

levels) that minimized nonlinear relations between cumulative Pb dosage and tissue Pb 

levels and did not produce overt toxic responses in mice. For studies reported here, addition 

of test materials, Pb acetate or NIST SRM 2710a, to test diets yielded dietary Pb levels 

between about 3 to about 30 mg kg−1 (Supporting Information Figure S1).

Female C57BL/6 mice received from Charles River (Raleigh, NC) at 4 weeks of age were 

acclimatized for 12 to 14 days in a 12-h light–12-h dark photocycle at 20–22 °C with free 

access to Prolab RMH 3000 rodent diet (Lab Diet, St. Louis, MO) and drinking water. 

During the 9-day assay, mice were housed in groups of 3 in metabolic cages (Lab Products, 
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Seaford, DE) with free access to an AIN-93G rodent diet amended with a test material and 

drinking water. A standard assay consisted of 3 metabolic cages with the cage as the unit of 

observation and analysis. Environmental conditions were identical throughout acclimation 

and assay stages of studies. For each cage, daily food and water consumption were recorded. 

Cumulative food intake was the sum of daily food consumption. Combined body weights of 

mice in each cage were determined before transfer into metabolic cages and at assay 

termination. At termination, mice were euthanized with CO2 and a heparinized blood sample 

and kidneys were collected. After evisceration and pelt removal, carcasses were defleshed in 

dermestid beetle cultures. This procedure provided a nearly complete skeleton for Pb 

determination. Samples from 3 mice in each metabolic cage were pooled by tissue type 

before being processed for Pb determination.

To complement the studies of the effects of dietary P level on Pb bioavailability, mouse 

assays were also conducted under identical conditions in mice that received unamended 

AIN-93G rodent diets with different P levels. These studies provided comparative data on 

effects of dietary P levels on cumulative food consumption, relative weight gain, and feed 

efficiency.

Tissue Processing and Pb Analysis

Pooled kidneys and skeletons from each cage were homogenized with a model 6850 freezer 

mill (Spex, Metuchen, NJ). Aliquots of tissue homogenates were digested in ultrahigh purity 

nitric acid (SCP Science, Champlain, NY) using a closed vessel microwave reaction system 

(CEM Microwave, Matthews, NC). Before analysis, digested samples were diluted with 

deionized water to 5 to 10% nitric acid concentration. Samples of test diets were acid 

digested as described for tissue samples. Pb concentrations in mouse tissues and diet 

samples were determined by inductively coupled plasma-mass spectrometry using a X-

Series II ICP/MS (SCP Science). Quality control samples analyzed with each digestion 

batch included reagent blanks, blank spikes, matrix spikes, and NIST SRM 2710a (Montana 

I soil), SRM 955c (caprine blood), SRM 1577c (bovine liver), and SRM 1486 (bone meal). 

Pb levels in pooled blood samples from each mouse in a metabolic cage were determined by 

anodic stripping voltammetry (LeadCare Ultra, Magellan Diagnostics, North Billerica, MA). 

Performance of the blood Pb analysis has been reported.(23)

Pb Speciation Analysis

X-ray absorption spectroscopy data for Pb species in diet and feces were collected at the 

DuPont-Northwestern-Dow Collaborative Access Team Sector 5, beamline 5BM-D, at the 

Advanced Photon Source of the Argonne National Laboratory, Lemont, IL. Data collection 

was conducted at the Pb LIII-edge (13035 eV) in fluorescence mode with two Vortex-ME4 

four-element silicon drift detectors for the samples. All sample and standard spectra were 

calibrated to a Pb foil on the same energy grid, averaged, and normalized, and the 

background was removed by spline fitting. Various Pb standards were used as reference 

spectra for linear combination fitting analyses of the sample spectra to determine distribution 

of Pb phases. Additional information on Pb speciation analysis is presented in Supporting 

Information.
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Data Analysis

Formulas used to calculate experimental variables evaluated in this study are provided in 

Supporting Information Table S1. All statistical analyses were performed using SAS/STAT 

software, Version 9.4 of the SAS System for Windows. Tissue-specific RBAs (bone, blood, 

kidney) were estimated for NIST SRM 2710a relative to Pb acetate, for each dietary P level 

