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To determine the effect of vitamin supplements on the oral bioaccessibility of Pb in soils, Pb bioaccessibility was
measured in the presence of 9 vitamins by a physiologically based extraction test. Gastric Pb bioaccessibility (G-
BA, 2.6–83.3%) was found to bemostly reduced (1.1–3.1 fold) in the presence of B vitamins, specifically vitamins
B1, B6, and B9. In contrast, a significant increase in Pb G-BA was observed with vitamin C and E involved. In the
small intestinal phases, Pb bioaccessibility (I-BA) ranged from 0.1% to 16.0%, being 5–50 fold lower than the cor-
responding G-BA values. Vitamin C supplementation showed a 7-fold increase in Pb I-BA, with a similar increase
presented in approximately 30% of samples treated to vitamin B involvement. Lead liberation in gastrointestinal
digests was associated with the dissolution of Fe and Mn regulated by vitamins. In conclusion, the addition of B
vitamins resulted in the reduction of gastric Pb bioaccessibility, but the bioaccessibility value increased in partic-
ipation of vitamin C and E. Elevated intestinal bioaccessibilitywas found especially for vitamin C. This should con-
tribute to more accurate assessment of health risks from contaminated soils. Nutritional management aimed at
preventing Pb-induced toxicity can benefit from knowledge of vitamin influence on soil Pb bioaccessibility.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Exposure to lead (Pb) has been met with widespread public concern,
and adverse health effects arewell documented (Yan et al., 2020a;Hwang
et al., 2019). For human exposure to Pb, one significant pathway is
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inadvertent exposure from contaminated soil and dust (Howard et al.,
2019; Mielke et al., 2019). Children are more susceptible because of typi-
cal hand to mouth activity, a developing nervous system and higher gas-
trointestinal absorption (Zartarian et al., 2017). The mean soil ingestion
rate for children can reach 41 mg per day (Özkaynak et al., 2011). After
oral exposure, a portion of soil Pb is liberated in human gastrointestinal
juices and thus available for absorption (bioaccessibility), which reaches
the systemic circulation as bioavailability (International Organization for
Standardization (ISO), ISO 17924, 2018). In human health risk assess-
ments (HHRA), the relative bioavailability is normally set as 100% to rep-
resent the fraction of soil Pb that enters into the blood stream following
oral exposure. However, some factors (e.g., sources and speciation of Pb,
and soil properties) may result in variability of Pb relative bioavailability
(Kastury et al., 2019; Du et al., 2020). The accurate characterization of
HHRA depends on the predictive of Pb relative bioavailability in contam-
inated soils through in vivo animal models or in vitro bioaccessibility
methods, as described in recent guidance documents from the United
States Environmental Protection Agency (USEPA, 2007; USEPA, 2017).
However, the use of in vivo models in risk assessment is often limited
due to time, cost and ethical issues. Great efforts have been made to en-
sure that in vitro bioaccessibility methods are regarded as a reliable alter-
native to predict in vivo bioavailability (Kastury et al., 2019; Li et al.,
2019a).

During oral exposure to Pb-contaminated soils, Pb release usually oc-
curs in the gastric phase; and subsequently, a significant decrease in Pb
bioaccessibility is observed in the small intestinal phase for in vitro assays
(Du et al., 2020; Li et al., 2019a; Li et al., 2015; Gonzalez-Grijalva et al.,
2019). This was exemplified by the study of Li et al. (2019a) that summa-
rized Pb bioaccessibility in 140 contaminated soils measured using five
in vitro methods. Mean Pb bioaccessibility was 25–59% for the gastric
phase and 3–17% for the small intestinal phase; major factors found to
control Pb bioaccessibility included pH and organic acids of in vitro assays,
together with Fe solubilization. Furthermore, food (e.g., rice and vegeta-
bles) also plays an important role in human health risk assessment of
soil Pb exposure (Li et al., 2018; Kan et al., 2017; Fan et al., 2020;
Bradham et al., 2019). Under fed states with 9 foods, a decrease by
1.3–3.5 fold in soil Pb relative bioavailability was observed significantly
due to dietary protein, fat, and mineral supplement (Li et al., 2018). Kan
et al. (2017) found that steamed bread could influence Pb bioaccessibility
in soils bymodulating Pb speciation transformation. The ingestionof spin-
ach and cola resulted in a remarkable reduction in soil Pb bioaccessibility
due to the precipitation and readsorption of Pb in the gastrointestinal
tract (Fan et al., 2020). However, limited information is available for the
effect of dietary nutrients (e.g., vitamins) on soil Pb bioaccessibility for
human health risk assessment.

