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Abstract

Dietary exposure to heavy metals and metalloids [metal(loid)s] deserves increased attention; however, there is a lack
of a comprehensive understanding of the risks of dietary exposure from multi-type food intake and multi-metal(loid)
exposure using a bioaccessibility-corrected method. Here, we determined the concentration and bioaccessibility

of six toxic metal(loid)s in six major food groups in an industrial city with intensive smelting activity. By incorporating
children’s dietary patterns, the probability distribution of health risks from dietary metal(loid)s exposure was assessed.
Marked differences were observed in the dietary exposure characteristics within metal(loid)s and major food groups.
Cereal and vegetables were the major food groups local children intake. Cereals, meat, beans, and aquatic products
had the highest concentrations of Cu and Cd, Pb and Cr, Ni, and As, respectively. Generally, meat, eggs, and aquatic
products exhibited higher bioaccessibility than cereals, beans, and vegetables. The bioaccessibility of metal(loid)

s decreased in the following order: Pb > Cr>Cu> Ni>As > Cd. For non-carcinogenic risks, the average hazard index
was 7.3, with 99.6% exceeding acceptable levels. Arsenic was the dominant risk element and aquatic product

was the main risk source. The aggregated carcinogenic risk was 3.4 x 1073, with Cr the major risk contributor and cere-
als and meat the dominant food sources. The findings demonstrated that (1) the metal(loid) dietary exposure risk

of children from areas with intensive smelting activities should be taken seriously, and (2) it is necessary to identify
the specific food category and metal(loid) based on a comprehensive analysis of the metal(loid) concentration

and bioaccessibility, and dietary habits of the population to effectively reduce risk.
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Introduction

The health risks associated with heavy metal and met-
alloid [metal(loid)] exposure have received consider-
able attention worldwide, with food ingestion being the
major exposure route [1, 2]. Dietary metal(loid) expo-
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children, and the burden of mild intellectual disabil-
ity resulting from dietary Pb exposure was 36.64 dis-
ability-adjusted life years per 1000 children in China.
Shen et al. [8] found that multi-metal (Pb, Mn, Sb, Sn,
Ti) ingestion exposure could lead to a decline in the IQ
scores of children. Therefore, the health hazards associ-
ated with dietary exposure to metal(loid)s in children
deserves attention.

To assess these health risks, different types of food
were sampled, dietary habits were investigated, and
health risks were generally obtained by combin-
ing metal(loid) concentrations in food and the cor-
responding consumption rates in previous studies [9,
10]. However, most studies have focused on the health
risks of consuming a single food category, such as
rice [11, 12], aquatic products [13, 14], and vegetables
[15-18]. Therefore, there is still a knowledge gap in the
comprehensive understanding of dietary metal(loid)
exposure via multiple types of food, which may hin-
der the precise identification and management of the
exposure risks, especially for people with diverse die-
tary patterns.

In addition, whether a metal(loid) in food affects
human health also depends on the dissolution and
release characteristics of the element in the human
digestive system. Thus, the introduction of bioaccessi-
bility can notably improve the accuracy of health risk
assessments. Xu et al. [19] have shown that bioaccessi-
bility-adjusted dietary Cd exposure could predict inter-
nal exposure more accurately. However, research on the
bioaccessibility of metal(loid)s in various food catego-
ries is still lacking, and a few studies on limited food
types have found that bioaccessibility varied widely
among food categories and metal(loid)s. For exam-
ple, Cr, Pb, Cu, Zn, and Cd bioaccessibility in shellfish
ranged from 25.0 to 61.9% [13], and As bioaccessibility
was 82.3% in fish [20], 26.7% in rice [20], 60.1% in rad-
ish [21], and 76.8% in shrimp [13]. Thus, it is necessary
to introduce bioaccessibility into dietary metal(loid)
exposure risk assessments via the intake of diverse food
categories, rendering it possible to accurately iden-
tify the preferentially controlled metal(loid) and food
categories.

Here, both the concentrations and bioaccessibility
of Pb, Cr, Cd, Ni, Cu, and As in six major food groups
from an industrial city with intensive smelting activi-
ties in Northwest China were determined, and a dietary
questionnaire survey of local children was conducted.
The Monte Carlo Simulation method was used to assess
the probability distribution of the health risk. This
study aimed to (i) investigate the distribution patterns
of metal(loid)s in six major food groups; (ii) explore
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the discrepancy in bioaccessibility across metal(loid)
s and food groups; (iii) estimate the health risk result-
ing from the intake of various food groups; and (iv) dis-
cuss the health risk contribution of each food group and
metal(loid). In addition, these findings will provide a sci-
entific basis for effective risk reduction measures.