(low, basal, high). RBA was estimated as the ratio of linear regression slopes (m) for the 

relationship between cumulative Pb dose (mg) and tissue Pb level (mg/kg of bone or kidney, 

mg/L of blood)

RBA =  mtest mref

where mtest and mref are linear slopes for the test soil (NIST SRM 2710a) and reference (Pb 

acetate) groups, respectively.(26) Regression slopes were estimated by simultaneously fitting 

test and reference group tissue data to linear regression models sharing common intercepts 

using SAS PROC REG.(27) Confidence intervals for RBAs and heteroskedastic-consistent 

covariances for parameter estimates were obtained as previously described.(26,28) A point 

estimate for the RBA was calculated as the average of tissue-specific RBA values.(26) 

Confidence intervals on the point estimate were estimated from Monte Carlo simulation, 

which consisted of averaging repeated random draws from probability distributions of each 

tissue-specific RBA (normal: mean, SE), with equal probability for each tissue.(26) Mean 

RBA values were considered to be significantly different if the confidence intervals on the 

means did not overlap. Linear regression slopes for tissue Pb as a function of cumulative Pb 

intake, from different dietary P groups, were compared using SAS PROC GLM with 

inclusion of an interaction term for dietary P and cumulative Pb intake. Slopes for dietary P 

groups were considered to be significantly different if the interaction term was significant (P 
≤ 0.05). Data on food intake, body weight change, feed efficiency, or tissue Pb levels were 

analyzed using analysis of variance (SAS PROC ANOVA or GLM). Means were compared 

using Dunnett’s test or Tukey’s HSD test, with p ≤ 0.05 considered significant. Stepwise 

linear regression of these variables was conducted (SAS PROC REG) with p < 0.15 for entry 

into the model. Studentized residuals (>3 or ←3) were used to identify and exclude 

statistical outliers.

Results and Discussion

Effect of Dietary P Level on Pb Accumulation in Tissues

Figure 1 shows effects of dietary P level on the relation between cumulative dietary intake of 

Pb and tissue Pb concentrations in mice that consumed diets amended with Pb acetate or 

NIST SRM 2710a. For either test material, highest to lowest rank order of tissue Pb 

concentrations was bone, kidney, and blood. Irrespective of Pb source (NIST SRM 2710a or 

Pb acetate) or cumulative Pb intake, consumption of a low P diet significantly increased 

tissue Pb levels relative to basal and high P diets (Figure 1). For both Pb acetate and NIST 

SRC 2710a groups, slopes for tissue Pb (bone, blood, or kidney) as a function of cumulative 

Pb intake were significantly higher (P < 0.001) in mice maintained on the low P diet 

compared to mice maintained on the basal P or high P diet.
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In mice that consumed diets amended with Pb acetate or NIST SRM 2710a, low dietary P 

levels resulted in a 2- to 5-fold increase in mean tissue Pb levels compared to those found in 

mice that consumed basal P diets. Increased tissue Pb levels in rodents have been 

consistently reported in rodents that consume low P diets.(14,15) Notably, effects of low P 

diet on tissue Pb accumulation occurred when Pb was delivered in either a soluble form or in 

a soil matrix. Thus, factors that account for increased uptake and accumulation of Pb in mice 

consuming low P diets must be independent of physical or chemical properties of the Pb 

source. Because processing of milk to produce casein removes soluble P,(29) 

phosphoproteins are the sole source of P in the low P AIN-93G diet. Although intestinal 

endopeptidases release P from casein phosphoproteins to meet the nutritional requirement 

for this element,(30) it is unclear whether P in intact phosphoproteins readily interacts with 

Pb. Binding of Pb to casein through interactions with cysteinyl thiols has been described;

(31) however, interactions of phosphoprotein P and Pb have not been characterized. Thus, in 

terms of Pb–P interactions, there may be qualitative differences between P present in diets 

that contain casein as a sole source of P and in diets which contain P as a soluble salt. These 

putative differences in accessibility and reactivity of P from different dietary sources could 

affect Pb–P interactions. Expressing dietary P levels on the basis of P mass (% of diet 

weight) may not adequately reflect differences in availability of dietary P to interact with Pb.