Vitamins are an essential micronutrient with multiple biochemical
functions, which act as natural nonenzymatic antioxidants, playing an
important role in the prevention of Pb induced toxicity (Carocci et al.,
2016; Flora et al., 2012; Zhai et al., 2015). In the United States, about
one-third of children used dietary supplements (e.g., multivitamin
products), but vitamin deficiency remained a problem for Chinese
children (Qato et al., 2018; Wang et al., 2017). Vitamins also act as a
chelator to interfere with Pb absorption in the gastrointestinal tract,
and lower Pb accumulation in tissues such as the liver and kidney
(Dawson et al., 1999; Rendón-Ramírez et al., 2014). Moreover, a defi-
ciency in essential minerals (e.g., calcium, iron, and zinc), which com-
pete for the site of intestinal transporters, can contribute to greater Pb
absorption (Ding et al., 2019). For humans exposed to Pb, vitamin sup-
plementation was effective in reducing Pb levels in tissues, but some
studies suggested that vitamin intake was not associated with the
prevalence of elevated blood Pb levels (Kordas et al., 2018; Li et al.,
2019b). In any case, vitamins must be considered as an important
nutritional factor, modifying the metabolism and toxicity of lead.
Notably, in an oral exposure scenario, the first effect of vitamin supple-
ments for humans should be the liberation of ingested soil Pb in the gas-
trointestinal juices, which is available for absorption in the intestine.
Subsequently, it can contribute to better understanding of Pb bioavail-
ability and toxicity.

These data indicate the need for dietary vitamins, which can confirm
their role in human health risk assessment from exposure to Pb-
contaminated soils. The objective of this study, with 9 vitamins involve-
ment, was to determine the change in the oral bioaccessibility of soil Pb
in the gastric and small intestinal phases using a physiologically based
extraction test, and to preliminarily identify the roles of Fe and Mn in
the variation of Pb bioaccessibility. It will result in more sensible nutri-
tional management to prevent lead induced toxicity.

2. Materials and methods

2.1. Soil sample preparation

Soil samples (n = 10) were collected from contaminated sites near
mining and farming activities of eight different provinces in China. All
soil sampleswere taken froma0–20 cm top layer and then air-dried; sub-
sequently, soils were successively sieved to pass through a 2-mm and
250-μm stainless steel sieve. The physicochemical properties were
shown in Table S1 as described previously (Du et al., 2020). The b2 mm
fraction was used for determination of the soil pH and clay content. Soil
clay content was measured using a laser particle size analyzer
(Mastersizer 2000, Malvern) with soil organic matter dislodged by
H2O2. The b250 μmsoil particle fractionwas used for in vitro bioaccessibi-
lity experiments, which is recommended for inadvertent soil exposure
(Juhasz et al., 2011); in addition, this fraction was also used to determine
the organicmatter (OM), Pb content and reactive content of Fe andMn in
soils. The concentration of key elements in soilswas determined using the
USEPA method 3052 (concentrated HNO3, H2O2 and HF) with a CEM
Mars6 microwave digestion system. Two certified reference materials
(NIST 2710a andGSS-5) and blank sampleswere included to ensure qual-
ity assurance and quality control (QA/QC).

