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Abstract: Trace elements such as selenium (Se) and zinc (Zn) are essential elements in the human
body, while cadmium (Cd) has no physiological function. A high proportion of people consume
dietary supplements to enhance the performance of the body or alter the nutrient contents within the
body. Therefore, this study was conducted to evaluate the interaction effects of several popular dietary
supplements on the bioaccessibility of Se, Zn and Cd in rice with the hope of identifying dietary
supplements that can increase rice Se and Zn bioaccessibility but decrease rice Cd bioaccessibility.
The results from in vitro gastrointestinal simulation tests showed that the bioaccessibility of these
elements in rice was in the order of Cd (52.07%) > Zn (36.63%) > Se (10.19%) during the gastric phase
and Zn (26.82%) > Cd (18.72%) > Se (14.70%) during the intestinal phase. The bioaccessibility of Se
during the intestinal phase was greater than that during the gastric phase, and the bioaccessibility of
Zn and Cd were the opposite. The bioaccessibility of Se significantly increased in response to vitamin
C (VC), vitamin E (VE), vitamin B6 (VB6) and vitamin B9 (VB9), especially VC, which also increased
the bioaccessibility of Zn and decreased that of Cd. Procyanidins (OPC), methionine (Met) and
coenzyme Q10 (Q10) significantly reduced the bioaccessibility of Se. These results suggest that the
reasonable use of dietary supplements can effectively regulate the in vivo contents of trace elements,
which provide valuable information for developing health interventions to address problems for
specific people, especially selenium-deficient people.
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1. Introduction

The use of dietary supplements has steadily increased since the 1970s [1]. Various dietary
supplements can provide a wide range of micronutrients. Many micronutrients play important roles
in regulating the homeostasis of general processes closely related to systemic metabolism, including
redox and inflammatory pathways [2]. Micronutrients act as cofactors that participate in one-carbon
metabolism and important cellular pathways (vitamin B9 (VB9)) [3] and interact with enzymes such as
superoxide dismutase and glutathione peroxidase (GPX), which are involved in defence mechanisms
(Se, zinc (Zn), copper (Cu)) [4–6]. Micronutrients also have roles as chemical antioxidants (vitamins C
and E (VC and VE)) [7] and are involved in protein synthesis (vitamin B6 (VB6)). Other micronutrients,
such as niacin (VB3), are involved in triggering and boosting anti-inflammatory immune responses in
humans and animal models [8].
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Each type of micronutrient is not only involved in one or more specific biochemical pathways
and physiological functions, but also participates in a complex metabolic network through regulation
or other interactions; such participation is essential for maintaining optimal health [2]. Studies have
shown that dietary factors can interfere with the bioavailability of Se. VE and vitamin A (VA) can
increase the bioavailability of dietary Se, while alcohol, sulfur (S) and heavy metals can reduce it [9].
Additional research is needed to explore the interactions between other micronutrients and elements
via a network biology approach [10].

Selenium (Se), an important component of the antioxidant system and Se-containing proteins,
is very important to human health. There is growing evidence showing the importance of Se in
immune system function [4]: Se reduces and prevents teratogenic effects of metals such as cadmium
(Cd), mercury (Hg), lead (Pb) and arsenic (As) [11], even preventing the development of tumours
and reducing the risk of certain types of cancer [12]. Thus, the level of Se in the human body is of
great concern.

Like Se, Zn is related to the immune function of the body [13,14], antagonizing the toxicity of heavy
metals [5]. As a component of enzymes [15], Zn participates in the process of cell growth, division and
differentiation [16] and affects the synthesis of nucleic acids and proteins [17,18]. Cd exposure can be
toxic to human organs such as the kidney, lung, liver, and bone and to reproduction [19] and may even
cause cancer [20,21]. Se and Zn can antagonize the toxicity of Cd.

Within the context of the abovementioned perspectives, nine common dietary supplements were
used to determine the bioaccessibility of Se, Zn and Cd in rice in the presence of dietary supplements.
The objectives of the present study are (1) to understand the relationship between the total concentrations
of Se, Zn and Cd in rice and the bioaccessible fractions in the human gastrointestinal tract; (2) to identify
dietary supplements that can increase the bioaccessibility of Se; and (3) to identify dietary supplements
that can also increase rice Zn bioaccessibility while decreasing rice Cd bioaccessibility. The results can
provide valuable information for developing health interventions to address the problem for specific
populations, especially Se-deficient people.

2. Materials and Methods

2.1. Experimental Materials

Rice from Guangxi Province, one of China’s major grain-producing areas, was selected as the
object of our study.

Pepsin (catalogue No. 64007137) and pancreatin (catalogue No. 64006737) were purchased from
Sinopharm Chemical Reagent Co., Ltd., China, and bile extract (porcine; catalogue No. B822609) was
purchased from Macklin, Shanghai, China. All the organic acids used, including citric acid, malic acid,
lactic acid and acetic acid, were of analytical purity.

Dietary supplements (vitamin B6 (VB6), vitamin C (VC), vitamin E (VE), folic acid (VB9), niacin
(VB3), copper (Cu), methionine (Met) and coenzyme Q10 (Q10) and procyanidins (OPC) were of an
excellent level of purity and were purchased from Macklin reagent company.

High-purity deionized water from a Milli-Q Plus system (Millipore, Bedford, MA, USA) was used
for dilutions and washes. Element concentrations were determined by inductively coupled plasma
optical emission spectrometry (ICP-MS) on an Elan DRC-e system (PerkinElmer, Massachusetts, USA),
whose limits of detection (LODs) were 0.1–1 ng g−1 for Se and Zn and less than 0.1 ng g−1 for Cd.

