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Abstract A systematic investigation into cadmium (Cd)
and lead (Pb) concentrations and their oral bioaccessibi-
lity in market vegetables in the Pearl River Delta region
were carried out to assess their potential health risks to
local residents. The average concentrations of Cd and Pb
in six species of fresh vegetables varied within 0.09-37.7
and 2.3-43.4 ug kg ', respectively. Cadmium and Pb
bioaccessibility were 35-66 % and 20-51 % in the raw
vegetables, respectively, and found to be significantly
higher than the cooked vegetables with 34-64 % for
Cd and 11-48 % for Pb. The results indicated that Cd
bioaccessibility was higher in the gastric phase and Pb
bioaccessibility was higher in the small intestinal phase
(except for fruit vegetables). Cooking slightly reduced
the total concentrations and bioaccessibility of Cd and
Pb in all vegetables. The bioaccessible estimated daily
intakes of Cd and Pb from vegetables were far below
the tolerable limits.
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Introduction

Food safety is a growing public concern worldwide, and food
consumption has been identified as the major pathway for
human exposure to certain environmental contaminants, ac-
counting for >90 % of intake through daily food (Fries 1995).
Cadmium (Cd) and lead (Pb) are among the most common
toxic heavy metals. The excessive levels of these metals in
vegetables are associated with etiology of a number of dis-
eases, especially cardiovascular, kidney, nervous as well as
bone diseases (Jarup 2003; WHO 2011). Human beings are
encouraged to consume more vegetables and fruits, which are
a good source of vitamin C, thiamine, niacin, pyridoxine, folic
acid, minerals, and dietary fiber and also beneficial to human
nutrition and health (Wargovich 2007). In Asia, especially the
developing countries, people consume more vegetables than
meat. More specifically, some population groups are highly
exposed, especially vegetarians. Therefore, it is of great im-
portance to determine the oral bioavailability of metals (the
absorbed dose by human body in reality) in vegetables to
assess human health risk rather than the traditional methods
based on total concentrations of metals.

Oral bioaccessibility refers to the fraction of contaminant
that is released from food matrix into the digestive juice chime
and becomes available for intestinal absorption, i.e., entering
the blood stream (Oomen et al. 2002). Therefore, this fraction
is used as an indicator of maximal oral bioavailability of the
contaminant in food. In recent years, several in vitro digestion
methods have been developed to estimate the bioaccessibility
of contaminants in different foods, such as seafood
(Houlbréque et al. 2011), rice (Signes-Pastor et al. 2012;
Zhuang et al. 2016), vegetables (Intawongse and Dean
2008), and food (Lei et al., 2016). In most of the studies on
the dietary intake of heavy metals, measurements were per-
formed in uncooked/raw vegetables. It has been evidenced

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-016-7801-z&domain=pdf

Environ Sci Pollut Res

that the amount and bioaccessibility of heavy metals in foods
can be widely changed by cooking processes (Atta et al. 1997,
Sun et al. 2012). To date, only a few studies have investigated
the effects of cooking on metal bioaccessibility in contaminat-
ed vegetables (Fu and Cui 2013; Pelfréne et al. 2015), but the
information regarding the effects of cooking on the bioacces-
sibility of heavy metals in market vegetables in the Pearl River
Delta (PRD) is rather limited.

The PRD region in South China covers an area of
54,733 km?, which is one of the most developed regions in
China. As reported by the Statistics Bureau of Guangdong
Province (SBG 2012), the PRD region is the largest vegetable
production base in Guangdong Province and produced more
than 11 million tons of vegetables in 2011. About 78.3 x 10*
tons fresh vegetables were directly exported to Hong Kong,
Japan, Korea, Malaysia, and Russia. With the rapid urbaniza-
tion and industrialization and increasing reliance on fertilizers
and agrochemicals, many agricultural soils have been contam-
inated with heavy metals in the PRD region in recent decades.
Hence, the safety of vegetables is a concern of not only the
local government but also the international community due to
the increasing export and import trade. There has been a lack
of comprehensive regional studies on heavy metal bioaccessi-
bility in market vegetables in the PRD region, except for a few
reports on vegetables from Hong Kong (Hu et al. 2013) and
various food matrices from Guangzhou (Wang et al. 2014).

In this study, we conducted a systemic investigation into
several types of vegetables from public markets in the PRD
region. The present study was carried out (1) to determine
concentrations and bioaccessibility of Cd and Pb in market
vegetables in the PRD, (2) to study the influences of cooking
on Cd and Pb bioaccessibility, and (3) to calculate daily intake,
bioaccessible fraction, and target hazard quotients (THQs) of
Cd and Pb to the general public via consumption of market
vegetables.

