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Abgract

Lead (Pb) isacommon environmental contaminant found in soils. The oral bioavailability of soil Pbfor humans dependson the ability of the stomach
and the small intestine to dissolve the soil Pb (bioaccessibility) and on the ability of theintestinal membranesto absorb the contaminant. In vivo and
in vitro methods are often used to estimate of oral bioavailability of Pbin soil. Asacheap, simple and reproducible tool, in vitro methods based on
human physiology have become prevalent. Many in vitro digestion models have been devel oped during the past few decades, but they are still not
perfect. In thisstudy, in vitro digestion and 10 kD centrifugal ultrafiltration device were used to estimate the oral bioavailability and bioaccessibility
of Pbin 5 soil samples. Thethree soil sampleswere collected from Guangdong (apaddy field near mining area), Guangxi (acropland) and Neimenggu
(amining area) of China, and other two soil samples, GSS-1 and GSS-5, were Chinese standard reference soil s, which represented the typical soilsin
north and south China. The 5 soil samples cover a range of Pb concentrations from 98 to 5860 mg kg!. Results showed that not only the
bioaccessibility of Pb, but aso the ratio of Pb bioavailability to bioaccessibility varied with the soil samples. The bioaccessible and bioavailable Pb
fraction range was 16.10-81.92% and 15.23-80.18% in the gastric phase and 1.69-32.72% and 0.93-20.62% in the small intestinal phase, respectively.
Theratio of Pb bioavailability to bioaccessibility ranged from 0.76 to 0.99 and from 0.24 to 0.80 in the gastric and small intestinal phase, respectively.
In vitro digestion/centrifugal ultrafiltration isfeasible and easy to operate to assess the bioaccessibility and bioavailability of soil heavy metals.
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Introduction

Heavy metalsin soilsare a crucial risk for the environment and
human health. Lead (Pb) isamain heavy metal contaminant. There
areaconsiderable number of countriesacrosstheworld suffering
from soil Pb contamination 2. Dueto effective control of heavy
metal ingestion through the food chain, oral ingestion of soil,
bothintentionally and unintentionally, is considered an important
and even major pathway for Pb to enter the human body *°.
Children, often with frequent outdoor hand-to-mouth behavior,
areespecially susceptibleto soil Ph. It isreported that soil intake
ratesare 1-50 mg/d for adultsand 100-500 mg/d for children &8,

When it comes to health risk assessment of soil Pb, their oral
bioavailability is of great concern. According to the general
interpretation in pharmacol ogy, oral bioavailability refersto the
fraction of an orally administered dose that reachesthe systemic
circulation®. Because of obviousethical constraints, bioavailability
data from actual human feeding tests are hard to obtain. Many
experimental methods have been developed to predict oral
bioavailability of soil elementsincluding Pb; however, each has
itslimitations. Invivo animal study may seem agood choice, but
itisalso expensive, time-consuming, and itsextrapol ation to human
issometimes questionable . Asacheap, smple and reproducible
tool, in vitro methods based on human physiology have become
prevalent. Many in vitro digestion models have been devel oped
during the past few decades, but they are still not perfect.

Ininvitro studies, itisgenerally agreed that oral bioavailability
of soil-borne contaminant can be conceptually subdivided into
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three crucial processes. Firstly, the fraction of the contaminant
that is released from soil into the digestive juice, i.e. chyme, is
referred to as the bioaccessible fraction, which represents the
maximum amount of the contaminant available for intestinal

absorption 3, Then only a fraction of the bioaccessible
contaminant can be transported from the lumen across the
intestinal epithelium and into the portal vein or the lymph ®. The
contaminant may be metabolized in the intestinal epithelium or
theliver, and asaresult, may be partially excreted °. With respect
to heavy metals, such as Pb, this so-called first-pass effect can be
ignored %3, After these three steps, part of the contaminant enters
the systemic circulation and poses threat to people’s health.

Bioaccessibility is generally reckoned as the principal limiting
factor and sole indicator of bioavailability, and therefore most
existing physiologically based in vitro methods focus only on
thesimulation of the gastrointestinal digestion procedure, without
mimicking the intestinal absorption process 45, Moreover, few
of theseinvitro models haverel ated their resultsto bioavail ability
dataof in vivo animal models. Thus, estimation of bioavailability
solely based on bioaccessibility seems insufficient for

establishment of a standard tool for practical health risk

assessment. Some other in vitro methods predict bioavailability
of achemical directly by integrating the process of resorptionin
theexperimental design. Dialysisisasimpleand effective physical
method that has been widely used to reflect the absorption of a
chemicd acrosstheintestina wall (epithelium) after gastrointestinal
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digestion. The fraction of a chemical dialyzing across a
semipermeable membraneisused asameasureof itshioavailahility.
Miller et al.*® described an in vitro method involving equilibrium
dialysis, which has then been shown to provide bioavailability
measurements correlating well with in vivo studiesfor food iron
and zinc 128, Equilibrium dialysis hasbeen adopted in many other
kinds of invitro digestion methods ** %, So far, such technology
of asemipermeable membrane with aparticular pore size has not
been applied in in vitro study of oral bioavailability of heavy
metalsin soils, but to study mineralsin foods 22,