Method

Study area

The study site was in Baiyin, Gansu Province, Northwest
China, in the middle and temperate continental arid and
semi-desert climatic zones (Fig. 1). The annual average
temperature is 6-9 ‘C and annual rainfall 180-450 mm,
mostly concentrated in July, August, and September
and accounting for>60% of the annual precipitation.
The annual evaporation reaches 1500-1600 mm, 4.5
times the average precipitation. Baiyin is rich in mineral
resources and known as “China’s Copper City”. Smelting
forms the backbone of this region, and the soil is mainly
loess and anthropogenic alluvial. This could represent the
characteristics of food metal(loid) exposure in this type
of polluted area.

Questionnaire survey

The dietary questionnaires were answered by 200 chil-
dren, aged 6-11 years, who were randomly recruited
from three local primary schools. The information col-
lected included: (1) sociodemographics, including age,
height, weight, and sex; and (2) food intake frequency
(the unit is times per week or times per day), includ-
ing the frequency of commonly consumed food catego-
ries—classified into six categories: cereals, vegetables,
beans, meat, eggs, and aquatic products—and the corre-
sponding consumption (the unit is gram per time). The
food categories considered in this study were a subset of
food groups from the six China Total Diet Surveys [22,
23]. The intake rate of each food category for each child
was calculated by multiplying the intake frequency by
the corresponding consumption. In addition, zero was
assigned to the intake rate of a specific food category for
child who reported to have no eating behavior for that
food category. The total dietary intake was calculated
as the sum of cereals, vegetables, beans, meat, eggs, and
aquatic products, and the contribution rate was calcu-
lated by dividing the individual food category intake by
the total dietary intake.

Sample collection and preparation

Based on the children’s dietary habits from the question-
naire survey, one to three food types that local children
commonly consumed were sampled for each food group.
In particular, rice and steamed bun were collected as
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Fig. 1 Study site in Baiyin City, Gansu Province, China

cereals; Chinese cabbage and potatoes were sampled as
vegetables; soybeans were collected as beans; pork, beef,
and mutton were sampled as meat; carps were collected
as aquatic products; and chicken eggs were sampled as
eggs. Moreover, eight parallel samples were collected
from eight local markets for each food type to ensure
sampling representativeness. Thus, a total of 80 food
samples were obtained.

The wet weight of each food sample was measured
after removing inedible parts, cleaning with deionized
water, and wiping with filter paper. All samples were then
freeze-dried to a constant weight using a vacuum freeze
dryer, and the dry weights were measured again. Finally,
the freeze-dried food samples were ground and passed
through a 2-mm sieve.

Sample pretreatment

A 0.25 g subsample was placed in an acid-washed Teflon
tube and digested with 3 mL HNO, and 2 mL H,O, (both
chromatographic grade, Sinopharm Chemical Reagent
Co., Ltd, Beijing, China) using a microwave digestion sys-
tem (CEM, MARS-6, USA). The digestion program was
as follows: first the temperature was gradually increased
to 120 °C and maintained for 10 min, then increased to
160 ‘C and maintained for 10 min, finally increased to
180 °C and maintained for 15 min. After digestion, the
solution was diluted to 25 mL with deionized water and
stored at 4 °C prior to analysis.

In vitro digestion method

The physiologically based extraction test (PBET) method
was selected to determine bioaccessibility through the
oral route. This method, developed by Ruby [24], was the
earliest in vitro digestion method based on the principle
of human physiology, involving the simulation of the gas-
tric and intestinal stages. Moreover, the PBET method
can better predict metal(loid) bioaccessibility in food
than other in vitro assays [17].