2.2. Experimental Methods

To determine the total concentration of Se in rice, approximately 0.2 g of rice was placed in a
50 mL beaker and digested in 3 mL of nitric acid. The samples were carefully evaporated to near
dryness on an electric heating plate at 100 ± 5 ◦C. The residue was transferred to a 25 mL metal-free
polyethylene bottle (NuncTM, Roskilde, Denmark) and diluted with Milli-Q water. The same procedure
without rice was conducted to produce blank samples. The concentrations of Se, Zn and Cd were then
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determined via inductively coupled plasma optical emission spectrometry (ICP-MS). Method accuracy
was confirmed by analysis of certified reference materials (CRMs) (rice powder, GBW 10043, obtained
from the National Standard Sample Study Center in Beijing, China).

2.3. In Vitro Digestion Protocol

This study mainly adopts the experimental method proposed by Ruby et al. [22], and refers to
Fu et al. [23] method.

Gastric juice was prepared by the commonly used method proposed by Ruby et al. [22]. First, 0.5 g
of citric acid, 0.5 g of malic acid, 0.42 mL of lactic acid and 0.5 mL of glacial acetic acid were added to a
1 L solution of 0.15 M NaCl. Afterward, 2.5 g of porcine pepsin was added after the pH was adjusted
to 1.5 with 12 M HCl. Intestinal juice was prepared according to the methods of Glahn [24], i.e., 2.5 g of
salt bile extract and 0.75 g of pancreatin were sequentially dissolved in 25 mL of 0.1 mol L−1 NaHCO3.

A total of 1.5 g of food (steamed rice and rice supplemented with dietary nutrients) (Table 1) was
cultured in 25 mL of gastric solution (adjusted to 1.5 pH with HCl) in a shaking (100 rpm) incubator at
37 ◦C for 1 h to simulate gastric digestion. The simulated solution (5 mL) was subsequently passed
through a syringe filter (0.45 µm) and stored at 4 ◦C, after which the element contents were determined
by ICP-MS. For digestion by intestinal juice, 1 mL of small intestinal juice (0.5 mL of salt bile extract
solution and 0.5 mL of trypsin solution) was added to the gastric solution (the pH was increased to 7
with saturated NaHCO3). The samples were then placed in a shaking incubator (100 rpm) at 37 ◦C for
4 h, after which they were centrifuged at 3750 rpm for 5 min. Afterward, the supernatant was filtered
and stored at 4 ◦C. The samples were ultimately analysed for elemental concentrations via ICP-MS.

Table 1. Experimental addition treatments.

Additive Recommended Nutrient Intakes (RNI) Dose

F0 CK 1.5 g rice
F1 VB6 1.5 mg/day F0 + 7.5 µg VB6
F2 VC 100 mg/day F0 + 500 µg VC
F3 VE 15 mg/day F0 + 75 µg VE
F4 Folvite 0.4 mg/day F0 + 2 µg VB9
F5 Niacin 12 mg/day F0 + 60 µg VB3
F6 Copper 12 mg/day F0 + 60 µg Cu
F7 Coenzyme Q10 30 mg/day F0 + 150 µg Q10
F8 Methionine 750 mg/day F0 + 3.75 mg Met
F9 Procyanidins 800 mg/day F0 + 4 mg OPC

2.4. Statistical Analysis

There were five replicates of each treatment, and bioaccessibility was defined as the ratio of the
content of Se, Zn or Cd in the filtrate during the gastric phase or intestinal simulation phase to the total
Se, Zn or Cd concentration in the rice. The bioaccessibility (BAC, %) of Se, Zn or Cd during the gastric
phase and intestinal phases was calculated according to the following equation:

BAC = CV/CsMs × 100%, (1)

where BAC is the bioaccessibility of Se, Zn or Cd during the gastric phase or intestinal phase (%),
C is the soluble mass concentration in the reaction vessel during the gastric phase or intestinal phase
(µg L−1), V is the volume of each reaction solution (mL), Cs is the soluble mass concentration in the
rice sample (µg L−1), and Ms is the quantity of the rice sample added to the reactor (g).

The promotion ratio (PR, %) of Se, Zn and Cd was defined as the bioaccessibility of Se, Zn and
Cd in the gastric or intestinal filtrate compared with that in the control, calculated according to the
following formula:

PR = (CBAC − CKBAC)/CKBAC × 100%, (2)
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where PR is the promotion ratio of Se, Zn or Cd bioaccessibility during the gastric phase or intestinal
phase (%), CBAC is the bioaccessibility in the reaction vessel during the gastric phase or intestinal phase,
and CKBAC is the bioaccessibility in the rice sample during the gastric phase or intestinal phase.

The experimental data were analysed via Excel 2016 (Microsoft, Washington, USA) and SPSS
25 software (IBM, New York, USA). Dunnett’s test (two-tailed) was used to analyse the significant
differences in Se, Zn and Cd concentrations and the bioaccessibility in rice between the different
treatments. Dietary supplements were classified by systematic cluster analysis.