The current study aimed at modifying existing in vitro digestion
models by integrating the resorption processin the experimental
design. Moreover, the modified model needed to be not only
convenient to operate, but also capable of measuring oral
bioavailability of soil Pb, and dealing with routine health risk
assessment work. The PBET (physiologically based extraction
test) 2and IV G (in vitro gastrointestinal) 2 models have shown
their capabilitiesfor estimating the bioaccessibility of soil Pb, and
therefore became the basis for our modified model. As to the
simulated intestinal absorption process, ultrafiltration, aphysical
method equivalent to continuousdialysis, was adopted. According
to the given molecular weight cut off (MWCO) of the filter
membrane mounted in the device, the digestive fluid containing
chymemay beeffectively separated by simple centrifugation, and
then the fraction of Pb in the ultrafiltrate, which represents the
bioavailablefraction, can be collected and measured. In thisstudy,
the operational feasihility of this modified in vitro model was
tested, and the oral bioavailability of soil Pb wasinvestigated. It
is hoped that this modified in vitro model can help gain insight
into the human resorption process of soil Pb, and lead toimproved
estimation of their oral bioavailability and health risk.

Materialsand M ethods

Soil preparation: Five soil sampleswere used inthisstudy. Sample
GD, GX and NM were collected from Guangdong (a paddy field
near mining area), Guangxi (acropland), and Neimenggu (amining
areq), China, respectively. The soil sampleswereair-dried, ground,
and passed through 0.85 mm and 0.15 mm mesh sieves for the
determination of soil basic propertiesand 0.25 mm mesh sievefor
invitrotest. Itisbelieved that the soil with particlesize <0.25mm
was mostly probable to be adhered to hands of children and then
ingested from mouth 2. Sample GSS-1 and GSS-5 were Chinese
standard reference soils, which represented the typical soilsin
North Chinaand South China.

Soil basic properties are presented in Table 1. The soil pH was
measured at a 1:2.5 soil/water ratio 2. The content of soil organic
matter was determined using the method of K,Cr,O, oxidation-
colorimetric method %. The total concentration of soil Pb was
measured by | CP-OES (715-ES, Varian, USA) after digested inagua
regia-HCIO, solution. Except GSS-1, thetotal Pb concentrations
of other soil sampleswere higher than 500 mg-kg?, which meant

Table 1. Basic properties of the selected soils.

Sample D pH Clay Organ(loz ;natter (?;(l)glll(;l]))

GD 7.14 53 3.21 808.49

GX 375 49 2.12 687.29

NM 790 82 1.27 5859.55

GSS-1 6.52 - 3.10 98

GSS-5 4.89 - 0.55 552
682

these samples were severely polluted by Pb according to the
national standard GB 15618-1995 of China (Ministry of
Environmental Protection of China, 1995).

Modified in vitro method: The modified in vitro model used in
this study consisted of two important processes, i.e.

gastrointestinal digestion process and intestinal absorption
process. In simulated digestion process, PBET (physiologicaly
based extraction test) method 2 was applied with modifications
according to IV G (in vitro gastrointestinal) method proposed by
Rodriguez et al. 2. After above sequential phases (gastric phase
and intestinal phase), the bioaccessibility of Pb in chyme was
determined. In simulated absorption process, centrifugal

ultrafiltration device (tube) was used. The fraction of Pb in the
ultrafiltrate which represented the bioavailable fraction could be
collected and measured. Detailed procedures are described below.

Gastric phase: Artificial gastric solution for the test was prepared
by adding 26.3 g of NaCl, 1.5 g of citrate, 1.5 g of malate, 1.26 ml of
lacticacid, 1.5 ml of acetic acid and 3.75 g of pepsin (P7000, Sigma
Chemical Co.) into 3litresof deionized water which was adjusted
to pH 1.5with 12 M HCI. Soil sampleof 2g wasadded into 200 ml
of gastric solution in the reaction vessel (plastic bottle with cap).
Thereaction vessel was placed in a 37°C water bath, vibrated in
approximately 100 rpm for 1 h. After 1h, an aliquot of 20 ml of

gastric fluid was poured into 50 ml centrifuge tube and centrifuged
at 2100xg for 25 min. Ten ml of the supernatant was collected into
15 ml centrifuge tube using syringe, and stored at 4°C (for the
determination of bioaccessibility of Pb). The residual 10 ml of

supernatant was poured into 50 ml centrifugal ultrafiltration device
(Amicon Ultra-15 10K) and centrifuged at 5000xg for 60 min. The
filter part wasthen removed, and the ultrafiltratein this centrifugal

ultrafiltration tube was stored at 4°C (for the determination of

biocavailahility of Ph).