2.2. In vitro Pb bioaccessibility

Nine vitamins were purchased from Aladdin reagent (China), in-
cluding eight water-soluble vitamins with thiamine (B1), riboflavin
(B2), nicotinic acid (B3), adenine (B4), D-calcium pantothenate (B5),
pyridoxine (B6), folic acid (B9) and ascorbic acid (VC), and one fat-
soluble vitamin E (VE). Other vitamins were not included in this
study, because of lipid solubility or low dietary reference intakes (DRIs).

Lead bioaccessibility was determined via a physiologically based ex-
traction test (PBET) (Ruby et al., 1996); the predictive capability of PBET
method for estimating Pb relative bioavailability has been validated
against three criteria of correlation coefficient, slope and intercept (Li
et al., 2019a; Li et al., 2015). However, previous studies using different
bioaccessibility methodologies indicated that, the best in vitro method
for predicting Pb bioavailability was inconsistent due to tested soils
and animal models. According to Chinese dietary reference intakes
(2018) (National Health Commission, 2018), vitamins were added
into the simulated gastric juice (30 mL) with a pH value of 1.5 ± 0.05,
containing 1.5 mg B1, 1.5 mg B2, 15 mg B3, 450 mg B4, 5 mg B5,
1.5 mg B6, 0.4 mg B9, 100 mg VC, or 14 mg VE, respectively. In brief,
soil samples (0.3 g) were weighed in polypropylene conical centrifuge
tubes (50-mL), and then mixed into gastric digests (30 mL). The gastric
digest consisted of NaCl, citrate, malate, lactic acid, acetic acid, and pep-
sin. Following transition from the gastric phase (1 h) to the small intes-
tinal phase (4 h), bile salt and pancreatin were added into the small
intestinal digests, after pH adjustment from 1.5 to 7.0 by adding pow-
dered NaHCO3. All in vitro digests were inoculated at 37 °C using a
shaker operating at 150 rpm. At the end of the gastrointestinal diges-
tion, the pH for some selected samples was checked and maintained
at 1.5± 0.05 for the gastric and 7.0± 0.1 for the small intestinal phases.
After centrifugation, supernatants were passed through a 0.45-μm filter
(Millipore, U.S.) and then stored at −20 °C until analysis.



Table 1
Concentrations of Pb in contaminated soils and its bioaccessibility (BA) in the gastric
(G) and small intestinal (I) phases.

Soil Pb G-BA I-BA

mg/kg mg/La %a mg/L %

S1 3815 1.0 2.6 ± 0.4 0.05 0.1 ± 0.02
S2 948 7.4 78.0 ± 3.7 0.51 5.3 ± 1.0
S3 599 3.2 53.6 ± 5.6 0.14 2.3 ± 0.1
S4 827 2.7 33.2 ± 0.9 0.16 1.9 ± 0.2
S5 1701 4.9 37.3 ± 2.8 0.10 4.4 ± 0.4
S6 1385 6.4 35.3 ± 1.0 0.75 0.7 ± 0.2
S7 1887 7.9 41.8 ± 2.6 1.26 6.7 ± 0.7
S8 1923 11.8 61.5 ± 6.3 0.82 4.2 ± 0.2
S9 3300 23.9 72.6 ± 7.9 5.06 15.3 ± 0.5
S10 5180 43.2 83.3 ± 8.5 8.30 16.0 ± 2.5

Values are mean ± SD of three experiments.
a Bioaccessibility (%) and bioaccessible concentrations (mg/L).
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Lead bioaccessibility (BA) in the gastric and small intestinal phases
was calculated as follows:

Pb BA %ð Þ ¼ invitro Pb=total Pb� 100 ð1Þ

where in vitro Pb and total Pb (mg/kg) refer to bioaccessible Pb in the
gastrointestinal phases and the total Pb in contaminated soils,
respectively.
Fig. 1. Effect of vitamins to dissolved Fe concentrations in the gastric (G) and small intestinal
decrease respectively. Solid line/number represented the value without vitamin involvement.
2.3. Samples analysis

For liquid samples, concentrations of Pb and other metals (e.g., Fe
and Mn) were determined using inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer, U.S.) and inductively
coupled plasmamass spectrometry (ICP-MS, ICAP Qc, U.S.). Tomaintain
the reliability and stability of the ICP instruments, the recoveries of
check samples (0.1 mg/L and 40 μg/L) reached 98.8% for ICP-OES and
103.7% for ICP-MS, respectively. For residual solids, field-emission scan-
ning electron microscopy (SEM; Hitachi SU8020, Tokyo, Japan) was
used to determine the micromorphology at 20 KeV with a current of
15 μA, as well as the elemental composition with an energy dispersive
X-ray spectrometer (EDX; Horiba EX-350).