3. Results and Discussion

3.1. Bioaccessibility of Se, Zn and Cd in Rice

The concentrations of Se, Zn and Cd in the rice were 287.11 ± 6.84 µg kg−1, 8.11 ± 0.94 mg kg−1 and
63.30 ± 15.12 µg kg−1, respectively. Tables 2 and 3 show that the bioaccessibility of the three elements
in the rice was in the order of Cd (52.07%) > Zn (36.63%) > Se (10.19%) during the gastric phase and in
the order of Zn (26.82%) > Cd (18.72%) > Se (14.70%) during the intestinal phase, which may be due to
element differences. Studies have shown that the concentration, speciation and subcellular distribution
of different elements in plants affect the bioaccessibility of elements. For example, the bioaccessibility
of heavy metals in vegetables is in the order of Cd (67.67%) > Pb (50.70%) > Cu (44.69%) > Hg (3.09%)
during the gastric phase but in the order of Pb (48.90%) > Cd (40.66%) > Cu (32.88%) > Hg (13.12%)
during the intestinal phase [25]. The bioaccessibility of Se in rice during the gastric phase and intestinal
phase ranged from 8.28–11.24% and from 6.03–17.77%, respectively, in our research, which was lower
than that in previous studies [26]. This difference may be attributable to the use of steamed rice in
this study, as steaming alters the bioaccessibility of Se. In addition, cooking methods not only alter
the form of Se in food [27] but also significantly affect the bioaccessibility of Se [28]. Virginia [29]
found that compared with that in raw cabbage, the concentration of inorganic Se in boiled cabbage
extract was four times lower, while the release and concentration of selenium–methionine (SeMet)
was greater (by up to six times). In the present study, during the gastric phase and intestinal phase,
the bioaccessibility of Cd in the rice was 47.05–55.09% and 15.09–20.58%, respectively, which was
consistent with the results of Xu’s study [30], and the bioaccessibility of Zn in the rice was 35.74–39.51%
and 22.35–33.27%, respectively.
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Table 2. Concentration and bioaccessibility of Se, Cd and Zn in the filtrates of rice during the gastric phase 1O (n = 5)

F0 F1 F2 F3 F4 F5 F6 F7 F8 F9

Se concentration 2

(µg kg−1)
29.40 ± 2.90 ab 28.43 ± 1.33 bc 32.26 ± 1.75 ab 25.12 ± 1.18 cd 29.28 ± 3.22 ab 30.13 ± 1.82 ab 32.71 ± 1.01 a 30.31 ± 2.20 ab 31.79 ± 1.51 ab 23.76 ± 6.84 d

Bioaccessibility 3

(%)
10.19%

(9.58–10.80%)
9.85%

(9.28–10.43%)
11.01%

(10.27–11.75%)
8.49%

(7.86–9.12%)
10.14%

(8.75–11.52%)
10.6%

(9.80–11.39%)
11.21%

(10.78–11.64%)
10.25%

(9.32–11.17%)
10.99%

(9.70–12.29%)
8.17%

(4.43–11.91%)
p-value 1.00 0.36 0.07 1.00 1.00 0.20 1.00 0.80 0.01

Zn concentration
(mg kg−1) 3.03 ± 0.16 a 3.09 ± 0.19 a 2.72 ± 1.42 a 3.24 ± 0.20 a 3.03 ± 0.07 a 3.14 ± 0.11 a 3.16 ± 0.05 a 3.15 ± 0.09 a 2.96 ± 0.21 a 2.96 ± 0.10 a

Bioaccessibility
(%)

36.63%
(35.57–37.69%)

37.56%
(35.12–40%)

39.67%
(31.63–47.71%)

40.02%
(37.42–42.61%)

37.32%
(36.21–38.42%)

37.87%
(36.22–39.53%)

38.72%
(37.74–39.7%)

37.57%
(35.95–39.19%)

35.85%
(32.64–39.07%)

35.85%
(32.86–38.84%)

p-value 1.00 0.79 0.97 1.00 1.00 1.00 1.00 1.00 1.00
Cd concentration

(µg kg−1) 29.68 ± 1.95 ab 29.84 ± 5.52 a 32.01 ± 6.47 a 26.66 ± 0.74 b 30.00 ± 2.46 ab 27.34 ± 0.99 ab 27.09 ± 0.85 ab 29.74 ± 3.61 ab 26.82 ± 4.95 b 29.46 ± 0.18 ab

Bioaccessibility
(%)

52.07%
(50.18–53.96%)

51.09%
(41.17–61.01%)

55.09%
(43.40–66.78%)

48.37%
(46.71–50.03%)

53.71%
(49.08–58.34%)

47.17%
(45.39–48.96%)

47.05%
(43.38–50.73%)

51.04%
(44.53–57.55%)

45.59%
(35.14–56.03%)

49.29%
(48.53–50.06%)

p-value 1.00 0.37 0.42 1.00 0.98 0.96 0.98 1.00 1.00

1 p value is Dunnett’s test (two-tailed). 2 Values are presented as the mean ± Std. Err. of five replicates per treatment. Two columns in the same row without the same letter indicate

a significant difference, while that with same letter opposite indicates no significant difference (p < 0.05). 3 10.19% was the mean of bioaccessibility and 9.58–10.80% was the 95%
confidence interval.

Table 3. Concentration and bioaccessibility of Se, Cd and Zn in the filtrates of rice during the intestinal phase 1O (n = 5).

F0 F1 F2 F3 F4 F5 F6 F7 F8 F9

Se concentration 2

(µg kg−1)
42.43 ± 4.13 bc 45.15 ± 3.52 abc 47.59 ± 3.24 ab 50.99 ± 2.81 a 44.93 ± 14.70 abc 37.03 ± 1.55 cd 42.05 ± 3.30 abc 32.19 ± 5.63 d 23.00 ± 2.02 e 17.32 ± 2.19 e

Bioaccessibility 3

(%)
14.59%

(13.68–15.5%)
15.65%

(14.14–17.16%)
16.24%

(13.49–18.99%)
17.23%

(14.87–19.59%)
15.56%

(13.67–17.44%)
13.03%

(12.35–13.70%)
14.41%

(13.01–15.82%)
10.88%

(6.15–15.60%)
7.95%

(7.47–8.75%)
5.95%

(5.09–6.44%)
p-value 0.74 0.21 <0.01 0.82 0.05 1.00 <0.01 <0.01 <0.01

Zn concentration
(mg kg−1) 2.22 ± 0.14 cd 2.18 ± 0.22 cd 2.03 ± 0.21 de 1.85 ± 0.03 e 2.19 ± 0.18 cd 2.13 ± 0.06 cd 1.87 ± 0.05 e 2.30 ± 0.03 bc 2.75 ± 0.15 a 2.51 ± 0.10 b