Materials and methods
Sampling, preparation, and chemical analysis

A total of 270 vegetable samples were collected from a range
of supermarkets and street markets throughout nine cities of
the Pearl River Delta (PRD), South China (Fig. 1). Quintuple
samples for each of 6 species of edible vegetables commonly
consumed in PRD were randomly acquired for a better esti-
mation of exposure. Around 100 g of vegetables was boiled in
approximately 600 mL of doubly deionized water for 8 min
(for leafy and fruit vegetables) and 12 min (for root vegeta-
bles). Once the vegetable samples had been boiled, the
cooking water was separated for further analysis. The dry
biomass was also measured after oven-drying at 70 °C for

Fig. 1 Locations of sample sites
in the Pearl River Delta area,
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48 h. Subsamples (0.5 g) of dried and ground vegetables were
digested in a microwave oven (Anton-Paar PE Multiwave
3000) by conc. nitric acid, followed by inductively coupled
plasma mass (ICP-MS) spectrometry (Agilent 7700x%, Agilent
Scientific Technology Ltd., USA) to measure tissue Cd and Pb
concentrations. Both blank and standard reference materials
(Spinach leaves GBW 10015 (GSB-6) and Carrot GBW 10047
(GSB-25)) were included for quality assurance. The recovery
rates of Cd and Pb ranged from 92 to 108 %. Metal concen-
trations were expressed on a fresh weight basis by correcting
for water content in the samples.

In vitro evaluation of bioaccessibility

Bioaccessibility measurements of Cd and Pb were per-
formed using physiologically based extraction test
(PBET) method, which was modified from the procedures
described by Ruby et al. (1993) and Intawongse and Dean
(2008). Overall, it mimics human digestion, which consists
of two phases simulating the digestive processes in the
stomach and small intestines. The gastric solution
contained 1.25 g L' pepsin, 0.50 g L™ citric acid,
0.50 g L~ ! maleic acid, 420 ul L' DL-lactic acid, and
500 pl L ! acetic acid dissolved in water, and the pH was
adjusted to 1.5 with HCI. In the gastrointestinal stage, the
amounts of 52.5 mg bile salts and 15 mg pancreatin were
added in the sample tube and the pH of the mixture was
raised to pH 7 with saturated NaHCOs;. For the bioacces-
sibility experiments, all of the samples were incubated at
37 °C with orbital-horizontal shaking and the obtained
supernatant was centrifuged before analysis. The gastric
and intestinal bioaccessibility of Cd and Pb in each sample
was defined as the ratio of the bioaccessible fraction to the
total concentration.
Bioaccessible metal concentration

Bioaccessibility (%) = ——————— x 100
Total metal concentration in rice

Health risk assessment

In order to assess the potential human exposure to Cd and Pb
via consumption of vegetables by the consumers, the estimat-
ed daily intake (EDI) and target hazard quotient (THQ) for Cd
and Pb were calculated following the method described by
Zhuang et al. (2009) assuming consumption of 100 g each
vegetable per day.

EDI — RC x BC
BW
EF x ED x EDI
THQ=—"——""" " x 1073
Q="Rmxar *

where RC is daily rice consumption (g person ' day '), BC
is bioaccessible concentrations of metals in ingestion, BW is
average body weight (60 kg for adults), ED represents the
exposure duration (70 years), EF is exposure frequency
(365 days per year), AT is average time for non-carcinogens
(365 days year ' x number of exposure years, assuming
70 years in this study), 1073 is the unit conversion factor,
and RfD represents corresponding oral reference dose (1 and
3.6 ug kg ' day ! for Cd and Pb, respectively), as suggested
by USEPA (2007).

Statistical analyses

All statistical analyses were performed using SPSS software
(Ver 18.0; SPSS, Chicago, IL, USA) and Excel 2013. All data
were reported as the mean or mean with standard deviation
(SD) from several samples of each type of vegetable. The
means were considered to be significantly different if p values
were <0.05.