Tissue Pb levels were typically lower in mice that consumed high P diets than in mice that 

consumed basal P diets (Figure 1). Tissue Pb slopes for mice maintained on the high P diet 

were significantly lower (P < 0.03) than slopes for mice maintained on the basal diet for all 

tissues except for bone Pb in the NIST SRM 2710a group (P = 0.11). Effects of high dietary 

P level were relatively modest; tissue Pb levels in mice receiving high P diets ranged from 

0.3- to 1.1-fold of those found in tissue of mice that consumed basal P diet. These effects on 

tissue Pb accumulation were consistent with earlier findings in rodent studies of the effect of 

high P intake on tissue Pb levels. In a single dose model, gastrointestinal Pb absorption was 

reduced in rats that received both Pb and a high phosphate solution orally.(32) Whole body 

retention of Pb was reduced by increased dietary P levels in rats that consumed Pb acetate-

containing diets.(14) The modifying effects of high dietary P levels on tissue Pb 

accumulation were seen with both Pb sources. Thus, the effects of P on Pb absorption and 

retention did not depend on physical and chemical properties of the Pb source.

Effect of Dietary P Level on Estimated RBA for Lead in NIST SRM 2710a

As described in Methods, ratios of linear regression slopes (m) for relations between 

cumulative Pb doses (mg) and tissue Pb levels were used to calculate tissue-specific and 

point estimates of Pb RBA in NIST SRM 2710a in diets that contained low, basal, or high P 

(Figure 2, data summary in Table S10). Tissue-specific and point estimates of Pb RBA 

obtained in mice that consumed NIST SRM 2710a-amended AIN-93G diet containing basal 

P were similar to those previously reported: bone: 34% (95% CL: 28–39), blood 42% (36, 

47), kidney 60% (53, 69).(24) Soil Pb RBA estimates derived from bone, blood, and kidney 

data were not significantly different in mice consuming either low or basal P diet (i.e., 95% 

confidence intervals overlapped), even though bioavailability was substantially different as 

indicated from the slopes of the cumulative Pb dose-tissue level regression models (Figure 

1). A change in bioavailability will not necessarily result in a change in RBA because RBA 
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is the ratio the bioavailability of Pb in soil to that of Pb in Pb acetate. For example, if 

bioavailability of Pb from soil and from Pb acetate are similarly depressed by dietary P, the 

RBA will not change. In contrast, RBA estimates derived from bone or kidney data from 

mice consuming high P diet were discordant with estimates for other dietary groups. Point 

estimates of Pb RBA for all dietary P levels were not significantly different.

Discordance among RBA estimates derived from Pb levels in kidney and bone in mice 

consuming high P diets versus low or basal P diets indicates that high dietary P differentially 

affected the dose-kidney and dose-bone slopes for Pb acetate and NIST SRM 2710a. In 

addition to enhanced formation of poorly soluble Pb–P complexes in the gastrointestinal 

tract of mice that consume high P diets, reduced Pb uptake into bone and kidney in animals 

that consumed high P diet could reflect effects of excess dietary P on these tissues. In female 

rats, high (1.5%) dietary P level reduced bone mineral density, an effect likely related to 

changes in calcium (Ca) metabolism produced by changes in dietary Ca/P ratio.(33) 

Interactions between Ca and P present in diet includes formation of poorly soluble 

complexes that can affect uptake of both elements across the gastrointestinal barrier. In mice, 

low Ca/P molar ratios in diet reduced uptake of Ca and higher molar ratios reduced uptake 

of P.(34) Similarly, there is evidence that high levels of P in diet can affect renal structure 

and function in rodents. In rats, abnormal Ca accumulation in kidney (nephrocalcinosis) and 

attendant effects on renal function have been linked to dietary P level and to the ratio of Ca 

and P in diet.(35,36) Basal P AIN-93G rodent diet contains 3 g of P and 5 g of Ca per kg 

(1.3 Ca/P molar ratio). This formulation meets requirements for these essential nutrients for 

normal growth and development(37) and reduces the potential of diet-induced 

nephrocalcinosis in rodents.(25,38) Alteration of the Ca/P ratio of high P AIN-93G rodent 

diet by addition of inorganic P to diet may result in pathophysiological effects associated 

with low Ca/P molar ratios.