This model comprised a two-step procedure involv-
ing the gastric and intestinal stages. The simulated gas-
tric fluid (1 L) consisted of 1.25 g pepsin (Sigma-Aldrich,
St. Louis, USA), 0.5 g sodium malate (Aladdin, Shanghai,
China), 0.5 g sodium citrate, and 420 pL lactic acid (Alad-
din, Shanghai, China), with the pH adjusted to 2.5+ 0.1 by
HCI (chromatographic grade, Sinopharm Chemical Rea-
gent Co., Ltd, Beijing, China), while the simulated intesti-
nal fluid (1 L) contained 0.5 g trypsin (Sigma-Aldrich, St.
Louis, USA), 0.5 g pancreatin (Sigma-Aldrich, St. Louis,
USA), and 1.75 g bile salts (Sigma-Aldrich, St. Louis,
USA), with the pH adjusted to 5.50+0.05 using a satu-
rated NaHCOj; (chromatographic grade, Aladdin, Shang-
hai, China) solution.

The food sample (0.5 g) was placed in a centrifuge tube
containing 50 mL of simulated gastric fluid. The mixture
was then placed in a constant temperature water bath
shaker (SHZ-C, Shanghai, China) for 1 h, with the tem-
perature and speed of the shaker controlled at 37 C and
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150 rpm, respectively. The mixture pH was adjusted to
2.5+0.1. After 1 h, 5 mL of the gastric digestion solution
was collected for metal(loid) analysis.

The remaining solution was then modified to 50 mL
simulated intestinal fluid. The mixture was placed in a
constant temperature water bath shaker for 4 h, with the
temperature and speed of the shaker controlled at 37 °C
and 150 rpm, respectively. During the reaction, mix-
ture pH was adjusted to 5.5+ 0.05. After 4 h, 5 mL of the
intestinal digestion solution was collected for metal(loid)
analysis.

The liquid collected from the gastric and intestinal
stage was centrifuged at 4000 rpm for 10 min. The super-
natant was collected, filtered through a 0.22-um mem-
brane, and then stored at 4 °C prior to analysis.

Sample determination

The Cr, Cd, Pb, Ni, Cu, and As concentrations in the food
samples were determined using high-resolution induc-
tively coupled plasma mass spectrometry (ICP-MS)
(Agilent-7500a, Agilent Scientific Technology Ltd., USA)
under optimized condition. The main ICP-MS operating
parameters for the determination of metal(loid) concen-
trations are listed in Additional file 1: Table S2.

We used a series of quality control measures to guar-
antee the accuracy and reliability of sample pretreatment
and determination. First, each digestion batch included
10% reagent blank, parallel, and spiked samples. Dur-
ing the testing procedure, metal(loid) concentrations
were also determined in certified reference materials
of spinach (GBW10015), cabbage (GBW10014), wheat
(GBW10011a), and chicken (GBW10018), obtained from
the National Research Center for Certified Reference
Materials, Beijing, China. Certified reference materi-
als (10%) were run for each testing batch to maintain
instrument calibration. In addition, replicated analy-
ses (accounting for 10% of each sample batch) were also
determined to calculate the coefficient of variation and
validate the analytical precision. The detection limits for
Cr, Cd, Pb, Ni, Cu, and As ranged from 4.0 to 20 ug kg~.
The coefficient of variation for parallel measurements
was <5.0%, and the recovery rates of the spiked samples
ranged from 94.8 to 111.4% (Additional file 1: Table S1).

Exposure assessment
Human exposure to food primarily occurs through oral
ingestion. For the non-carcinogenic contaminant, the
average daily dose (ADD, mg kg™ day™!) via food intake
was calculated referring to the model first put forward by
the US Environmental Protection Agency [25]:

C x IR x EF x ED x BA

ADD == ’
BW x AT )
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where C is the metal(loid) concentration in a specific
food group (mg kg™); IR is the ingestion rate of a spe-
cific food group in mg day'; BA is the bioaccessibility
for a specific metal(loid) in a specific food group; EF is
the exposure frequency in day year™}; ED is the exposure
duration in year; BW is children’s body weight in kg; and
AT is the average exposure time in days.

For the carcinogenic contaminant, the lifetime average
daily dose (LADD, mgkg™" day™) was calculated using
the following formula [25]:

C x IR x EF x ED x BA

LADD = )
BW x LT @

where LT is the lifetime in days. The exposure factors
obtained from the questionnaire survey here and from
the US Environmental Protection Agency [26] are pre-
sented in Additional file 1: Table S3.