Bioaccessibility (%) 26.82%
(25.96–27.68%)

26.58%
(22.34–30.81%)

24.71%
(20.56–28.85%)

22.80%
(21.79–23.81%)

27.03%
(24.66–29.41%)

25.68%
(24.56–26.81%)

22.94%
(21.87–24.00%)

27.44%
(26.50–28.37%)

33.27%
(31.35–35.18%)

30.46%
(28.48–32.43%)

p-value 1.00 0.20 <0.01 1.00 0.91 <0.01 0.98 <0.01 0.01
Cd concentration

(µg kg−1) 10.67 ± 1.20 abc 11.39 ± 1.86 ab 10.16 ± 1.74 bcd 8.77 ± 0.50 b 10.11 ± 1.12 bcd 9.40 ± 0.62 cd 9.45 ± 0.35 cd 11.13 ± 1.18 abc 12.11 ± 2.38 a 10.67 ± 0.87 abc

Bioaccessibility (%) 18.72%
(17.64–19.81%)

19.49%
(16.16–22.83%)

17.48%
(12.71–22.26%)

15.90%
(14.79–17.02%)

18.10%
(16.00–20.20%)

16.23%
(15.11–17.34%)

16.41%
(15.77–17.05%)

19.10%
(16.98–21.23%)

20.58%
(16.33–24.83%)

17.85%
(15.54–20.16%)

p-value 1.00 0.32 0.01 1.00 0.96 <0.01 0.99 <0.01 0.02

1 p value is Dunnett’s test (two-tailed). 2 Values are presented as the mean ± Std. Err. of five replicates per treatment. Two columns in the same row without the same letter indicate

a significant difference, while that with same letter opposite indicates no significant difference (p < 0.05). 3 10.19% was the mean of bioaccessibility and 9.58–10.80% was the 95%
confidence interval.
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3.2. Bioaccessibility of Se, Zn and Cd during Different Digestive Phases

The results (Tables 2 and 3) showed that the bioaccessibility of Se during the gastric phase was
lower than that during the intestinal phase, while the bioaccessibility of Cd and Zn during the gastric
phase was greater than that during the intestinal phase, which is consistent with the results of previous
studies [31–33]. The pH, enzyme composition, solid-liquid ratio of digestive juice and digestion time
can affect element bioaccessibility, but the pH has the greatest influence [34]. Studies have shown
that because of pancreatic digestion at neutral pH, greater bioaccessibility of Se during the intestinal
phase was observed [35]. In the present study, pancreatin, the major enzyme component added
during the intestinal phase, was a mixture of many enzymes and decomposes complex nutrients
into simple molecules, making Se more bioaccessible. The bioaccessibility of Cd and Zn during the
gastric phase was significantly greater than that during the intestinal phase, which was due to the
low pH and the presence of pepsin during the gastric phase. Cd and Zn are mostly distributed in the
cytoplasm and vacuoles of plant cells and are soluble in these matrices, and Cd can bind to soluble,
low-molecular-weight proteins such as metallothionein. Thus, a relatively low pH (1.50 ± 0.02) and
the addition of proteolytic enzymes can significantly promote the dissolution of Cd and Zn during
the gastric phase [23,36]. During the intestinal phase, the pH (7.00 ± 0.02) was obviously greater
than that during the gastric phase, there was no protease activity at this relatively high pH, and the
newly added pancreatin and the bile salt decompose mainly fats and polysaccharides such as starch.
Other studies have shown that increasing the pH will cause the dissolved Cd within the digestive juice
to be re-adsorbed again by certain vegetable species. Cd can bind to dietary fibre or form a precipitate
with phytic acid, which leads to a significant decrease in the amount of Cd filtered from digestive
juices [37].

3.3. Effects of Different Additives on Se, Zn and Cd

The total PR was obtained by comparing the total bioaccessibility of Se, Zn and Cd in response
to various dietary supplements with that of the control group during the gastrointestinal simulation
(Figure 1). As can be seen, the order of bioaccessibility of Se in rice was as follows VC > VE > Cu > VB9 >

VB6 > VB3 > Q10 > Met > OPC, among which, VB6, VC, VE, VB9, and Cu increased the bioaccessibility
of Se, whereas niacin(VB3), coenzyme Q10 (Q10), methionine (Met) and procyanidins (OPC) decreased
their bioaccessibility, with OPC, Met and Q10 exhibiting the most significant effects. Xu et al. [38]
believed that the chelation of exogenous substances and elements would reduce the bioavailability of
elements, and the compound effect between substances was the reason for the improvement of element
bioavailability. In this study, VE, VC, VB6 and VB9 significantly improved the bioaccessibility of Se
in rice, which suggested that these dietary supplements may have a complex effect with Se in rice,
making Se more accessible biologically. Previous studies also have shown that, compared with that
after supplementation with Se alone, supplementation with, VB6 [39], VC [40], VB9 [3] and VE [41]
can increase the uptake and use of Se by organisms. OPC and Q10 may chelate with selenium and
reduce the bioaccessibility of Se. Previous studies have shown that supplementation of methionine can
improve the utilization rate of selenium, especially the GPx activity of the organism [42]. However,
in our study, Met inhibited the bioaccessibility of Se. The reason may be that Se and S within Met are
homologous elements with similar physical and chemical properties [43], and there is competition
between their absorption [43].
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The order of bioavailability of Zn and Cd in rice were as follows: VC > OPC > Q10 > VB3 >