If dietary P levels or Ca/P molar ratios are critical determinants of Pb absorption and 

distribution, then standardization of P and Ca levels in diets used in mouse assays used to 

estimate Pb RBA merits consideration. In natural ingredient rodent diets prepared from 

grains and other plant and animal products, P and Ca levels can vary widely. As shown in 

Figure S1, P levels in natural ingredient rodent diets range from about 0.5 to 1.5% and Ca 

levels range from about 0.5 to 2.4%. By comparison, P and Ca levels are 0.3 and 0.5%, 

respectively, in basal P AIN-93G rodent diet; these concentrations yield the optimal molar 

ratio of these nutrients.(25) Evaluation of Pb RBA estimates obtained in earlier studies in 

rodents should be examined with respect to dietary P and Ca levels and their molar ratio. For 

example, earlier studies of soil Pb bioavailability in rats have used both a natural ingredient 

diet(39) and a purified diet (AIN-76A) with a higher P level.(39,40) In analyses reported 

here, RBA estimates for Pb in NIST SRM 2710a used data obtained from mice that 

consumed diets with identical P levels. Discordant levels of P in diets which affected the 

slope of regression lines would affect the calculation of the ratio used to estimate RBA. 

Given the potential effect of dietary P and Ca levels on estimation of Pb RBA, comparisons 

of tissue Pb levels or of RBA estimates obtained in studies in which mice consumed diets 

that differed in composition (natural ingredient vs purified) and in P and Ca levels should be 

made with caution.
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Effect of Dietary P Level on Pb Speciation in Diet and Feces

Chemical transformation of Pb during transit of the mouse gastrointestinal tract can be 

monitored by determining Pb species present in diets and in feces. Figure 3 shows both 

absolute amounts of different Pb species ingested from Pb-amended diets and excreted in 

feces and fractional contributions of these species to ingested and excreted Pb. In Pb acetate-

amended diets, dietary P level affected the predominant Pb species. In low and basal P diets, 

adsorbed Pb was the predominant form; in the high P diet, hydroxyapatite was the 

predominant process (microbial activity) that affected Pb speciation in the gastrointestinal 

tract.(41–43) Changes in Pb species that occur in the gastrointestinal tract could affect the 

bioavailability of ingested Pb species. For NIST SRM 2710a-amended diets, irrespective of 

dietary P level, plumbojarosite, a poorly soluble species, predominated. However, dietary P 

level did affect relative contributions of other Pb species (adsorbed, anglesite, 

hydroxyapatite) to NIST SRM 2710a-amended diets.

Comparisons of Pb species in diets and in feces produced by mice that consumed these diets 

provided insight into effects of dietary P level on changes in Pb speciation during transit of 

the gastrointestinal tract. Feces from mice that consumed a low P diet amended with Pb 

acetate did not contain adsorbed Pb or hydroxyapatite, components of the diet, but did 

contain a larger fraction of organic-associated Pb. Anglesite and trilead diphosphate, species 

absent from the low P diet, were present in feces. Feces of mice that consumed Pb acetate-

amended diet with a basal P level had higher fractional levels of hydroxyapatite and organic-

associated Pb. Adsorbed Pb, a component of the basal P diet, was absent from feces. 

Organic-associated Pb was absent, and the fractional contribution of hydroxyapatite and 

trilead diphosphate to fecal Pb increased and decreased, respectively, in feces of mice that 

consumed Pb acetate-amended diet with a high P level. Notably, feces from these mice 

contained plumbojarosite, a species absent from Pb acetate-amended diet with a high P 

level.

Similar comparison of Pb species in NIST SRM 2710a-amended diet and in feces of mice 

that consumed these diets found that dietary P level affected speciation. Compared to diet, 

feces from mice consuming low P diet lacked adsorbed Pb, had lower fractional 

contributions of anglesite and plumbojarosite, and contained hydroxyapatite. Feces from 

mice that consumed diet with a basal P level contained trilead diphosphate, organic-

associated Pb, and adsorbed Pb; notably, these species were absent from diet. In feces, 

fractional contribution of anglesite was smaller and the fractional contribution of 

plumbojarosite was similar to that found in diet. Hydroxyapatite, a component of diet, was 

absent from feces. The fractional contributions of plumbojarosite in diet and feces were 

similar. Feces from mice that consumed NIST SRM 2710a-amended diet with a high P level 

contained organic-associated Pb and adsorbed Pb as novel species. Although the fractional 

contribution of trilead diphosphate was similar in diet and feces, fractional contributions of 

plumbojarosite and anglesite were lower in feces than in diet.