Results and discussion

Cadmium and Pb concentrations in raw and cooked
market vegetables

The concentrations of Cd and Pb in lettuce, spinach, tomato,
cucumber, carrot and potato are presented in Fig. 2. The aver-
age concentrations in the fresh vegetable samples collected
from 9 cities in the PRD region were 37.7, 62.7, 6.6, 0.9,
24.5, and 36.1 ug kg7l for Cd and 13.9, 43.4, 8.4, 2.3, 9.3,
and 12.0 pg kg™ for Pb, respectively (Table 1). Leafy vege-
tables showed relatively high levels of accumulation of Cd
and Pb, with the highest in spinach. Moreover, the metal con-
centrations in cucumber were generally low, which were com-
parable with those recorded in leafy vegetables. Most selected
samples from Dongguan city had higher Cd and Pb concen-
trations, whereas Pb concentrations in all vegetable samples
from Jiangmen were the lowest compared with the other cities.
All these Cd and Pb concentrations were acceptable according
to the maximum allowable concentration in vegetable
established by China (MHPRC 2012), except for 6.9 and
3.4 % the carrot samples which were contaminated by Cd
and Pb respectively.

The mean Cd concentrations measured in vegetables were
comparable with values published by Cui et al. (2012), rang-
ing from 6 to 40 ug kg '. The concentrations of Pb in vege-
tables collected from 9 cities were lower or similar when com-
pared with the values reported by Cui et al. (2012). For exam-
ple, in the present study, the Cd concentrations in vegetables
varied from 2.3 to 43 pg kg_l, while in Cui et al. (2012), the
values from 4 cities ranged between 30 and 60 pg kg '. The
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Fig. 2 Cadmium and Pb 150.0 4
concentrations (ug kg, fresh =
weight) in the six species of fresh fé)
vegetables collected from markets o0 12001
in Pearl River Delta =
g 90.0 1
=
<
2
o 60.0+ T
Q
=}
o -
)
< 3004 | = -
N [ | EI] -
0.0 T T I T T T )
Lettuce Spinach Tomato Cucumber Carrot Potato
150.0 -
fon
o -
=4 120,01
)
=1
N—
& 900
-
<
B
5 600
Q
=
O -—
)
o 300 Z Z I
[aW
0.0 T T e T T T )

Lettuce

results showed a strong variation among vegetable species in
Cd and Pb concentration, which were consistent with previous
findings (Zhuang et al. 2009), with leafy, root, and tuber veg-
etables possessing a higher risk for Cd accumulation than fruit
vegetables (Table 1). Huang et al. (2005) also reported that the
Cd and Pb concentrations in ten species of vegetables for
Zhongshan and Dongguan cities were 96.2 and
25.7 ugkg ', with 13.2 % of the vegetable samples exceeding
the limit. Regarding regional distribution, Dongguan and
Zhongshan cities situated in the central part of PRD econom-
ics zone, a large amount of heavy metals were transported
continuously into the agricultural soils directly and indirectly
(Huang et al. 2005). Especially, the relative low soil pH and
the high percentages of DTPA-extractable metals in the agri-
cultural soils resulted in the high metal phytoavailability. So
the vegetables sampled from those studied market showed the
relatively higher level of heavy metals than other sampling
area (cities). On the other hand, the accumulation of metal
by vegetable is also dependent on the vegetable species and/
or cultivars.

The effects of cooking on Cd and Pb concentrations were
evaluated and the results are shown in Fig. 3. The effect of
cooking on concentrations of Cd and Pb was different among
the vegetable species analyzed. Cooking caused significant

@ Springer

Spinach Tomato Cucumber Carrot Potato

changes (p < 0.05) of Cd in all vegetables, with a decrease
of around 11-24 % in the cooked vegetables in comparison to
the corresponding raw samples, except for cucumber.
Cooking, meanwhile, decreased Pb concentration by 19 to
41 % in cooked spinach, tomato, and potato, with significant
differences (p < 0.05) from the raw vegetables. However,
cooking resulted in a slight increase in total Pb concentration
in cucumber and carrot. Our results were in agreement with
several studies, in which cooking decreased Cd concentration
in Agaricus blazei Murill (Sun et al. 2012), in seafood (Atta
et al. 1997) and in rice (Naseri et al. 2014). However, Wang
et al. (2014) reported that there were no statistical differences
of Cd concentration in microwave-cooked and raw food ma-
trices. Naseri et al. (2014) reported that cooking can reduce the
concentration of Pb in rice grains.

Bioaccessibility of Cd and Pb in raw and cooked
vegetables

The oral bioaccessible concentrations of Cd and Pb measured
in the gastric and gastrointestinal fractions for raw and cooked
vegetables defined by the in vitro PBET methods are present-
ed in Fig. 4. Significant differences were found in gastric and
also in gastrointestinal extracts between the six vegetables
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Fig. 3 Cadmium and Pb
concentrations in the six species
of raw and cooked vegetables
collected from markets in the
Pearl River Delta. Significant
difference between raw and
cooked vegetables (p* < 0.05,
p¥*<0.01) determined by a
pairwise t test

Fig. 4 Bioaccessibility of Cd and
Pb (%, in gastric and
gastrointestinal phase) in the six
species of raw and cooked
vegetables
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species studied, because of the difference in the concentrations
in their raw samples.