VB9 > Met > VE > VB6 > Cu and VE > Cu > VB3 > Met > VC > OPC > VB9 > Q10 > VB6. Q10 and
OPC increased the bioaccessibility of Zn, whereas Cu, VB6 and VE reduced the bioaccessibility of Zn.
In human experiments, the absorption of Zn by VC showed different results; for instance, Solomons
reported that adding VC to isolated soy protein can increase the absorption of Zn [44], while a study
by Kies showed that VC reduced the absorption of Zn by omnivores and vegetarians [45]. In addition,
Solomons reported that supplementing VC had no effect on inorganic Zn absorption [46]. Our in vitro
simulation study results showed that VC can improve the bioaccessibility of Zn in rice; however,
the mechanism by which VC affects Zn bioaccessibility needs further study. The other additions had
no obvious effects on the bioavailability of Zn. With the exceptions of VB6 and Q10, all the dietary
supplements, reduced the bioaccessibility of Cd in rice to varying degrees, with VE, VB3 and Cu having
the most obvious effects, as nicotinate and Cd ions can form chelates [47], while Cu competitively
inhibits Cd binding to carriers and complex peptide ligands during transmembrane and membrane
transport [48]. According to the above test results, VC had the highest promotion rate of Se and Zn
among the nine dietary supplements, and VC also had a certain inhibitory effect on the bioaccessibility
of Cd.

In the context of human nutrition, element bioavailability is related to bioaccessibility as well as
the amount absorbed by the intestinal phase and the amount removed from human metabolism [49].
Since the bioaccessibility of elements is the indication of the maximum bioavailability of elements
through the mouth, many researches on bioavailability take the bioaccessibility as the starting point
and object. Van de Wiele et al.’s research shows that in vitro methods are fast, reproducible and can be
used to measure the bioaccessible fraction [50]. At the same time, it also shows that the bioaccessibility
of the in vitro method with stricter separation conditions is closer to the bioavailability of in vivo [50].
In this study, the dietary supplements (VB6, VC, VB9 and VE) that can promote the bioaccessibility
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of Se have also been proven to promote bioavailability in vivo [6,38,39,41]. VC has promoted the
bioaccessibility of zinc in the study, while in human experiments, the effect of VC on the bioavailability
of zinc is controversial [43–45], although there are inconsistent reports, which may be related to the
intestinal absorption and metabolic mechanisms of different elements. What is relatively determined
is that bioaccessibility is an important parameter prior to bioavailability [50]; thus, the results of this
study can provide reference information for regulating in vivo levels of trace elements.

4. Conclusions

The bioaccessibility of elements is affected by element speciation, the digestion phase and
exogenous additions. The bioaccessibility of Se during the gastric phase and intestinal phase ranged
from 8.17–11.21% and 5.95–17.23%, respectively, and the total bioaccessibility was 14.12–27.25%,
which was the lowest of the three elements. The bioaccessibility of the three elements differed with pH
and enzyme activity during gastrointestinal digestion. The bioaccessibility of Se during the intestinal
phase was greater than that during the gastric phase; Cd and Zn’s bioaccessibility was greater during
the gastric phase than during the intestinal phase. The addition of VC, VE, VB6 and VB9 significantly
increased the bioaccessibility of Se, among which VC also increased the bioaccessibility of Zn and
reduced that of Cd to some extent. OPC, Met and Q10 significantly reduced the bioaccessibility of Se.
To improve Se nutrition in the human body, many supplements on the market, such as OPC, Met and
Q10, are not suitable because their ability to reduce Se bioaccessibility will lead to poorer Se nutrition
in Se-deficient populations. VC is the best choice among the nine dietary supplements for improving
the status of common nutrients such as Se and Zn while reducing harmful elements such as Cd to
some extent.

Author Contributions: Conceptualization, R.Z. and Y.L.; investigation, R.Z., Y.X., Z.Z., H.L. and L.W.; data curation,
R.Z.; writing—original draft preparation, R.Z.; writing—review and editing, Y.L., H.L. and L.W.; supervision, Y.L.;
funding acquisition, Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Second Tibetan Plateau Scientific Expedition and Research, grant
number 2019QZKK0607, the National Natural Science Foundation of China, grant number 41671499 and the
Strategic Priority Research Program of the Chinese Academy of Sciences, grant number XDA19040303.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bailey, R.L.; Gahche, J.J.; Lentino, C.V.; Dwyer, J.T.; Engel, J.S.; Thomas, P.R.; Betz, J.M.; Sempos, C.T.;
Picciano, M.F. Dietary supplement use in the United States. J. Nutr. 2011, 141, 261–266. [CrossRef] [PubMed]

2. Ommen, B.V.; Fairweather-Tait, S.; Freidig, A.; Kardinaal, A.; Scalbert, A.; Wopereis, S. A network biology
model of micronutrient related health. Br. J. Nutr. 2008, 99, 72–80. [CrossRef] [PubMed]

3. Kamel, K.I. The effect of dietary organic selenium and folic acid supplementation on productive and
reproductive performance of male rabbits under heat stress conditions. Egypt. Poult. Sci. 2012, 32, 43–62.

4. Rayman, M.P. The importance of selenium to human health. Lancet 2000, 356, 233–241. [CrossRef]
5. Rahman, M.M.; Hossain, K.F.B.; Banik, S.; Sikder, M.T.; Akter, M.; Bondad, S.E.C.; Rahaman, M.S.;

Hosokawa, T.; Saito, T.; Kurasaki, M. Selenium and zinc protections against metal-(loids)-induced toxicity
and disease manifestations: A review. Ecotox. Environ. Saf. 2019, 168, 146–163. [CrossRef]

6. Vishal, M.; Anil, K.G.; Ram, S.D.; Mayank, R. Selenium and copper interaction at supra-nutritional level
affecting blood parameters including immune response against P multocida antigen in Murrah buffalo
(Bubalus bubalis) calves. J. Trace Elem. Med. Biol. 2018, 50, 415–423. [CrossRef]

7. Horky, P.; Sochor, J.; Skladanka, J.; Klusonova, I.; Nevrkla, P. Effect of selenium, vitamins E and C on
antioxidant potential and quality of boar ejaculate. J. Anim. Feed Sci. 2016, 25, 29–36. [CrossRef]