2.4. Statistical analysis

Analysis of the soil properties and in vitro experiments was per-
formed in triplicate. Differences in Pb bioaccessibility between the
absence and presence of vitamins were tested by the one-way anal-
ysis of variance (ANOVA) method with LSD (P b 0.05). Spearman
analysis was used to determine the relationship between Pb bioac-
cessibility and some factors (e.g., soil properties, dissolved Fe and
Mn), as well as the correlation between varying soluble Pb and vary-
ing dissolved Fe and Mn in the gastric and small intestinal digests.
Statistical analysis was performed by using SPSS software (version
20.0, IBM, U.S.).
(I) phases. # and ⁎ indicate that data differ significantly (P b 0.01), with an increase and a



4 N. Yin et al. / Science of the Total Environment 747 (2020) 141299
3. Results and discussion

3.1. Pb bioaccessibility in soils

The total Pb concentrations in 10 contaminated soils ranged from
599 mg/kg to 5180 mg/kg (Table 1), with varying bioaccessibility of
soil Pb. The PBET method yielded a higher bioaccessibility of
33.2–83.3% (2.7–43.2 mg/L) in the gastric (G) phase except for soil 1
with higher reactive Fe, which showed the bioaccessibility value of
only 2.6% (1.0 mg/L). A positive correlation was found between Pb bio-
accessibility and reactive Mn, but soluble Pb was correlated negatively
with total Fe in soils (P b 0.05, Table S2). However, Pb bioaccessibility
was not associated with dissolved Fe and Mn in the gastric phase
(P N 0.05, Table S2). The strong acidity of soil 1 may also result in
lower Pb bioaccessibility. Positive correlation between soil pH and gas-
tric Pb bioaccessibility was observed (P b 0.05, Table S2); and it is possi-
ble that Pbminerals formed in acidic soils are relatively stable andhence
less bioaccessible under stomach conditions (Ruby et al., 1999). Higher
Pb bioaccessibility can be due to low reactive Fe for soil 8 (Walraven
et al., 2015), with Mn also affecting Pb bioaccessibility value (Appleton
et al., 2013).

Following transition from the gastric to the small intestinal
phase, significant differences (P b 0.05) were observed in Pb bioac-
cessibility for all soils. Table 1 showed Pb bioaccessibility value of
0.1–16.0% (0.05–8.3 mg/L) in the small intestinal phase, being
Fig. 2. Effect of vitamins to dissolved Mn concentrations in the gastric (G) and small intestinal
decrease respectively. Solid line/number represented the value without vitamin involvement.
5–50 times lower than the corresponding gastric bioaccessibility
values. Lead bioaccessibility was positively related with soil pH
and reactive Mn, but negatively correlated with total Fe in soils
(P b 0.05, Table S2). The bioaccessibility values were not related
with dissolved Fe and Mn in the small intestinal phase (P N 0.05,
Table S2). Previous studies have shown that, under the neutral con-
ditions of the small intestine, a decrease in Pb bioaccessibility should
be the result of concurrent processes including Pb precipitation (e.g.,
Pb acetate) (Juhasz et al., 2009), Pb readsorption by Fe precipitates
(Li et al., 2014), and Pb readsorption to soil matrices (Smith et al.,
2011).