The bioaccessibility of Cd varied between 48 and 86 % in
the gastric fraction, with the highest in raw cucumber and the
lowest in raw potato (Fig. 4). In the gastrointestinal phase, the
bioaccessibility of Cd in six vegetables varied within 20—
46 %. These results here were higher or similar to Cd bioac-
cessibility from vegetables reported by Hu et al. (2013) and Fu
and Cui (2013). Compared with the values in raw vegetables
by Pelfréne et al. (2015), the bioaccessibility values for the
gastric and gastrointestinal fractions were lower, in which Cd
bioaccessibility varied from 81 to 89 % in the gastric phase
and from 63 to 72 % in the gastrointestinal phase. The higher
Cd bioaccessibility percentages observed could be due to the
fact that most Cd accumulates in the vacuoles of plant cells,
except what is absorbed by the cell wall, so Cd is easily re-
leased from plant tissues during in vitro digestion (Hall 2002;
Fu and Cui 2013; Pelfréne et al. 2015). As reported in the
literature, the amount of Cd released under gastrointestinal
phases is less than that released under gastric phases, because
cadmium tends to form bonds with dietary fiber sources, in-
cluding cellulose, lignin, and pectin, which are all present in
vegetables. In addition, Waisberg et al. (2004) found that a
higher pH in the digestive tract resulted in lower Cd bioacces-
sibility after Cd was absorbed by the lettuce at high pH values,
and under the typical pH of the gastrointestinal tract (pH = 7),
Cd may form insoluble complexes with the phytates in the
human diet (Schroder et al. 2003). With respect to the same
food matrices, such as carrot and potato, differences in metal
bioaccessibility percentages between the present results and
previous finding (i.e., Hu et al. 2013 and Pelfréne et al. 2015)
were observed, depending not only on the food matrix but also
on the experimental conditions and in vitro digestion methods
used.

Lead bioaccessibility in the gastric phase followed the or-
der: cucumber (60 %) > tomato (35 %) > spinach (26 %) > po-
tato (20 %) > carrot (12 %) > lettuce (10 %). In raw vegeta-
bles, the Pb bioaccessibility in the gastric phase was lower
than that in the small intestinal phase, except for tomato and
cucumber. These observations were similar to the results

reported by Intawongse and Dean (2008) and Fu and Cui
(2013). In the literature, the values ranged from 15.6 % (in
the gastric phase) to 23.9 % (in the gastrointestinal phase) for
Malabar spinach (Fu and Cui 2013) and varied between ap-
proximately 7-27 % (in the gastric phase) and 20-61 % (in the
gastrointestinal phase) in vegetables (Intawongse and Dean
2008). The bioaccessible fractions of Pb in market vegetables
from Hong Kong under gastric and gastrointestinal phases
have also been evaluated by Hu et al. (2013), with the values
of 1642 % and 0.7-26 %, respectively. In the gastric phase,
enzymes (such as pepsin) were unable to release most of Pb.
The decomposition effects of pancreatin on the integrity of
cell wall increased the release of Pb into intestinal juice. The
percentages of Pb bioaccessibility were lower than those of
Cd, but its total concentrations were equal to those of Cd,
except for lettuce and potato. Some types of food matrices
exhibited relatively low Pb bioaccessibility percentages, as
the analytes may bind with some slightly soluble or insoluble
components of the matrix, such as cellulose, which is the most
abundant compound in nature and is the most common com-
ponent in cellular walls of vegetables (Das and Singh 2010).

The cooking process can alter metal bioaccessibility
from food matrices. Specifically, heating can accelerate
the change of the cellular structure or protein degradation
which may affect the bioaccessibility of the remaining
components in foods. Cadmium bioaccessibility in all
cooked vegetables varied from 47 to 82 % and 12 to
46 % for gastric and gastrointestinal fractions, respective-
ly (Fig. 4). Cooking significantly decreased Cd bioacces-
sibility of leafy vegetables in gastrointestinal phases and
Pb bioaccessibility of leafy vegetables in both gastric and
gastrointestinal phases. Fu and Cui (2013) found that
cooking significantly decreased the Cd and Pb bioacces-
sibility in the two leafy vegetables. It was found that Cd
bioaccessibility was significantly reduced after cooking
Agaricus blazei murill (Sun et al. 2012). This may be
explained that the heating process destroys tissues thor-
oughly, leading to more adsorption during the ingestion
process and lowering the metal bioaccessibility, because
some functional groups such as lysine, methionine,