8. Feingold, K.R.; Moser, A.; Shigenaga, J.K.; Grunfeld, C. Inflammation stimulates niacin receptor
(GPR109A/HCA2) expression in adipose tissue and macrophages. J. Lipid Res. 2014, 12, 2501–2508.
[CrossRef]

http://dx.doi.org/10.3945/jn.110.133025
http://www.ncbi.nlm.nih.gov/pubmed/21178089
http://dx.doi.org/10.1017/S0007114508006922
http://www.ncbi.nlm.nih.gov/pubmed/18598592
http://dx.doi.org/10.1016/S0140-6736(00)02490-9
http://dx.doi.org/10.1016/j.ecoenv.2018.10.054
http://dx.doi.org/10.1016/j.jtemb.2018.08.008
http://dx.doi.org/10.22358/jafs/65584/2016
http://dx.doi.org/10.1194/jlr.M050955


Int. J. Environ. Res. Public Health 2020, 17, 4978 9 of 11

9. Huang, K.X.; Xu, H.B. Selenium: Its Chemistry, Biochemistry and Application in Life Science; Huazhong University
of Technology (HUST) Press: Wuhan, China, 2009; pp. 145–163, ISBN 978-7-5609-5393-9.

10. Fairweather-Tait, S.J.; Collings, R.; Hurst, R. Selenium bioavailability: Current knowledge and future research
requirements. Am. J. Clin. Nutr. 2010, 91, 1484–1491. [CrossRef]

11. Behne, D.; Pfiefer, H.; Rothlein, D.; Kyriakopoulos, A. Cellular and subcellular distribution of selenium and
selenoproteins. In Trace Elements in Man and Animals 10: Proceedings of the Tenth International Symposium on
Trace Elements in Man and Animals; Roussel, A.M., Favier, A., Anderson, R.A., Eds.; Plenum Press: New York,
NY, USA, 2000; pp. 29–33.

12. Clark, L.C.; Combs, G.F.; Turnbull, B.W.; Slate, E.H.; Chalker, D.K.; Chow, J.; Davis, L.S.; Glover, R.A.;
Graham, G.F.; Gross, E.G.; et al. Effects of selenium supplementation for cancer prevention in patients with
carcinoma of the skin- a randomized controlled trial. J. Am. Med. Assoc. 1996, 276, 1957–1963. [CrossRef]

13. Prasad, A.S. Zinc: Role in immunity, oxidative stress and chronic inflammation. Curr. Opin. Clin. Nutr. 2009,
12, 646–652. [CrossRef] [PubMed]

14. Plum, L.M.; Rink, L.; Haase, H. The essential toxin: Impact of zinc on human health. Int. J. Environ. Res.
Public Health 2010, 7, 1342–1365. [CrossRef] [PubMed]

15. Rink, L.; Gabriel, P. Zinc and the immune system. Proc. Nutr. Soc. 2000, 4, 541–552. [CrossRef] [PubMed]
16. Chasapis, C.T.; Loutsidou, A.C.; Spiliopoulou, C.A.; Stefanidou, M.E. Zinc and human health: An update.

Arch. Toxicol. 2012, 86, 521–534. [CrossRef] [PubMed]
17. Chasapis, C.T.; Spyroulias, G.A. Ring finger E3 ubiquitin ligases: Structure and drug discovery. Curr. Pharm.

Des. 2009, 15, 3716–3731. [CrossRef]
18. Zhao, X.Q.; Bai, F.W. Zinc and yeast stress tolerance: Micronutrient plays a big role. J. Biotechnol. 2011, 158,

176–183. [CrossRef]
19. World Health Organization Home Page. Available online: https://apps.who.int/iris/bitstream/handle/10665/

329480/WHO-CED-PHE-EPE-19.4.3-eng.pdf?ua=1 (accessed on 11 December 2019).
20. Amiard, J.C.; Amiard-Triquet, C.; Charbonnier, L.; Mesnil, A.; Rainbow, P.S.; Wang, W.X. Bioaccessibility of

essential and non-essential metals in commercial shellfish from Western Europe and Asia. Food Chem. Toxicol.
2008, 46, 2010–2022. [CrossRef]

21. Vinceti, M.; Venturelli, M.; Sighinolfi, C.; Trerotoli, P.; Bonvicini, F.; Ferrari, A.; Bianchi, G.; Serio, G.;
Bergomi, M.; Vivoli, G. Case-control study of toenail cadmium and prostate cancer risk in Italy. Sci. Total
Environ. 2007, 373, 77–81. [CrossRef]

22. Ruby, M.V.; Schoof, R.; Brattin, W.; Goldade, M.; Post, G.; Harnois, M.; Mosby, D.E.; Casteel, S.W.; Berti, W.;
Carpenter, M.; et al. Advances in evaluating the oral bioavailability of inorganics in soil for use in human
health risk assessment. Environ. Sci. Technol. 1999, 33, 3697–3705. [CrossRef]

23. Fu, J.; Cui, Y.S. In vitro digestion /Caco-2 cell model to estimate cadmium and lead
bioaccessibility/bioavailability in two vegetables: The influence of cooking and additives. Food Chem.
Toxicol. 2013, 59, 215–221. [CrossRef]

24. Glahn, R.P.; Lee, O.A.; Yeung, A.; Goldman, M.I.; Miller, D.D. Caco-2 cell ferritin formation predicts
nonradiolabeled food iron acailability in an invitro digestion/ Caco-2 cell culture model. J. Nutr. 1998, 128,
1555–1561. [CrossRef] [PubMed]

25. Hou, S.N.; Tang, L.; Zheng, N.; Yang, Y.Y. Bioaccessibility and health risk assessment of heavy metals in
vegetables of typical mining area. Acta Sci. Vet. 2018, 38, 343–349. (In Chinese) [CrossRef]