3.2. Effect of vitamins on Fe and Mn dissolution

Figs. 1 and 2 indicated a change in dissolved Fe andMn in the gastric
(G) and small intestinal (I) phases due to the involvement of vitamins.
For vitamin B, dissolved Fe and Mn for the gastric phase were reduced
obviously in most cases, but the effect was indefinite in the small intes-
tinal phase. Particularly, vitamin B3 induced the release of Fe andMn in
the digestive juices for some soils. An overall increase in both dissolved
Fe and Mn was significantly observed in the presence of vitamin C. Fi-
nally, vitamin E participation was found to increase the dissolution of
Fe and Mn in the small intestinal digests for all soils. However, in the
gastric phase, elevated dissolved Fe was found in 5 of 10 soils, and for
dissolved Mn, an increase for 4 soils and a decrease for 3 soils were
(I) phases. # and ⁎ indicate that data differ significantly (P b 0.01), with an increase and a



Fig. 3. Correlation between varying soluble Pb and varying dissolved Fe and Mn in the
gastric (G) and small intestinal (I) digests with vitamin involvement, for samples with
significant difference concurrently by one-way ANOVA with LSD (P b 0.01).

Table 2
Spearman correlation of varying soluble Pb and varying dissolved Fe andMn in the gastric
(G) and small intestinal (I) phases.

G-Fe G-Mn I-Fe I-Mn

G-Pb 0.817⁎⁎ 0.658⁎⁎

I-Pb 0.405⁎ 0.403⁎

⁎⁎ and ⁎ represented significant correlations with P b 0.01 and P b 0.05, respectively.
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observed. Dissolved Ca in the gastric digests was reduced for only 19
treated samples; however, no significant change in dissolved Cawas ob-
served in the small intestinal digests (Fig. S1). In addition, vitamin influ-
ence on Pb bioaccessibility is described in the latter part of this study,
and Fig. 3 previews the relationship between varying soluble Pb and
varying dissolved Fe and Mn in the gastrointestinal phases. Soluble Pb
in the gastric phase was associated (P b 0.01, Table 2) with G-Fe for 29
samples and with G-Mn for 33 samples, which showed significant con-
current differences. Similar correlation (P b 0.05, Table 2) was observed
between soluble Pb in the small intestinal phase and I-Fe for 22 samples,
and I-Mn for 27 samples. On the one hand, Pb mobility in soils was as-
sociated with Pb adsorption by the oxides of Fe and Mn (Mielke et al.,
2019). On the other hand, Ca and Fe can weaken the uptake of Pb in
the human gut, and a deficiency of essential metals has been previously
evidenced to enhance Pb-induced toxicity (Carocci et al., 2016; Ding
et al., 2019). The change in Fe and Mn dissolution in the presence of vi-
tamins should play an important role in Pb liberation in the gastrointes-
tinal tract.
3.3. Effect of water-soluble vitamin B on soil Pb bioaccessibility

The effect of sevenwater-soluble B vitamins on Pb bioaccessibility in
soils was shown in Fig. 4. In the gastric phase (G), Pb bioaccessibility
was reduced by 1.1–3.1 fold with the addition of the vitamin B group
(P b 0.05, Table S3) for approximately half of the 70 treated samples
(7 B vitamins× 10 soils). The declining Pb bioaccessibility occurred
predominantly in the presence of vitamin B1, B6, or B9. In these samples
showing significant differences, soluble Pbwas reduced by 0.5–4.9mg/L
(avg. 1.7mg/L) in the gastric digests. In addition, dissolved Fe decreased
by 34% in the gastric phase (n = 32), and dissolved Mn showed a 28%
reduction (n = 39) (Figs. 1 and 2). The general trend for soluble Pb
with dissolved Fe and Mn was similar to that observed in the third
quadrant for the gastric phase (Fig. 5). Like soil 2, vitamin B involvement
yielded a higher drop in soluble Pb of 2.4mg/L, aswell as dissolved Fe of
2.4mg/L and dissolvedMn of 10.6mg/L in the gastric digests. Compared
to soil 2, half the reduction in soluble Pb was measured for soil 6,
1.3 mg/L, whereas dissolved Fe and Mn was still lowered by 3.3 mg/L
and 7.6 mg/L, respectively. It pointed to that the dissolution of Fe and
Mnmay be inhibited in the presence of vitamin B, leading to decreased
Pb bioaccessibility in the gastric phase. However, no change in gastric
bioaccessibility was observed for soil 9 with a high clay content of
14.4%; previous XANES data has found that the majority of the Pb was
associatedwith clayminerals (e.g., montmorillonite) present in residual
soils after gastric incubation.(Smith et al., 2011) Recent in vitro studies
have concluded that Pb bioaccessibility was mainly controlled by or-
ganic acids in the gastric fluid of the PBET assay, combined with Fe dis-
solution in soils (Li et al., 2019a). A similar function can lead to a change
in soil Pb bioaccessibility for the vitamin B group, like for thiamine hy-
drochloride (B1), nicotinic acid (B3), D-calcium pantothenate (B5),
and folic acid (B9).