Table 2 Calculated values of

bioaccessible established diary Vegetables Cd Pb

intake (BEDI) and target hazard

quotient (BTHQ) for Cd and Pb BEDI % of PTDI BTHQ BEDI % of PTDI BTHQ

based on the average bioaccessi-

bility data Lettuce 0.029 2.92 2.92E-02 0.002 0.06 6.77E-04
Spinach 0.037 3.66 3.66E-02 0.017 0.43 4.83E-03
Tomato 0.006 0.57 5.68E-03 0.003 0.08 8.90E-04
Cucumber 0.001 0.10 1.00E-03 0.002 0.05 5.20E-04
Carrot 0.020 2.00 2.00E-02 0.005 0.12 1.29E-03
Potato 0.021 2.08 2.08E-02 0.005 0.12 1.39E-03
Total 0.113 11.3 0.113 0.035 0.86 0.010
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phenylalanine, histidine, and cystine have an affinity for
metal ions (Chou and Shen 2007). Compared to the data
for raw vegetables, there was no or slight effect on the
Cd and Pb bioaccessibility in cooked tomato, cucumber,
carrot, and potato in both phases of digestion. Significant
differences on bioaccessible fractions were observed after
cooking between the leafy vegetables and non-leafy veg-
etables, probably due to the differences between the cell
wall materials of vegetables and different biological
structures and/or ligands in root/tube or fruit vegetables
that might impede solubilization of Cd during digestion.
Most likely, pectin composition and the presence of other
polysaccharides in the cell wall may affect the metal
bioaccessibility by interacting differently with the target
compounds (Palmero et al. 2013; Pelfréne et al. 2015).

Human exposure assessment of Cd and Pb in vegetables

The average bioaccessible estimated daily intakes (BEDIs)
and target hazard quotients (BTHQs) of Cd and Pb via con-
sumption of vegetables for Pearl River Delta consumers are
presented in Table 2. The provisional tolerable daily intake
(PTDI) of the FAO/WHO is 0.83 and 3.6 pg kg™ ' day ™' for
Cd and Pb, respectively. Based on the bioaccessibility data,
assuming consumption of 100 g of each vegetable per day,
the average BEDIs of the vegetables followed the order:
spinach > lettuce > potato = carrot > tomato > cucumber
for both Cd and Pb, which were all far below the corre-
sponding tolerable limits. The BEDI of Cd accounted for
2.9, 3.6, 0.56, 0.1, 2.0, and 2.1 % of the PTDI value via
consumption of 100 g lettuce, spinach, tomato, cucumber,
carrot, and potato, respectively. The average BEDIs of Pb
from six vegetables were less than 0.5 % of the PTDI value.
The BTHQs of Cd and Pb from vegetables were all less than
1. In addition, spinach was the major risk contributor for the
Pearl River Delta consumers with the highest BTHQ values
of Cd and Pb.

The findings regarding the BEDI and BTHQ of Cd and
Pb suggest that the consumption of the vegetables from
the public markets in the PRD imposes low risks of these
two pollutants (Table 2). However, the leafy vegetables
are the dominant consumption for local residents in the
PRD and Hong Kong, the planting area is about 51.7 % of
the total arable area (SBG 2012). Taking these aspects
into consideration, to reduce health risks from vegetables,
those consumers can adapt their food selection to balance
their diet in a healthy manner and avoid excessive con-
sumption of leafy vegetables, such as edible amaranth and
spinach. Therefore, in the future, we may need to inves-
tigate the possible mechanisms responsible for the de-
crease of metal bioaccessibility with combination of dif-
ferent food matrices.
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Conclusions

The concentrations of Cd and Pb in all the vegetable samples
collected from public markets in the Pearl River Delta region
were within the Chinese National Standards, but the Cd and
Pb levels in 6.9 and 3.4 % of carrot samples exceeded the
thresholds. The average bioaccessibility of Cd and Pb from
the six vegetables varied within 34-64 % and 11-48 %, re-
spectively. Leafy vegetables possessed higher health risks
compared to fruit and root/tube vegetables. The BEDIs of
Cd and Pb via consumption of market vegetables for the local
residents were all far below the tolerable limits, while the
TBTHQ was 0.11 for Cd and 0.01 for Pb through consump-
tion of 100 g vegetables, with Cd in spinach as the major risk
contributor.
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