Intestinal phase: In order to modify gastric solution to intestinal
solution, the pH was adjusted to 7.0 with NaHCO,, followed by
addition of 0.108 g of porcine pancreatin (P1750, SigmaChemica
Co.) and 0.36 g of porcinehileextract (B8631, SigmaChemical Co.)
to each reaction vessel. Thereaction vessel continued to be placed
ina37°C water bath, vibrated in approximately 100 rpmfor 4 h. In
the meantime, the pH was checked every 30 min, and adjusted to
7.0with12M HCI. After 4 h, analiquot of 20 ml of intestinal fluid
was poured into 50 ml centrifuge tube and centrifuged at 2100xg
for 25 min. Ten ml of the supernatant was collected into 15 ml
centrifuge tube using syringe, and stored at 4°C (for the
determination of bioaccessibility of Pb). The residual 10 ml of
supernatant was poured into 50 ml centrifugal ultrafiltration device
(Amicon Ultra-15 10K) and centrifuged at 5000xg for 60 min. The
filter part wasthen removed, and the ultrafiltratein this centrifugal
ultrafiltration tube was stored at 4°C (for the determination of
biocavailahility of Ph).

Allinvitrotestswere performedintriplicatefor each soil sample.
Soluble Pb concentrationsin the coll ected sol ution sampleswere
determined using |CP-OES (715-ES, Varian, USA).

Calculation of bioaccessibility and bioavailability:

Bioaccessibility of soil Pbingastric phaseor intestinal phasewas
calculated according to Equation 1.
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BAC=(D,,V,)/ (TM) x 100 (1)

where BAC is the bioaccessibility of soil Pb (%); D, is the
concentration of soluble Pbin 15 ml centrifugetube (mg-7); V, is
the solution volume in the reaction vessel (L), i.e. 0.2 in gastric
phase, 0.18 inintestinal phase; T, isthetotal Pb concentrationin
soil (mg-kg™); Mg isthemassof soil inthereaction vessel (kg), i.e.
0.002 ingastric phase, 0.0018 inintestinal phase.

Bioavailability of soil Pb in gastric phase or intestinal phase
was cal culated according to Equation 2:

BAV=(U,V,,)/ (TM,) x 100 @

where BAV is the bioavailability of soil Pb (%); U, is the
concentration of soluble Pbin 50 ml centrifugal ultrafiltrationtube
(mg™); V,,, T,and Mg meansthe same asthem in Equation 1.
Resultsand Discussion
In vitro test: There was aremarkabl e difference between the Pb
bioaccessihilitiesof the soil samples(Table 2). Inthegastric phase,
thelowest Pb bioaccessibility was 16.10% for the soil GSS-1, while
highest was 81.92% for the soil NM. In the intestinal phase, the
lowest Pb bioaccessibility was 1.69 for the soil GX, whilehighest
was 32.72% for the soil NM. Similarly, the Po biocavail abilitieswere
also quitedifferent between the soil samples. Inthegastric phase,
thelowest Pb bioavailability was 15.23% for the soil GSS-5, while
highest was 80.18% for the soil NM. In the intestinal phase, the
soil GX got thelowest Pb bioaccessibility with thevalue of 0.93%,
while the soil NM got the highest Pb bioaccessibility with the
value of 20.62%. Theseresults clearly showed that the digestion
process and absorption process for soil Pb varied significantly
with the soil samples. Besides, both the bioaccessibility and
bioavailahility of Pb had no correlation withitstotal concentration
insoil. For instance, Pb bioaccessibility and bioavailability of the
sample NM (with the highest total Pb concentration) were highest;
however, the sample GSS-1 (with thelowest total Pb concentration)
did not have the lowest Pb bioaccessibility and bioavailability.
In addition, the bioaccessibility and bioavailability of soil Pb
were always higher in the gastric phase than that in the intestinal
phase (Table 2), which indicated soluble Pb concentration
decreased from the gastric phase to the intestinal phase. This
could be attributed to adsorption and precipitation reactions
occurring for Pb at neutral pH in the intestinal phase %. It was
reported that absorption process mainly happened in the
intestine%-27; therefore, actual health risk of Pbwasreduced during
digestion.