For the small intestinal phase, vitamin B involvement did not
alter the Pb bioaccessibility significantly (P N 0.05, Table S3) in
most cases. Conversely, Pb bioaccessibility increased by 1.2–12.0
fold (P b 0.05) in 21 of the 70 treated samples (7 B vitamins × 10
soils). In addition, the increment in soluble Pb was low, reaching
only 0.05–2.4 mg/L (avg. 0.5 mg/L) in the small intestinal digests. A
1.4-fold increase in dissolved Fe (n = 20) was observed (Fig. 1).
For dissolved Mn, an increase with vitamin B3 and a decrease with
vitamin B2, B4, and B5 were found (Fig. 2). The general trend for sol-
uble Pb with dissolved Fe and Mn was found to be similar to that ob-
served in the first quadrant (Fig. 5). Iron and manganese may also
play a certain role in elevated Pb bioaccessibility for the small intes-
tinal phase with vitamin B involvement. Vitamins can be considered
as a supplement of dissolved organic carbon, influencing intestinal
Pb bioaccessibility. At neutral pH, higher dissolved organic carbon
transformed sorbed Pb forms in soils (like Fe/Mn oxides) to soluble
Pb-organic complexes (Kan et al., 2017; Cao et al., 2003).

B vitamins with essential characteristics, including vitamin B1, B6,
and B9, have been used as a dietary strategy against various deleterious
effects of environmental exposure to lead. Dietary intake of vitamin B1
can lower Pb levels in the liver, kidneys, and blood (Zhai et al., 2015). Vi-
tamin B1may affect the absorption of Pb, and promote Pb excretion be-
cause of the interaction between Pb and the pyrimidine ring of vitamin
B1 (Reddy et al., 2010). Vitamin B6 can chelate Pb to interfere with Pb



Fig. 4. Effect of vitamins to soil Pb bioaccessobility (BA) in the gastric (G) and small intestinal (I) phases. # and ⁎ indicate that data differ significantly, with an increase and a decrease
respectively. Solid line/number represented the value without vitamin involvement.
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absorption, likely due to the presence of the ring nitrogen atom (Carocci
et al., 2016). Estimated intake of dietary vitamin B9 was not associated
with the blood Pb levels in children (Kordas et al., 2018). In this study,
decreased Pb bioaccessibility with vitamin B involvement was found
to lower potential risks to human health. A number of studies have
demonstrated that in vitro bioaccessibility of the gastric phase was
more reliable in predicting Pb relative bioavailability in contaminated
soils (Li et al., 2015; Yan et al., 2020b). Considering the absorption of
most soluble Pb in the small intestine, the in vivo-in vitro correlation
with vitamin involvement requires further determination. Less soluble
Pb was available for absorption, which may also be key to prevent Pb-
induced toxicity. Vitamin B intake should be recommended during
oral exposure to soil Pb.