Risk calculation
The hazard quotient (HQ) was calculated to assess the
non-carcinogenic risk using the following equation [25]:

H ADD
Q=" ®)
where RfD is the estimated maximum allowable daily
intake dose of a specific metal(loid) for humans that
is likely to be without appreciable risk of deleterious
effects in mg-kg™! day ™. If the HQ value is greater than
1, adverse health effects are likely to occur; otherwise,
potential health risks would not occur. In addition, the
hazard index (HI) was used to assess the cumulative non-
carcinogenic risk posed by multiple metal(loid)s:

HI = ZZHQ. (4)

For food category j, the risk contribution rate of
metal(loid) i (CR) was calculated by dividing the non-
carcinogenic risk of metal(loid) i exposure through food
category j intake [HQ; )] by the accumulated metal(loid)
exposure risk via food category j intake (HIL) using
Eq. (5):

_HQup)

CR =
HI; (5)

The incremental lifetime cancer risk (ILCR) was calcu-
lated to assess the carcinogenic risk over a lifetime expo-
sure using Eq. (6):

ILCR = LADD x SF, (6)

where SF is the cancer slope factor of a specific
metal(loid) in [mg kg™! day™]7!. Risk in the range of
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107 to 10™* was regarded as acceptable. According to
the classification group orders defined by the Interna-
tional Agency for Research on Cancer, Cu, Ni, and As are
regarded as non-cancer effect elements, whereas Pb, Cr,
and Cd are treated as potential carcinogenic effect ele-
ments. The oral SF and RfDs of each metal(loid), derived
from the Integrated Risk Information System of the U.S.
EPA based on extensive epidemiological and toxicologi-
cal data, are listed in Additional file 1: Table S4.

Statistical analysis

The probability distributions of non-carcinogenic and
carcinogenic risks were obtained using Monte Carlo
simulations with 10,000 iterations by repeatedly sampling
the probability distributions of the risk equation inputs
and using these inputs to calculate a range of risk values.
The Oracle Crystal Ball® (11.1.2.4.850) loaded in Micro-
soft Excel was used to perform the Monte Carlo simula-
tion. The probability distribution type of each parameter
is listed in Additional file 1: Table S3. Based on the results
of the Shapiro—Wilk tests on the field-measured data, we
assumed that the body weight and food intake rate could
be described by a lognormal distribution. In addition,
quantitative sensitivity analysis was conducted using
Monte Carlo simulations to evaluate the influence of the
model input variabilities on non-carcinogenic and carci-
nogenic risks. Since most parameters do not fit the nor-
mal distribution, Spearman correlation coefficients were
calculated. All statistical analyses were performed using
SPSS 20.0, with a significance level of 0.05, for two-tailed
testing. The metal(loid) concentrations in each food
group were exhibited as mean +standard deviation and
minimum to maximum. The Shapiro—Wilk method was
used to test whether the data fit a normal distribution,
and difference analysis was carried out using a T-test.
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Correlation analysis was performed using Spearman’s
method.

Results and discussion

Dietary patterns of the children

The food intake rate could reflect local children’s dietary
habits and play an important role in dietary exposure risk
assessment. The local children consumed an average of
342 g cereal, accounting for 42.6% of their total intake.
The second most consumed food group was vegetables,
with an average daily ingestion rate of 221 g, contribut-
ing 30.2% of the total consumption. Meat ranked third,
accounting for 11.9%. In addition, the daily consumption
rate of beans, aquatic products, and eggs was less at 35,
47, and 30 g/d, respectively. This dietary pattern is simi-
lar to that observed in Thailand [27]. However, compared
to children from America, meat ingestion rate was much
lower, whereas cereal and egg consumption was dramati-
cally higher [28].

Metal(loid) levels in six major food groups

The metal(loid) levels in various food groups are shown
in Table 1. Across all food groups, the concentrations
of Pb, Cr, Cd, Ni, Cu, and As were 114.1-203.8, 115.7—
315.7, 0.4-56.7, 13.2-416.1, 789.3-1653.3, and 31.5—
880.4 ug kg™, respectively. The levels of Pb, Cr, Cd, and
As here were greater than those collected from mar-
kets in five regions of China (Pb: 5-80, Cr: 10-200, Cd:
0.2-20, and As: 0.2-750 pg kg™!) [29, 30], and were com-
parable to those from Ghana in areas impacted by min-
ing activity [31]. Based on the latest national food safety
standards in China, most metal(loid)s were within the
threshold, except for Pb. Pb in all mutton samples, with
an average level of 295 ug kg™, exceeded the limit of
200 pug kg™

Table 1 Metal(loid) concentrations in six major food groups (ug kg™")