26. Fang, Y.; Catron, B.; Zhang, Y.; Zhao, L.; Caruso, J.A.; Hu, Q. Distribution and in vitro availability of selenium
in selenium-containing storage protein from selenium-enriched rice utilizing optimized extraction. J. Agric.
Food Chem. 2010, 58, 9731–9738. [CrossRef] [PubMed]

27. Lu, X.; He, Z.; Lin, Z.; Zhu, Y.; Yuan, L.; Liu, Y.; Yin, X. Effects of Chinese Cooking Methods on the Content and
Speciation of Selenium in Selenium Bio-Fortified Cereals and Soybeans. Nutrients 2018, 10, 317. [CrossRef]
[PubMed]

28. Pérez, M.B.; Manniero, M.A.; Londonio, A.; Smichowski, P.; Wuilloud, R.G. Effect of common cooking heat
treatments on selenium content and speciation in garlic. J. Food Compos. Anal. 2018, 70, 54–62. [CrossRef]

29. Virginia, F.C.; Roser, R.; Fermín, L.S.J. Does boiling affect the bioaccessibility of selenium from cabbage?
Food Chem. 2015, 181, 304–309. [CrossRef]

http://dx.doi.org/10.3945/ajcn.2010.28674J
http://dx.doi.org/10.1001/jama.1996.03540240035027
http://dx.doi.org/10.1097/MCO.0b013e3283312956
http://www.ncbi.nlm.nih.gov/pubmed/19710611
http://dx.doi.org/10.3390/ijerph7041342
http://www.ncbi.nlm.nih.gov/pubmed/20617034
http://dx.doi.org/10.1017/S0029665100000781
http://www.ncbi.nlm.nih.gov/pubmed/11115789
http://dx.doi.org/10.1007/s00204-011-0775-1
http://www.ncbi.nlm.nih.gov/pubmed/22071549
http://dx.doi.org/10.2174/138161209789271825
http://dx.doi.org/10.1016/j.jbiotec.2011.06.038
https://apps.who.int/iris/bitstream/handle/10665/329480/WHO-CED-PHE-EPE-19.4.3-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/329480/WHO-CED-PHE-EPE-19.4.3-eng.pdf?ua=1
http://dx.doi.org/10.1016/j.fct.2008.01.041
http://dx.doi.org/10.1016/j.scitotenv.2006.11.005
http://dx.doi.org/10.1021/es990479z
http://dx.doi.org/10.1016/j.fct.2013.06.014
http://dx.doi.org/10.1093/jn/128.9.1555
http://www.ncbi.nlm.nih.gov/pubmed/9732319
http://dx.doi.org/10.13671/j.hjkxxb.2017.0251
http://dx.doi.org/10.1021/jf100934p
http://www.ncbi.nlm.nih.gov/pubmed/20707338
http://dx.doi.org/10.3390/nu10030317
http://www.ncbi.nlm.nih.gov/pubmed/29518925
http://dx.doi.org/10.1016/j.jfca.2018.04.004
http://dx.doi.org/10.1016/j.foodchem.2015.02.052


Int. J. Environ. Res. Public Health 2020, 17, 4978 10 of 11

30. Xu, L.; Liu, Y.; Yang, J.J.; Luan, Y.X.; Lu, A.X. Bioaccessiblity of cadmium in rice and its health risk assessment
by in vitro method. Asian J. Ecotox. 2017, 12, 219–226. (In Chinese) [CrossRef]

31. Chen, S.L.; Liu, E.Q.; Chen, A.H.; Liu, H.; Wu, Y.H.; Qin, X. Speciation analysis and bioavailability assessment
of selenium in two selenium-enriched foods by in vitro, biomimetic gastrointestinal tract models. Food Sci.
2018, 39, 225–232. (In Chinese) [CrossRef]

32. Omar, N.A.; Praveena, S.M.; Aris, A.Z.; Hashim, Z. Health risk assessment using in vitro digestion model in
assessing bioavailability of heavy metal in rice: A preliminary study. Food Chem. 2015, 188, 46–50. [CrossRef]

33. Wang, C.; Duan, H.Y.; Teng, J.W. Assessment of microwave cooking on the bioaccessibility of cadmium from
various food matrices using an in vitro digestion model. Biol. Trace Elem. Res. 2014, 160, 276–284. [CrossRef]

34. Wang, L.; Gu, P.L.; Li, R.; Xu, Y.M.; Sun, Y.B.; Liang, X.F.; Liang, X.F.; Dai, J.J. Effect of foliar zinc application on
bioaccessibility of cadmium and zinc in Pakchoi. Environ. Sci. 2018, 39, 2944–2952. (In Chinese) [CrossRef]

35. Jaiswal, S.K.; Prakash, R.; Acharya, R.; Nathaniel, T.N.; Reddy, A.V.R. Bioaccessibility of selenium from
Se-rich food grains of the seleniferous region of Punjab, India as analyzed by instrumental neutron activation
analysis. CyTA J. Food 2012, 10, 160–164. [CrossRef]

36. Wei, Y.Y.; Zheng, X.M.; Shohag, M.J.I.; Gu, M.H. Bioaccessibility and human exposure assessment of cadmium
and arsenic in pakchoi genotypes grown in co-contaminated soils. Int. J. Environ. Res. Public Health 2017, 14,
977. [CrossRef]

37. Waisberg, M.; Black, W.D.; Waisberg, C.M.; Hale, B. The effect of pH, time and dietary source of cadmium on
the bioaccessibility and adsorption of cadmium to/from lettuce (Lactuca sativa L. cv. Ostinata). Food Chem.
Toxicol. 2004, 42, 835–842. [CrossRef]

38. Xu, L.; Lu, A.X.; Wang, J.H.; Liu, Y. Research methods and applications of bioaccessibility and bioavailability
of heavy metals in food. Asian J. Ecotox. 2017, 12, 89–97. (In Chinese) [CrossRef]

39. Dalto, D.B.; Roya, M.; Audet, I.; Palin, M.F.; Guay, F.; Lapointe, J.; Matte, J.J. Interaction between vitamin B6
and source of selenium-dependent glutathione peroxidase system to oxidative stress induced by oestrus in
pubertal pig. J. Trace Elem. Med. Biol. 2015, 32, 21–29. [CrossRef] [PubMed]

40. Tan, J.A. Environmental Selenium and Health; People’s Medical Publishing House: Beijing, China, 1989; p. 1,
ISBN 9787425221921.