3.4. Effect of water-soluble vitamin C on soil Pb bioaccessibility

With vitamin C involvement, Fig. 4 showed the elevated Pb bioacces-
sibility in the gastric phase by 1.1–2.2 fold, ranging from 4.2% to 106.4%
in 6 of 10 soils, and the increment of soluble Pb reached 0.6–3.3 mg/L
(avg. 2.4 mg/L). In the small intestinal phase, a significant increase
was observed for all soils (P b 0.05, Table S3). The bioaccessibility values
were 1.5–28.4 times that obtained from the control treatment without
vitamin C, increasing by 0.02–18.9 mg/L (avg. 4.2 mg/L) for soluble Pb.
In addition, an overall significant increase was observed by 1.1–13.1
fold for dissolved Fe and by 1.2–4.4 fold for dissolved Mn in the gastric
phase, as well as by 1.2–9.1 fold for dissolved Fe and by 1.2–9.0 fold
for dissolved Mn in the small intestinal phase (Figs. 1 and 2). Interest-
ingly, varying soluble Pb with dissolved Fe and Mn was all presented
in the first quadrant (Fig. 5), which indicated that elevated soluble Pb
in the gastrointestinal phases may be probably due to the dissolution
of Fe and Mn induced by vitamin C. The data obtained by Li et al.
(2015) suggested that both bioavailable and bioaccessible Pb mainly
originated from Pb in the exchangeable and carbonate fractions,
followed by the Fe/Mn oxide fraction. L-ascorbic acid can accelerate Fe
dissolution, by decreasing the redox potential of gastric fluid in a mod-
ification of the in vitro gastrointestinal assay (Whitacre et al., 2017). Pre-
vious studies indicated that vitamin C, as amild reducing agent, strongly
mobilized Fe andMn,which can be themajormechanism to explain the
dissolution of Pb bound to Fe and Mn (oxy)hydroxides from soils, par-
ticularly in acidic conditions (Appleton et al., 2013; Kim et al., 2016;
Schenkeveld et al., 2016).

Electron microscope images and EDX spectra recorded in the map-
pingmode are used to determine the occurrence formof Pb in the resid-
ual solids, as shown in Figs. 6 and S3. For the gastric phase with higher
Pb bioaccessibility, the participation of vitamin C induced a further re-
lease of Pb from soil. Thus, 5 representative soils (S1, S5, S6, S7, and
S10) with higher Pb concentrations in residual solids after the gastric
phase were included in the SEM-EDX analysis. The typical section
shown in Fig. 6 and Fig. S2 presented strong signals of Pb and S, while
Fe or Zn signal was also observed. Lead ismainly present in the chemical



Fig. 5. Correlation between varying soluble Pb and varying dissolved Fe and Mn in the
gastric (G) and small intestinal (I) digests with vitamin B and vitamin C involved, for
samples with significant difference (P b 0.01) concurrently.
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form of sulfide minerals (e.g., Pb sulfide, Fe/Zn-Pb sulfide), which are
more stable and less bioaccessible in the stomach condition (Casteel
et al., 2006). In addition, Pb bioaccessibility in soil was limited due to
the encapsulation of Pb in some mineral grains (e.g., SiO2) (Ruby
et al., 1999), and strong signals of Si, Al, and O were also observed
in Fig. S2(C,E), indicating Pb association with sulfide minerals in
fine intergrowth with aluminosilicates and phyllosilicates. The for-
mation of pyromorphite minerals [e.g., Pb5(PO4)3Cl] with low solu-
bility, can be observed based on a strong P signal (Smith et al.,
2011), Previous studies indicated that Pb in residual soils after the
gastric incubation of PBET, SBRC and UBM assays was predominantly
associated with mineral-sorbed Pb (e.g., Fe oxides and clay), Pb
phosphates, and Pb sulfides (Kastury et al., 2019; Smith et al.,
2011; Yan et al., 2020b).

The role of vitamin C, a nonenzymatic antioxidant, has been
widely discussed in preventing Pb-induced toxicity. Its properties
of restoring the pro/antioxidant balance and Pb chelation, make it a
potential detoxifying agent (Flora et al., 2012). It is noteworthy
that in previous humans or animals studies, obvious effects are ob-
served more in low Pb-exposed subjects, with a higher intake of vi-
tamin C reducing Pb absorption and Pb levels in tissues (Carocci
et al., 2016; Li et al., 2019b). In this study, elevated Pb bioaccessibi-
lity with vitamin C involvement meant that more soluble Pb was
available for absorption, which could increase potential risks to
human health. It is suggested that vitamin C supplementation should
not be recommended during oral exposure to Pb-contaminated soils
and the optimal time for vitamin C intake may be before or after ex-
posure to lead.