Food groups Pb Cr Cd Ni Cu As
Cereals Mean+SD 1142+48 1432+68.8 56.7+20.2 944+38.1 1653.2+8634 632+312
Min—-max 81.3-212.7 784-258.2 11-114.6 11.3-2283 762.1-3034 34.1-954
Beans Mean+SD 154.6+60.5 115.7£59.6 21571 416.1+£114.2 1617412325 63.8+30
Min-max 100.9-341.9 67.8-207 6.5-48.9 354.9-603.6 1342.1-1866.5 37.8-105.8
Vegetables Mean +SD 139.7+£328 162.8+56.9 39.1+174 44.2+20 789.3+381.7 31.6+174
Min—-max 103.4-185.6 99.6-272.7 5-106.9 16.5-84.6 451.6-12725 16.6-594
Meat Mean+SD 203.8+100 315.7+156.1 14+0.8 334+19 1340.5+441.5 31.5+19.1
Min—-max 127.5-329.7 163.6-600.4 0.6-2.9 10-70.8 777.5-1977.9 15.8-77.7
Aquatic products Mean+SD 1654+273 2074+64.8 357111 193+£53 268+75.1 8804413
Min-max 145.5-207.7 137.3-283.8 22.6-47.7 8.9-37 204-384.8 358.1-1444.5
Eggs Mean+SD 144.8+558 2146+99.8 04£0.1 133+£116 688.6+122.1 377125
Min—max 93.7-2274 147.5-382.7 0.3-06 5.1-32.7 587.3-878.8 123-553
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Metal(loid) levels vary widely among food groups.
The highest concentrations of Pb and Cr were found in
meat, especially in mutton, which contained 1.6-1.9
times more Pb and Cr than other kinds of meat. In addi-
tion, when the terrestrial food types were classified
into animal-origin foods (including meat and eggs) and
plant-origin foods (including cereals, legumes, and veg-
etables)—based on a previous study by Pipoyan et al.
[32]—we observed that the levels of Pb and Cr in terres-
trial animal-origin foods were significantly higher than
those in terrestrial plant-origin foods (p <0.05). Consid-
ering the lower trophic level of terrestrial plant-origin
food and the higher trophic level of terrestrial animal-
origin food, this indicates the potential biomagnification
of these two elements [33, 34]. Cereals had the highest
Cd content, whereas beans had the highest Ni concentra-
tions. Moreover, higher levels of Cd and Ni were found in
cereals, legumes, and vegetables than in meat and eggs,
implying a biodilution effect with increasing trophic lev-
els, consistent with the findings of Sun et al. [30]. Simi-
lar distribution characteristics of Pb, Ni, and Cd across
food groups were also reported by Pipoyan et al. [32],
who revealed that meat products, vegetables, and bread
products contained the highest Pb, Ni, and Cd levels,
respectively.

Cereals and beans had the highest Cu levels, followed
by meat, vegetables, eggs, and aquatic products. For As,
aquatic products contained the highest level, with an
average of 880.4 pg kg™, 14 to 28 times that in other food
groups. Consistent with previous studies, due to bio-
transformation and bioaccumulation, fish were identified
to be the major food source of As exposure for humans
[35].

