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g r a p h i c a l a b s t r a c t
� As bioaccessibility in small intestine
may be reliable to predict
bioavailability.

� No significant differences in As
speciation between in vivo and
in vitro.

� The bioaccessible Ca, Fe were strong
negative related to As
bioaccessibility.

� The Ca, Fe, Zn from food were nega-
tively correlated with As
bioavailability.
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Rice bran, a super food or health food supplement, contains high arsenic (As) levels. However, the
evaluation of relative bioavailability (RBA) or bioaccessibility (BA) is limited in the rice bran. In this study,
the As-RBA in rice bran was determined based on mice model and compared to As-BA using in vitro
methods. The As-BA from rice bran-amended feed in the gastric, small intestinal, and colon phases were
33.1e56.4%, 50.5e75.6%, and 35.5e71.4%, respectively. The As-BA was adversely associated with bio-
accessible Ca and Fe concentrations in the gastrointestinal phases. Similarly, the As-RBA was significant
negative relative with Ca, Fe, and Zn concentrations. The As-RBA values were 37.9e65.5%, 41.5e75.6% and
38.7e71.5% based on liver, kidneys, and combined endpoint (liver plus kidneys), respectively. The
in vitro-in vivo correlations (IVIVCs) in the gastric (R2 ¼ 0.392) and colon (R2 ¼ 0.362) phases were weak.
While the IVIVC (R2 ¼ 0.544) in the small intestinal phase was stronger than those of the gastric and
colon phases. In addition, there was no significant difference in As speciation between colonic residual
solids and faeces (p > 0.05). This work provides a better view of human health risk evaluation on rice
bran As consumption in humans.

© 2020 Elsevier Ltd. All rights reserved.
Environment, University of
airou District, Beijing 101408,
1. Introduction

Arsenic (As) is a carcinogen present in soil, water and food
(Cheyns et al., 2017; Wang et al., 2017). Chronic As use contributes
to a range of negative health consequences, including elevated
incidence of cancer and skin disorders (Molin et al., 2015). Humans
are mostly exposed to As via diet, such as the consumption of As-
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contaminated rice products (Kumarathilaka et al., 2019). Rice is
usually cultivated under flooded conditions. Anaerobic states of soil
are conducive to As release into soil solution and subsequent As
uptake by rice from the soil solution (Arao et al., 2009; Chen et al.,
2018).

Rice bran is rich in vitamins, fibre, nutrient elements and pro-
tein. It is becoming a popular and traditional ingredient and is
marketed as a super food or health food supplement in some
countries (e.g., Japan and El Salvador), where it is mainly targeted at
nutrition food consumers (Sun et al., 2008; Nagendra Prasad Mn
et al., 2011; Zhang et al., 2012). Nevertheless, rice bran contained
a large amount of inorganic arsenic (iAs) (Signes-Pastor et al., 2017).
Signes-Pastor et al. (2017) reported that the As concentration from
commercial rice bran was 0.4e1.1 mg kg�1 and the iAs was
93.4e97.7%. Studies have also shown that the concentrations of
total As and iAs in rice branwere higher than those contained in the
corresponding polished rice (Rahman et al., 2007; Sun et al., 2008;
Ruangwises et al., 2012). Human may intake As when consuming
rice bran. Therefore, the exposure of As from rice bran is a health
concern.

Current work on As from rice bran has concentrated mainly on
the total and species of As. Arsenic speciation often plays a critical
role in the risk evaluation of human safety, as toxicity differs with
As species. The order of cytotoxicity is arsenite (As(III)) > arsenate
(As(V)) > monomethylarsonic acid (MMAV), dimethylarsinic acid
(DMAV) (Dopp et al., 2005). The predominant As species in the rice
bran was iAs, including As(V) and As(III), followed by DMA, and the
iAs accounted for 57.8e97.7% of total As (Ruangwises et al., 2012;
Signes-Pastor et al., 2017). While estimating risks to human health
for rice bran consumption by assessing the concentration and
speciation of As is significant, rice bran concentration-based
assessment may overestimate the health threat. Therefore,
considering As bioavailability or bioaccessibility in rice bran is
important and reliable when assessing health risks.