Pb–P Interactions in the Mouse Model

As part of our evaluation of the effects of Pb–P interactions on soil Pb RBA, we examined 

effects of dietary P level on food consumption, relative weight gain, and feed efficiency in 
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the mouse model. Table 1 summarizes effects of dietary P levels on cumulative food intake, 

% body weight change, and % feed efficiency in mice consuming an unamended or a Pb-

amended AIN-93G rodent diet. For an unamended diet, means for cumulative food intake, % 

body weight change, or % feed efficiency were not significantly different for different 

dietary P levels. In mice consuming diets amended with either Pb source, cumulative food 

intake was significantly lower for either low or high dietary P levels than for mice 

consuming a Pb-amended basal P diet. For either Pb source, a high dietary P level resulted in 

significantly lower cumulative food intake than that found in mice consuming Pb-amended 

low or basal P diets. In mice fed a Pb acetate-amended diet with a high P level, % body 

weight change and % feed efficiency were significantly lower than those found in mice fed 

low or basal P diets amended with this Pb source. Compared to mice that consumed the 

basal P 2710a-amended diet, mice fed a low P 2710a-amended diet had significantly 

increased % body weight change without an effect on % feed efficiency. In contrast, % body 

weight change and % feed efficiency were both significantly lower in mice that consumed a 

high P diet that was amended with NIST SRM 2710a. Additional analyses of the effects of 

dietary amendments and P levels on response in mice are summarized in Supporting 

Information (Tables S2–S5).

Stepwise linear regression was used to evaluate potential variables to explain variance in % 

body weight change and % feed efficiency. Variables evaluated were dietary Pb level, dietary 

P level, dietary Pb source, cumulative Pb intake, cumulative P intake, cumulative food 

intake, and two interaction terms (cumulative food intake*dietary P level) and (dietary P 

level*dietary Pb source). The final models for % body weight change and % feed efficiency 

were similar; parameters for the feed efficiency model are shown in Table 2 (both models are 

presented in Tables S6 and S7). Cumulative food intake, dietary Pb source, (cumulative food 

intake*dietary P level), and (dietary P level*dietary Pb source) were retained as significant 

predictors of % body weight change (adjusted r2 = 0.50) and % feed efficiency (adjusted r2 = 

0.48). The strongest association was with cumulative food intake. In the full model, this 

variable explained about one-half of the explained variance in % body weight change 

(partial r2 = 0.27) and % feed efficiency (partial r2 = 0.22). The interaction term, (cumulative 

food intake*dietary P level) also explained a relatively large portion of the variance in % 

body weight change (partial r2 = 0.15) and % food efficiency (partial r2 = 0.16).

Changes seen in the current study were consistent with evidence that dietary P levels can 

modify physiological responses in rodents. In rats, some studies have linked higher dietary P 

levels with reduced food intake and reduced weight gain.(44–47) However, other studies 

have not linked high dietary P levels to altered food consumption and ponderal growth in 

rats.(15,48) In mice, increased dietary P level has been associated with diminished weight 

gain with female mice more responsive than male mice.(49,50) Reduced food intake and 

lower % feed efficiency in mice consuming high P diets may be due to increased satiety and 

increased postprandial thermogenesis associated with increased P intake.(51)

Notably, these analyses did not illuminate the nature of the interaction between the dietary 

Pb source and the dietary P level that resulted in effects on body weight change and feed 

efficiency. Pb levels in bone, the major depot for absorbed Pb in the mouse model, in Pb 

acetate-treated mice were about 10-fold higher in mice that consumed a low P diet compared 
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to mice that consumed a high P diet. Thus, effects on body weight change and feed 

efficiency cannot be attributed to higher tissue levels of Pb in mice that consumed high P 

diets. Furthermore, when included in the final regression models, bone Pb level was not a 

significant explanatory variable for body weight change or feed efficiency and r2 values for 

the full models were not improved by the addition of bone Pb. These findings suggest that 

the interaction between dietary P level and Pb source was not explained by the different 

absorbed Pb doses in mice dosed with Pb acetate. An alternative explanation is that the 

interactions between P and Pb occur in the gastrointestinal tract. These interactions may 

contribute to the observed changes in Pb RBA produced by changes in dietary P levels. 