Metal(loid) bioaccessibility in six major food groups

The bioaccessibility of each target metal(loid) in the six
major food groups determined in the gastric and intes-
tinal phases is shown in Fig. 2. The bioaccessibility in the
gastric phase for Pb, Cr, Cd, Ni, Cu, and As was 55-88,
28-94, 14-48, 31-59, 34-58, and 30-60%, respectively,
while in the intestinal phase it was 12-67%, 16-56%,
10-41%, 18-52%, 41—84, and 35-84%, respectively. These
values are all within the ranges reported in previous stud-
ies [15, 36, 37]. Further, it was found that the bioacces-
sibility differed widely among the meta(loid)s. Among the
six metal(loid)s, Cu—an essential trace element for the
human body—showed higher levels of bioaccessibility in
comparison with other metal(loid)s, similar to the find-
ings of a previous study by Tian et al. [16]. Cd exhibited
the lowest bioaccessibility, two-thirds lower than Cu. The
metal(loid) bioaccessibility in the gastric phase decreased
in the order of Cu>As>Pb > Cr>Ni>Cd, whereas that in
the intestinal phase was Pb>Cr>Cu>Ni>As>Cd.
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Metal(loid) bioaccessibility also differed greatly
between the food groups. In general, meat, eggs, and
aquatic products (carp were sampled in this study), which
can be classified as animal-origin products, showed
higher bioaccessibility (1.7 to 2.4 times) than plant-origin
products (cereals, beans, and vegetables). This difference
could be attributed to the discrepancies in food composi-
tion, metal(loid) speciation, and metal(loid) enrichment
capacity among the different food groups. First, eggs,
aquatic products, cereals, vegetables, and legumes con-
tain higher contents of dietary fibers in comparison to
meat [38], while high levels of fibers can partially encap-
sulate metal-binding proteins and inhibit their release
into gastrointestinal digestive fluids, further decreas-
ing the bioaccessibility of metal(loid)s [16, 36]. Second,
the distribution patterns of metal(loid) speciation differ
among food categories, and different metal(loid) spe-
ciation leads to different chemical behavior during gas-
trointestinal digestion, resulting in great discrepancies
in bioavailability. Take As as an example, organic As is
mostly found in fish, including dimethylarsine (DMA),
monomethylarsine (MMA), and arsenobetaine (AsB),
while plant products contain predominantly inorganic
As [36]. During digestion, organic As can first be trans-
formed into inorganic As, which increases the dissolution
amount of organic As in gastric and intestinal fluids and
leads to increased bioavailability of organic As in food.
Finally, bioaccessibility is affected by metal(loid) con-
tamination levels [39]. Here, the metal(loid) enrichment
capacity varied widely within the food groups, and most
metal(loid)s showed significant correlations between
concentration and bioaccessibility (Cr: R=0.342,
p<0.05; Pb: R=0.403, p<0.05; Cd: R=0.496, p <0.05; Cu:
R=0.315, p<0.05).

In addition, most metal(loid)s exhibit decreased bio-
accessibility from the gastric to the intestinal phase.
For example, Pb, Cr, Cd, and Ni had an average reduc-
tion in bioaccessibility of 40.1, 35.9, 23.8, and 22.0%,
respectively. This can be largely attributed to the dra-
matic increase in pH during the intestinal phase, dur-
ing which a series of chemical reactions, including
complexation, adsorption, and sedimentation, inevita-
bly occur with metal(loid) ions [15]. However, excep-
tions were observed for Cu and As, which exhibited
an average 14.9 and 15.8% increase from the gastric to
intestinal phase, respectively. An increasing trend was
also observed in previous studies. For instance, a 23%
increase of Cu bioaccessibility in wheat kernels in the
intestinal compared to the gastric phase was reported
by Wang et al. [40] who also found that As bioaccessi-
bility in the intestinal phase in vegetables was 1.2 times
that in the gastric phase. The higher bioaccessibility
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Fig. 2 Bioaccessibility determined in the gastric and intestinal phase for each target metal(loid) in six major food groups
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of 10,000 iterations were used. The black vertical dashed lines, light blue areas, and pink areas reflect the acceptable risk threshold, the area
of negligible non-carcinogenic risks, and unacceptable non-carcinogenic risks, respectively
of Cu in the intestinal phase can be largely attributed 100% As
to the good solubility of Cu-phytate complexes [15]. C Jcu
Organic As can be demethylated into soluble inorganic " 32% :]Ig;
As with the introduction of sodium cholate and pan- "I s0% 49% 47% ::lCr
creatic enzymes in the intestinal phase, which do not ° o Pb
. . . s ’ 9%
occur in the gastric phase [41]. Moreover, because ani- = 60% f
mal food contains mainly organic As, whereas plant % 15 | | 95% o
products are dominated by inorganic As [36], our study g 15% 1%
. . . iy = 40% H 15%
also found that the discrepancy in the bioaccessibil- S %
. . . . 400
ity of As between the gastric and intestinal phases was - —
higher in meat, aquatic products, and eggs (20 to 47%) 20% f 16% 43%
. 32%
than in cereals, vegetables, and beans (5 to 20%). 6% .
14%
10%
0%
Cereals Beans  Vegetables Meat Aquatic food Eggs