Bioaccessibility is the part of metals that are soluble and
accessible for further absorption in the human gastrointestinal
environment (Cai et al., 2017). In vitro studies have been carried out
to explore bioaccessibility of As from rice and rice bran (Calatayud
et al., 2018; Li et al., 2018; Yin et al., 2019). Alternatively, in vivo
models were often designed to evaluate the bioavailability, iden-
tified as a fraction of metals that are gradually absorbed and
accumulated in the systemic circulation (Yin et al., 2017). The
model animals, such as mice and swine, were used to test the
bioavailability of heavy metals (Li et al., 2016a, 2018). The
bioavailability of As from rice has also been studied using the in vivo
models (Li et al., 2017a; Wang et al., 2017; Lewchalermvong et al.,
2018). Nevertheless, As bioavailability in rice bran, as a food ma-
terial, has rarely been reported. Zhuang et al. (2020) reported that
relationship between the bioavailability and bioaccessibility of
cadmium in contaminated rice. For rice bran, there is a shortage of
comparative studies the relative bioavailability and bioaccessibility
of As. Some studies have reported that gut microbiota from humans
or mice could actively metabolize and transfer As. Metabolism of As
was facilitated by gut microbiota through methylation, and gut
microbiota converted As(III) and As(V) into DMAV, MMAV, thio-
latedmetabolites (DMMTA), monomethyldithioarsonic (MMDTAV),
dimethyldithioarsonic (DMDTAV), and monomethyltrithioarsonic
(MMTTA) acids (Pinyayev et al., 2011; Lu et al., 2013; Yu et al., 2016).
In addition to bioaccessibility or bioavailability of As, As speciation
is also important to assess its effects on human health. However,
little detail is available on the variations of As speciation in rice bran
between in vitro and in vivo models attributable to gut microbiota.

The objective of this studywas to 1) determine As bioavailability
in rice bran using the mice model, 2) study the relationships be-
tween As bioaccessibility in the gastrointestinal solution and As
relative bioavailability, 3) compare the differences in As speciation
between colonic residual solids using in vitro methods and faeces
from mice, 4) analyse the effects of mineral elements from food
matrix on As bioaccessibility or relative bioavailability.

2. Materials and methods

2.1. Rice bran samples

A total of 7 rice bran samples were used in the study: 4 rice bran
products purchased supermarkets of USA, China, and Japan (Yin
et al., 2019), and 3 other rice brans purchased supermarkets of
China and USA. Before the study, the samples were dried at 80 �C in
the drying tunnel until steady weights were collected. Dried sam-
ples were placed at room temperature in a glass desiccator.

2.2. Assessment of As bioaccessibility

In vitro methods (PBET: physiologically based extraction test,
SHIME: simulator of human intestinal microbial ecosystem) were
used to assess As bioaccessibility (As-BA) in the rice bran. The PBET
method was developed by Ruby et al. (1996), simulates the gastric
and small intestinal phases, and was combined with the SHIME
model to simulate colon phase. The colon microbial community
used in the experiments was cultivated in the dynamic SHIME
model, as defined previously by Van de Wiele et al. (2004). The
information about the PBETand SHIMEmodels were detailed in the
Supporting Information.

The in vitrowas processed to determine the As-BA as previously
described by Yin et al. (2019). Briefly, a polypropylene centrifugal
tube (50 mL) in which 30 mL of freshly made gastric fluid (pH 1.5)
was applied to the rice bran-amended feed (3.0 g). The mixture was
shaken at 150 rpm and maintained at 37 �C for 1 h, which was the
gastric phase. Subsequently, the pH of the chyme was adjusted to
7.0 using saturated NaHCO3. Then, bile salts and pancreatin were
added. The samples, which were the small intestinal phase, were
incubated at 150 rpm and kept at 37 �C for 4 h. After 4 h, the so-
lution (30 mL) was transferred to a 100 mL anaerobic serum
container with colon solution (30 mL, pH 6.9) from the dynamic
SHIME model. To maintain anaerobic conditions, the container was
flushed with nitrogen gas for 20min and sealed with a butyl rubber
stopper. Then, this suspension was incubated at 37 �C for an addi-
tional 48 h, and acted as colon phase. The tests were carried out in
triplicate. The 10 mL of samples collected at the end of each
gastrointestinal process were centrifuged for 10 min at 10,000�g
and the supernatant was purified via a filter disk of 0.45 mm and
kept at �20 �C until further study. The colon residual solids were
ground into powder using a mortar after freeze-drying, and stored
in a dryer.