Digestion vs. absorption (bioaccessibility vs. bioavailability):
Theratio of Pb bioavailability to bioaccessibility varied with the

Table 2. Bioaccessibility and bioavailability of soil Ph.

soil samples (Table 3). In the gastric phase, the minimum and
maximum ratioswere0.76 and 0.99 for thesoil GSS-1 and soil GD,
respectively. Intheintestinal phase, the minimum and maximum
ratioswere0.24 and 0.8for thesoil GSS-1 and soil GD. Furthermore,
the ratios in the intestinal phase were lower than those in the
gastric phase. Thereason why inintestinal phaseless percentage
of bioaccessible Pb was actually bioavailable might be more
complicated components (e.g. digestive enzymes) and the higher
pH in intestinal fluid. These components might result in the
increase of Pb formsthat were harder for intestinal absorption %,
In chyme, actually, important Pb formswere Pb phosphate and Pb
bile complexes, and the free Pb?* that was easiest for absorption
was negligible %, The particular Pb speciation, together with the
soil basic properties (e.g. particle size, total Pb content, mineral

form of Ph), led to different ratios of Pb bioavailability to

bioaccessible.

The present finding clearly indicated that estimation of Pb
bioavailability only based on its bioaccessihility, regardliess of
intestinal absorption process, was probableto makeerrors. Thus,
accurate simulation of intestinal absorption processwasrequisite
for establishing an in vitro method to estimate the health risk of
soil Ph. Thisfinding also contributed to the interpretation of the
bad correlation between the in vitro bioaccessibility dataand in
vivo animal bioavailability data happened in some studies, e.g.
the comparison study of Marschner et al. * with minipigs.

Validation of results: Thismodifiedinvitro model still needto be
validated by other acknowledged methods, such asin vivo animal
test or Caco-2 cell test; whereas the validity of our model could
also beinferred referring to the results of Van de Widle et al. 5,
They have drawn acomparison of fivein vitro digestion models
(PBET, Method E DIN 19738, RIVM, SHIME, TIM) to in vivo
human experimental results in order to provide a standardized
method to study the bioaccessibility of soil Pb. One of their

important outcomeswasthe laboratory method for separating the
bioaccessible Pb from the non-bioaccessible fraction

(centrifugation, filtration, ultrafiltration) largely influenced thefinal
result of Pb bioaccessibility. Considering the definition of

bioaccessibhility, mild separation method like |ow-speed

centrifugation adopted by PBET method may be most advisable,
whileultrafiltration (MWCO 5-10kD) used by TNO method seemed
too stringent to obtain the maximum amount of Pb available for
intestinal absorption. As expected, ultrafiltration separation led
tothelowest Pb bioaccessibility value; however, it wasthe closest
to the Pb bioavailability value gained from in vivo human test.

Consequently, using ultrafiltration device (MWCO 10 kD) to

simulate intestinal absorption process was probable to achieve
theaccurate estimation of ora bioavailability of soil Pb. Inaword,
our modified in vitro method integrating the resorption process

Gastric phase

Small intestinal

Sample Total Pb phase Table3. Ratio of Pb bioavailability to
D (mgkg) Bioaccessibility  Bioavailability = Bioaccessibility Bioavailability bioaccessibility.
(%) (%) (%) (%) Sample ID  Stomach phase Intestinal phase

GD 808.49 64.44 63.99 6.51 5.19 GD 0.99 0.80
GX 687.29 19.11 16.04 1.69 0.93 GX 0.84 0.55
NM 5859.55 81.92 80.18 32.72 20.62 NM 0.98 0.63
GSS-1 98 31.26 23.67 10.90 2.62 GSS-1 0.76 0.24
GSS-5 552 16.10 15.23 3.48 232 GSS-5 0.95 0.67
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hasthe potential of precisely evaluating the health risk of soil Pb.

Conclusions

Based on PBET and IVG models, amodified in vitro method to
estimate the oral bioavailability of Pbin soilswas established by
introducing ultrafiltration. To the authors' knowledge, no same
studies have been made on applying 10 kD centrifugal ultrafiltration
device (tube) to simulate the human intestinal absorption of

bioaccessible Ph. Results showed that not only the bioaccessibility
of Pb, but also the ratio of Pb bioavailability to bioaccessibility
varied with the soil samples. The findings demonstrated that

accurate simulation of intestinal absorption processwas essential
for a successful in vitro method evaluating the bioavailability
and health risk of soil Pb. Our modified in vitro model is highly
feasible and s mpleto operate, which showsits potential of dealing
with routine health risk assessment work of soil heavy metals.
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