Non-carcinogenic risk

Figure 3 shows the cumulative probability distribu-
tion of the non-carcinogenic risk originating from
each food group and metal(loid) exposure. The mean
accumulated non-carcinogenic risk was 7.3, with
99.6% risk exceeding the acceptable level, imply-
ing a potential threat to the local children. The risk of
exposure to individual metal(loids) was ranked as fol-
lows: As (HI=54)>Pb (HI=0.8)>Cr (HI=0.5)>Cu
(HI=04)>Cd (HI=0.1)>Ni (HI=0.03) (Additional
file 1: Fig. S1). As was identified to be the dominant risk
element, contributing 73.7% to the total risk and 99.2% to
the independent risk, surpassing the threshold. Pb was
another important risk element, with the percentile val-
ues of HI>1 at approximately 24%. For Cr, Cu, Cd, and
Ni, almost all values were below the acceptable limit. In

Fig. 4. Contribution of each metal(loid) exposure

to the accumulative non-carcinogenic risk deriving from each
food group. For each food category, the risk contribution

rate of an individual metal(loid) was calculated by dividing

the non-carcinogenic risk of the individual metal(loid) exposure
through that food category intake by the accumulated metal(loid)
exposure risk

addition, each metal(loid) contributed differently to die-
tary exposure in the different food groups (Fig. 4). It was
found that As was the dominant risk element for most
food groups, with a contribution rate within the range of
47 to 95%, whereas Pb was an important risk source for
meat, accounting for 43% of the total risk.
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In addition, wide variation was observed in the
metal(loid) exposure risk across different food groups.
Aquatic products showed the highest non-carcino-
genic risk (HI=4.1), with an approximate value of 3.4%
within the acceptable level. Aquatic products were the
dominant risk source accounting for 56% of the total
risk. Cereals were another important risk source, with
an average contribution rate of 23.3% and 93.6% val-
ues exceeding the threshold. The risks derived from
the ingestion of meat and vegetables also could not
be ignored, with 12.7 and 4.3% risks higher than the
acceptable levels, respectively. However, the risks
resulting from the ingestion of eggs and beans were
acceptable.

In addition, it can be found that there was a signifi-
cant decrease (with bioaccessibility: HI=7.3; without
bioaccessibility: HI=13.9) in the non-cancer risk value
when bioaccessibility was introduced. Moreover, the
contribution rate of each food category to the total risk
changed when bioaccessibility was considered (Addi-
tional file 1: Fig. S2). For non-carcinogenic risk, when
bioaccessibility was not considered, the contribution
rates of cereals (33%) and aquatic food (36%) to the
total non-carcinogenic risk were equally important.
When bioaccessibility was considered, the contribution
of aquatic food increased to 56%, whereas that of cere-
als decreased to 21%. This suggests that the identifica-
tion of priority food types can be affected by differences
in the bioaccessibility of metal(loid)s in different food
types. Thus, the introduction of bioaccessibility not
only improves the accuracy of health risk assessments

Unacceptable carcinogenic risk
100% P g

—Pb
) —Cr
80% cd
2 — Total
=
[
S 60%
-
[
2 Mean=4.2x10"
= Mean = 1.9x10*
E 40% Mean = 1.4x10°
5 Mean =2.4x10*
20%
a
0% 1 1 1 1 1 1
0.0 2.0x10* 4,0x10* 6.0x10* 8.0x10™*
ILCR

Cumulative probability
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but also identifies high-risk foods more precisely. In
addition, it is noteworthy that even in a single food cat-
egory, bioaccessibility could differ among food types.
For example, different vegetables will also have differ-
ent metal(loid) bioaccessibilities due to different phytic
acid contents [31]. However, the inter-category differ-
ences in bioaccessibility are lower than the intra-cate-
gory differences [29, 39]. Thus, an alternative method
is to introduce bioaccessibility by food category when
there are multiple types of foods that need to be risk
accessed.

Carcinogenic risk

Three metal(loid)s were involved in the carcinogenic risk
assessment (Fig. 5). The aggregated carcinogenic risk for
all types of food consumption was 2.4x 10, A large vari-
ation was also observed in the carcinogenic risk across
food groups, with the risk decreasing in the order of cere-
als > meat > vegetables > aquatic  products > eggs >beans.
Cereals and meat were the dominant metal(loid) food
type exposure risk sources, at 40.5 and 34.8% of the
total risk, respectively. In terms of metal(loid)s, Cr was
the major risk contributor to the local children (77.1%).
Notably, the cumulative lifetime incremental cancer risk
for each metal(loid) exposure was greater than 1074, indi-
cating carcinogenic health effects in local children.