The bioaccessibility (BA) of As was calculated using the
following equation:

BAð%Þ¼
Bioaccessible As concent from rice bran

�
mg$kg�1

�

Total As concentration in rice bran
�
mg$kg�1

� �100
(1)

2.3. Assessment of As relative bioavailability

In this study, As relative bioavailability (As-RBA) was assessed
using a mice model. Young adult female Balb/c mice weighing
18e20 g (4e6 weeks old) were used. Both mice were obtained in
Beijing, China, from the Beijing Vital River Laboratory Animal
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Development Co., Ltd. The mice were fed in Beijing Animal
Research Center Laboratory (BLARC) in Beijing, China. Animal
treatment and usage conformed to ethical standards and criteria
according to the Guide for the Care and Use of Laboratory Animals
(National Research Council (US) Committee, 2011), which were
approved by the institutional animal ethics committees of Beijing
administration office of lab animal (License number: SYX (Jing)
2015e0046). All 33 mice were housed under standard animal
house conditions (temperature 24 ± 1 �C, humidity 55 ± 10%, and a
12:12 h light/dark cycle). They had been acclimatized 7 days before
the test. Over the week, mice were housed in cages in groups and
had free access to easy feed and Milli-Q water. The composition of
the basal feed is given in Table S1. These animal feeds were
collected before the experiment to evaluate As concentrations.

Upon acclimatization, mice were weighed overnight upon
fasting and thenwere randomly grouped (n¼ 3) tometabolic cages.
Samples of rice bran were mixed into basal feed for mice at a ratio
of 1:1 rice bran-to-feed amount, as rice bran-amended feeds.
Furthermore, arsenate-amended feeds were prepared by addition
of Na2HAsO4 solution (4, 10, 20 mg As$L�1) to powdered basal feed
to attain concentrations of 0.2, 0.5, and 1.0 mg kg�1 (dry weight) as
As. The As concentration of rice bran- or Na2HAsO4-amended feed
was determined before freeze-drying and grinding the feed into
powder. Each group of mice were fed with basal feed, Na2HAsO4-
amended feed, and rice bran-amended feed about 4 g daily for 10
days, respectively. Mice fed with basal feed were used as control.
The 10-d period of exposure was selected, as deposition in animal
tissue reaches a stable condition after 8e9 d (Hughes et al., 2010).
Throughout the 10-d processing cycle the faeces were collected and
deposited at �80 �C instantly. After 10 d of treatment, mice were
fasted overnight, weighed and sacrificed by carbon dioxide anes-
thesia to get samples of the liver and kidneys. Faeces, liver, and
kidneys were freezed at �80 �C, then ground into powder using a
mortar before freeze-drying to assess total As concentrations and
speciation for future use.

For mice receiving Na2HAsO4, the dose reactions of As accu-
mulation in the liver and kidneys was determined and calculated
As-RBA in rice bran (Eq. (2)). The As-RBA was calculated based on
the ratio of As concentration in the liver and kidneys of mice
following rice bran-As exposure to that of Na2HAsO4 exposure.
Because of individual variation in mice, the distribution of As
concentrations in different tissues of mice may be different. The
rice bran As-RBA was also measured on the basis of a combined
endpoint to minimize the variability (Eq. (2)) (Li et al., 2017b). The
combine endpoint was executed by sum of the As concentration
accumulated in liver and kidneys for each mouse.

RBAð%Þ¼�
As concentrationrice bran

As concentrationsodium arsenate
�As dosesodium arsenate

As doserice bran

�
� 100

(2)

where As concentrationrice bran and As concentrationsodium arsenate
are the As concentrations (mg$kg�1) in mice liver or kidneys or the
sum of As concentrations (mg$kg�1) in individual tissues (liver and
kidneys) following rice bran or Na2HAsO4 exposure; As doserice bran
and As dosesodium arsenate are the As dosing levels (mg$kg�1bw$d�1)
following rice bran or Na2HAsO4 exposure.
2.4. Chemical analysis