3.5. Effect of fat-soluble vitamin E on soil Pb bioaccessibility

This part of the study mainly described the effect of vitamin E on
Pb bioaccessibility (Fig. 4). For 5 of the 10 soils evaluated, an increase
in the gastric Pb bioaccessibility was observed in the presence of vi-
tamin E with the elevated soluble Pb concentrations reaching
0.4–8.0 mg/L (Table S3). When the PBET assay was modified to sim-
ulate small intestine conditions, Pb bioaccessibility was found to
vary, either increasing for soils 1 and 2, or decreasing for soils 5
and 7, or being congruent for the remaining 6 soils. Vitamin E in-
volvement also increased dissolved Fe by 1.8-fold and 1.6-fold in
the gastric and small intestinal phase, respectively (Fig. 1). No defi-
nite change in dissolved G-Mn and a 1.4-fold increase in dissolved
I-Mn were observed (Fig. 2). In the vitamin E group, α-tocopherol
with highest biological activity, acts as a pro-oxidant to induce Fe
(III) reduced to Fe(II) (Gu et al., 2007). It seemed that in the presence
of vitamin E, Fe played a key role in the liberation of Pb in the human
digestive tract. Penuela et al. (2006) first described a significant in-
verse correlation between vitamin E intake and blood Pb levels in in-
fants. The protective role of vitamin E for Pb-induced toxicity lies in
the prevention of oxidative stress by scavenging free radicals
(Carocci et al., 2016; Flora et al., 2012). Vitamin E in combination
with other chelators (monoisoamyl derivative or CaNa2EDTA) was
helpful in the recovery of rats from lead burden (Patra et al., 2001).
Daily supplementation of a combination of vitamin C (1 g) and vita-
min E (400 IU) for one year was found to induce a reduction in lipid
peroxidation and the recovery of total antioxidant capacity in eryth-
rocytes for workers exposed to lead (Rendón-Ramírez et al., 2014).
In this study, it was found that taking vitamin E supplements during
exposure to soil Pb may increase potential health risks.

4. Conclusion

In this study, the effects of vitamins on the bioaccessibility of soil
Pb were determined. In the gastric phase, a 1.3-fold decrease in soil
Pb bioaccessibility was observed especially in the presence of vita-
min B1, B6, and B9; in contrast, vitamin C and E involvement re-
sulted in elevated Pb bioaccessibility. Following transition to the
small intestinal phase, vitamin C induced an overall 7-fold increase
in Pb bioaccessibility, and a similar increase was presented in
approximately 30% of samples treated to vitamin B involvement.
The variation in the bioaccessible Pb generated by vitamins was as-
sociated with varying dissolved Fe and Mn. Vitamins played an im-
portant role in regulating soluble Pb in the gastrointestinal tract,
which was available for absorption. Consequently, vitamins may in-
fluence Pb bioavailability, as well as more accurately evaluate health
risks for humans exposed to Pb-contaminated soils. The number of
samples used in this studymay lead to huge risks of overinterpreting
the data and implications; thus, the findings of this study will be ap-
plied to a larger sample size. In addition, the effects of dietary vita-
mins on soil Pb bioavailability need to be further validated using
animal models. Moreover, the protective role of nutrients against
Pb-induced toxicity was widely studied. Different vitamins induce
various effects on Pb bioaccessibility, pointing to an optimal intake
time for each vitamin. In an oral exposure scenario for soil Pb,



Fig. 6. SEM images and EDS maps of residual solids in soil 10 after the gastric phase with vitamin C involvement (A, B).
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vitamin supplementation needs to be carefully considered in nutri-
tional management.
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