41. Surai, P.E. Effect of selenium and vitamin E content of the maternal diet on the antioxidant system of the yolk
and the developing chick. Br. Poult. Sci. 2000, 41, 235–243. [CrossRef]

42. Stroud, J.L.; Zhao, F.J.; Buchner, P.; Shinmachi, F.; McGrath, S.P.; Abecassis, J.; Hawkesford, M.J.; Shewrya, P.R.
Impacts of sulphur nutrition on selenium and molybdenum concentrations in wheat grain. J. Cereal Sci. 2010,
52, 111–113. [CrossRef]

43. Tian, Y.; Qu, N.; Zhou, Y.; Xu, J.; Li, W.D.; Xia, Y.M.; Gu, LZ. Effect of methionine supplementation on the
selenium bioavailability in rats fed on grains from Keshan Disease endemic area. J. Hyg. Res. 2001, 30, 55–58.
(In Chinese)

44. Solomons, N.W.; Janghorbani, M.; Ting, B.T.G.; Steinke, F.H.; Christensen, M.; Bijlani, R.; Istfan, N.; Young, V.R.
Bioavailability of zinc from a diet based on isolated soy protein: Application in young men of the stable
isotope tracer, 70Zn. J. Nutr. 1982, 112, 1809–1821. [CrossRef]

45. Kies, C.; Young, E.; McEndree, L. Zinc bioavailability from vegetarian diets. Influence of dietary fiber,
ascorbic acid, and past dietary practices. In Nutritional Bioavailability of Zinc; ACS symposium series vol. 210;
Inglett, G., Ed.; American Chemical Society: Washington, DC, USA, 1983; pp. 115–126. [CrossRef]

46. Solomons, N.W.; Jacob, R.A.; Pineda, O.; Viteri, F.E. Studies on the bioavailability of zinc in man III. Effects of
ascorbic acid on zinc absorption. Am. J. Clin. Nutr. 1979, 32, 2495–2499. [CrossRef] [PubMed]

47. Shi, Q.H.; Zhang, J.X.; Hu, H.R. Polarographic study on the chelate of Cadmium Ion with Nicotinate.
Acta Chim. Sin. 1981, 39, 272–275.

48. Chen, Q.; Lu, X.; Guo, X.; Pan, Y.J.; Yu, B.F.; Tang, Z.H.; Guo, Q.X. Differential responses to Cd stress induced
by exogenous application of Cu, Zn or Ca in the medicinal plant Catharanthus roseus. Ecotox. Environ. Saf.
2018, 157, 266–275. [CrossRef] [PubMed]

http://dx.doi.org/10.7524/AJE.1673-5897.20170127001
http://dx.doi.org/10.7506/spkx1002-6630-201804034
http://dx.doi.org/10.1016/j.foodchem.2015.04.087
http://dx.doi.org/10.1007/s12011-014-0047-z
http://dx.doi.org/10.13227/j.hjkx.201711157
http://dx.doi.org/10.1080/19476337.2011.606479
http://dx.doi.org/10.3390/ijerph14090977
http://dx.doi.org/10.1016/j.fct.2004.01.007
http://dx.doi.org/10.7524/AJE.1673-5897.20160707001
http://dx.doi.org/10.1016/j.jtemb.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26302908
http://dx.doi.org/10.1080/713654909
http://dx.doi.org/10.1016/j.jcs.2010.03.011
http://dx.doi.org/10.1093/jn/112.10.1809
http://dx.doi.org/10.1021/bk-1983-0210.ch008
http://dx.doi.org/10.1093/ajcn/32.12.2495
http://www.ncbi.nlm.nih.gov/pubmed/506973
http://dx.doi.org/10.1016/j.ecoenv.2018.03.055
http://www.ncbi.nlm.nih.gov/pubmed/29626640


Int. J. Environ. Res. Public Health 2020, 17, 4978 11 of 11

49. Oomen, A.G.; Hack, A.; Minekus, M.; Zeijdner, E.; Cornelis, C.; Schoeters, G.; Verstraete, W.; Van de Wiele, T.;
Wragg, J.; Rompelberg, C.J.M.; et al. Comparison of five in vitro digestion models to study the bioaccessibility
of soil contaminants. Environ. Sci. Technol. 2002, 36, 3326–3334. [CrossRef]

50. Van de Wiele, T.R.; Oomen, A.G.; Wragg, J.; Cave, M.; Minekus, M.; Hack, A.; Cornelis, C.; Rompelberg, C.J.M.;
De Zwart, L.L.; Klinck, B.; et al. Comparison of five in vitro digestion models to in vivo experimental results:
Lead bioaccessibility in the human gastrointestinal tract. J. Environ. Sci. Health A 2007, 42, 1203–1211.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/es010204v
http://dx.doi.org/10.1080/10934520701434919
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Experimental Methods 
	In Vitro Digestion Protocol 
	Statistical Analysis 

	Results and Discussion 
	Bioaccessibility of Se, Zn and Cd in Rice 
	Bioaccessibility of Se, Zn and Cd during Different Digestive Phases 
	Effects of Different Additives on Se, Zn and Cd 

	Conclusions 
	References