Interactions between P and Pb in the gastrointestinal tract that affect the bioavailability of Pb 

have been described in mice that received both Pb and P by gavage.(41) Results from the 

present study suggest that the interactions between Pb and P in the gastrointestinal tract 

occur with concurrent ingestion of Pb and P in food.

This study found that lowering the level of P in the diet markedly increased the 

gastrointestinal uptake and tissue accumulation of Pb, when mice ingested either a soluble 

form of Pb (Pb acetate) or soil-borne Pb. Patterns of changes in Pb speciation during 

gastrointestinal transit differed as functions of the source of dietary Pb and the dietary P 

level, suggesting that interactions between Pb and P may affect uptake across the 

gastrointestinal barrier. The modest effects of high dietary P levels on Pb uptake and 

accumulation suggest that increased P intake would provide little benefit in terms of 

reducing the risk of exposure to Pb. In addition, clinical and epidemiological evidence of a 

linkage between high dietary P intake and renal disease indicates that increased P intake is 

not a useful strategy for mitigating Pb exposure.(13,52,53)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Absolute (upper) and relative (lower) levels of Pb species in diet and feces. Cumulative 

amounts of Pb species ingested from diet (D) and excreted in feces (F) shown for two Pb 

sources and three dietary P levels. ADS, adsorbed Pb; ORG, organic material-associated Pb; 

HAP, hydroxyapatite-associated Pb; PbP, trilead diphosphate; ANG, anglesite; PLJ, 

plumbojarosite.
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Figure 2. 
Estimates of percentage relative bioavailability (% RBA) of Pb in NIST SRM 2710a in mice 

that consumed AIN-93G rodent diet with low, basal, or high P levels. Mean and 95% 

confidence intervals shown for % RBAs derived from bone, blood, and kidney data. Point 

estimate % RBA derived from mean of all tissue estimates.
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Figure 3. 
Effect of dietary P level on relations between cumulative Pb intake and tissue Pb 

concentrations in mice. Mice ingested AIN-93G rodent diet amended with Pb acetate 

(PbOAc) or NIST SRM 2710a. Dietary P levels were 0.15% (low P), 0.3% (basal P), and 

1.2% (high P). Regression lines for tissue Pb concentrations as functions of cumulative Pb 

intake and R2 values shown for bone, blood, and kidney.

Bradham et al. Page 16

Environ Sci Technol. Author manuscript; available in PMC 2021 June 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Bradham et al. Page 17

Ta
b

le
 1

.

Su
m

m
ar

y 
of

 E
ff

ec
ts

 o
f 

D
ie

ta
ry

 P
 L

ev
el

 a
nd

 D
ie

ta
ry

 A
m

en
dm

en
t o

n 
C

um
ul

at
iv

e 
Fo

od
 I

nt
ak

e,
 R

el
at

iv
e 

G
ro

w
th

, a
nd

 F
ee

d 
E

ff
ic

ie
nc

y 
in

 M
ic

e 
C

on
su

m
in

g 

U
na

m
en

de
d 

an
d 

Pb
-A

m
en

de
d 

A
IN

-9
3G

 R
od

en
t D

ie
ta

D
ie

ta
ry

 A
m

en
dm

en
t

D
ie

ta
ry

 P
 L

ev
el

L
ow

B
as

al
H

ig
h

A
ll 

P
 L

ev
el

s

C
um

ul
at

iv
e 

fo
od

 in
ta

ke
 (

g)
U

na
m

en
de

d
81

.8
 ±

 7
.4

a 
x

73
.9

 ±
 2

.4
a 

x
70

.9
 ±

 2
.1

a 
x

75
.4

 ±
 6

.4
x

Pb
A

c
77

.2
 ±

 3
.6

a 
x

83
.8

 ±
 5

.0
b 

y
72

.6
 ±

 5
.3

c 
x

77
.8

 ±
 6

.2
x

27
10

a
77

.6
 ±

 4
.2

a 
x

82
.7

 ±
 4

.8
b 

y
72

.9
 ±

 4
.4

c 
x

77
.7

 ±
 5

.6
x

D
ie

t P
 M

ea
n

77
.8

 ±
 4

.4
a

81
.6

 ±
 5

.9
b

72
.5

 ±
 4

.5
c 

x

%
 B

od
y 

W
ei

gh
t 

C
ha

ng
e

U
na

m
en

de
d

6.
04

 ±
 3

.5
8a 

x
7.