Sensitivity analysis and study limitations

To effectively reduce the health risks from metal(loid)
dietary exposure, a sensitivity analysis was carried
out to rank the variables according to their Spearman

Unacceptable carcinogenic risk
100%

—— Beans
— Eggs
80% —— Vegetables
—— Meat
Cereals
60% Aquatic food
—— Total
Mean = 4.4x10"
Mean = 1.5x10°
40% Mean = 3.0x10°°
Mean = 3.4x10°
Mean = 5.4x10°
20%
0% L 1 L 1 L 1 L 1 L b
0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10* 1.0x10°
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Fig.5 Probability distribution of carcinogenic risk deriving from a Pb, Cr, and Cd exposure via dietary intake and the accumulated risk and b
metal(loid) exposure via beans, eggs, vegetables, meat, cereals, aquatic food intake and the accumulated risk. Monte Carlo simulations of 10,000

iterations were used. The blue areas reflect unacceptable carcinogenic risks
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rank-order correlation coefficients. For non-carcinogenic
risks, As concentration in aquatic food was the most
sensitive parameter, followed by aquatic food intake rate
and body weight, and As bioaccessibility in aquatic food
(Additional file 1: Fig. S3). However, cereal intake rate
had the greatest influence on carcinogenic risk, followed
by Cr concentration in cereals and body weight (Addi-
tional file 1: Fig. S4).

In this study, some limitations inevitably existed in
the health risk assessment of dietary metal(loid) expo-
sure. First, only one to three food types were collected
from each food group. However, considering that these
were the food types most frequently consumed by local
children, based on the survey, the sampling might rep-
resent the dietary exposure characteristics of most local
children. Second, bioavailability, which was obtained by
in vivo experiments, refers to the proportion of ingested
metal(loid)s that could pass through the gastrointestinal
tract and eventually enter the circulatory system of the
human body, whereas bioaccessibility only reflects the
proportion that could be released in the simulated gas-
trointestinal environment [42]. However, owing to the
high cost, long cycle time, and ethical limitations of ani-
mal experiments, only bioaccessibility was assessed here.
Therefore, the risks assessed may have been overesti-
mated. Third, only raw food was sampled and analyzed;
therefore, the effect of cooking on metal(loid) levels and
bioaccessibility in food was not considered, which might
have introduced bias in the risk assessment results. For
example, cooking can facilitate the release of As from rice
into the gastrointestinal fluid and subsequently increase
its bioaccessibility [22, 23]. Finally, the total metal(loid)
concentrations were analyzed, and like most health risk
assessment studies, owing to the lack of a toxicity coeffi-
cient for the total concentration of some metal(loid)s, the
toxicity coefficient for species of metal(loid)s was used
[43]. For example, the toxicity coefficient of inorganic As
was used, and because organic As compounds are less
harmful than inorganic As, the health risk might be over-
estimated to some extent. In addition, a specific toxicity
coefficient for children is not available.

Conclusions

As far as we know, this research is the first to com-
prehensively assess the probabilistic risks of dietary
exposure deriving from multi-type food intake and
multi-metal(loid) exposure using a bioaccessibility-cor-
rected method. Significant differences were observed
in the dietary exposure to metal(loid)s and food catego-
ries. Cereals and vegetables were the major food groups
consumed by local children. Cereals, meat, beans, and
aquatic products contained the highest levels of Cu and
Cd, Pb and Cr, Ni, and As, respectively. In general, meat,
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eggs, and aquatic products have a higher bioaccessibil-
ity than cereals, beans, and vegetables. The bioacces-
sibility of metal(loid)s decreased in the following order:
Pb>Cr>Cu>Ni>As>Cd. For non-carcinogenic risk, the
average hazard index was 7.3, with 99.6% exceeding the
acceptable level. As was the dominant risk element, while
aquatic products were the main risk source, accounting
for 56% of the total risk. The aggregated carcinogenic risk
was 3.4x 1073, with Cr being the major risk contributor
and cereals and meat the dominant food sources.

The findings demonstrated that (1) the metal(loid)
dietary exposure risk of children from areas with inten-
sive smelting activities should be taken seriously and
(2) it is necessary to identify the specific food category
and metal(loid) based on a comprehensive analysis of
metal(loid) concentration and bioaccessibility, and die-
tary habits of the population to effectively reduce risk.
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