85
 ±

 3
.7

5a 
x

4.
52

 ±
 3

.6
7a 

x
6.

27
 ±

 3
.6

5x

Pb
A

c
7.

72
 ±

 2
.4

9a 
x

7.
76

 ±
 2

.8
4a 

x
–0

.4
2 

±
 2

.4
6b 

y
5.

41
 ±

 4
.5

0x

27
10

a
7.

03
 ±

 3
.4

2a 
x

6.
54

 ±
 2

.4
3b 

x
3.

42
 ±

 3
.2

8a 
x

5.
94

 ±
 3

.4
5x

D
ie

t P
 M

ea
n

7.
23

 ±
 3

.0
4a

7.
27

 ±
 2

.8
1a

1.
93

 ±
 3

.5
8b

%
 F

ee
d 

E
ff

ic
ie

nc
y

U
na

m
en

de
d

3.
71

 ±
 1

.9
7a 

x
5.

38
 ±

 2
.3

8a 
x

3.
16

 ±
 2

.5
8a 

x
4.

18
 ±

 2
.3

6x

Pb
A

c
5.

24
 ±

 1
.6

6a 
x

4.
94

 ±
 1

.5
3a 

x
–0

.3
0 

±
 1

.8
4b 

y
3.

57
 ±

 2
.9

7x

27
10

a
4.

66
 ±

 2
.1

7a 
x

4.
32

 ±
 1

.6
3a 

x
2.

39
 ±

 2
.2

4b 
x

3.
96

 ±
 2

.2
4x

D
ie

t P
 M

ea
n

4.
81

 ±
 1

.9
6a

4.
76

 ±
 1

.7
2a

1.
35

 ±
 2

.5
2b

Environ Sci Technol. Author manuscript; available in PMC 2021 June 09.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Bradham et al. Page 18

Ta
b

le
 2

.

L
in

ea
r 

R
eg

re
ss

io
n 

M
od

el
 f

or
 P

er
ce

nt
 F

ee
d 

E
ff

ic
ie

nc
y

P
ar

am
et

er
E

st
im

at
e 

(m
ea

n 
± 

SE
)

P
ar

ti
al

 r
2

P

In
te

rc
ep

t
–1

0.
00

 ±
 2

.6
1

0.
00

02

C
um

ul
at

iv
e 

fo
od

 in
ta

ke
0.

23
 ±

 0
.0

3
0.

22
<

0.
00

01

C
um

ul
at

iv
e 

fo
od

 in
ta

ke
*d

ie
ta

ry
 P

 le
ve

l
–0

.0
30

 ±
 0

.0
04

0.
16

<
0.

00
01

D
ie

ta
ry

 P
b 

so
ur

ce
–2

.3
8 

±
 0

.7
0

0.
02

0.
00

10

D
ie

ta
ry

 P
 le

ve
l*

di
et

ar
y 

P
b 

so
ur

ce
1.

51
 ±

 0
.3

4
0.

10
<

0.
00

01

M
od

el
 a

dj
us

te
d 

r2  
= 

0.
48

Environ Sci Technol. Author manuscript; available in PMC 2021 June 09.


	Abstract
	Graphical Abstract
	Introduction
	Methods
	Test Materials
	Test Diets
	Mouse Assay
	Tissue Processing and Pb Analysis
	Pb Speciation Analysis
	Data Analysis

	Results and Discussion
	Effect of Dietary P Level on Pb Accumulation in Tissues
	Effect of Dietary P Level on Estimated RBA for Lead in NIST SRM 2710a
	Effect of Dietary P Level on Pb Speciation in Diet and Feces
	Pb–P Interactions in the Mouse Model

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1.
	Table 2.