Total metals concentration. Rice bran, mice feed, animal tissue
(liver and kidneys), and faeces samples were weighed (0.2 g) into
polytetrafluoroethylene (PTFE) digestion tubes. Then, concentrated
nitric acid (HNO3, 65%) (Suprapur, Merck) was added, and the
samples were incubated overnight. Samples were microwave-
digested (MARS6, CEM Corporation, NC, USA) using a tempera-
ture ramping program following Sun et al. (2008). Three samples
were tested under each set of conditions. The total As, Cu, Ca, Fe,
and Zn concentrations in the digested samples and supernatant
from gastrointestinal phases were analysed by using inductively
coupled plasma mass spectrometry (ICP-MS, iCAP-Q, ThermoFisher
Scientific, USA) or inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 7300 V, PerkinElmer, USA).

Arsenic speciation. A microwave method for extracting As
species was used (Sun et al., 2008). Freeze-dried faeces and colon
residual solid samples were weighed (0.2 g) into PTFE digestion
tubes, and then poured 10 mL of 1% nitric acid. The PTFE digestion
tubes were microwaved on a 3-stage temperature ramping pro-
gram after overnight. Each stage ramped to temperature over a
period of 5 min: stage 1 kept samples at 55 �C for 10min, stage 2 for
10 min at 75 �C and stage 3 for 30 min at 95 �C. After that, the
samples centrifuged at 1980�g for 10 min, then were filtered
through a 0.45 mm filter. Extracts were analysed using high-
performance liquid chromatography (HPLC, UltiMate 3000, Ther-
moFisher Scientific, USA) coupled to the ICP-MS. The As species
(As(III), As(V), DMAV, andMMAV) in samples were separatedwith a
PRP-X100 anion-exchange column (Hamilton, UK). The mix solu-
tion of NH4NO3 (6.66 mM) and NH4HPO4 (6.66 mM) was mobile
phase at pH 6.25 ± 0.05 using ammonia solution or concentrated
nitric acid, and flow rate set at 1.0 mL min�1. Retention time for the
As species was determined using a mix comprising standards of
As(III), As(V), DMAV, and MMAV. According to nine-point calibra-
tion of species mix comprising standards (0, 1, 2, 5, 10, 20, 50, 100,
and 200 mg of As$L�1), the As species of samples were quantified.
And the inorganic As was defined as the sum of As(III) and As(V).
The chromatograms of standard (10 mg L�1) at a low concentration
and some samples were showed in Fig. S1.
2.5. Quality assurance and quality control

A blank method was performed throughout the procedure for
each batch of the treatment. The precision and accuracy of total and
species of As were tested using a certified reference material
(CRM): SRM1568b Rice flour (U.S. Department of Commerce Na-
tional Institute Standards and Technology; NIST, Gaithersburg, MD).

The total As and As species (iAs, DMAV, and MMAV) in CRM
were analysed using the established method, and the values were
within the certified value range ± 7.6%. The concentrations of total
Ca, Fe, Cu, and Zn were within the certified value range ±4.1%
(Table S2). The limit of detection (LOD) and limit of quantitation
(LOQ) values were summarized in Table S3. The LOD and LOQ for
total As were 0.1 and 0.5 mg kg�1, respectively. The LODs for As(III),
As(V), DMA, and MMAwere 0.8, 0.9, 0.4, and 0.6 mg kg�1, and LOQs
were 12.1, 12.5, 5.3, and 7.6 mg kg�1, respectively. These results
suggested that the methods were accurate for evaluating amounts
and species of As in the samples.
2.6. Statistical analysis

Most data is shown as mean value ± standard deviation (SD).
Statistical analyses were performed by SPSS software (version 22,
Chicago, USA). The significant differences among means were
evaluated at the p < 0.05 level. In addition, the linear correlations
were done by using Origin 2018 (OriginLab, USA).



Fig. 1. As bioaccessibility of rice bran-amended feed (RF) in the gastric, small intesti-
nal, and colon phases. Values were expressed as mean ± SD (n ¼ 3). For each RF, bars
marked with the same letter indicated insignificant (p > 0.05) differences between
different digestive phases.
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3. Results and discussion

3.1. Total concentration and speciation of As

The total concentration and speciation of As in rice brans and
mice feed are shown in Table 1. The range of arsenic concentrations
in the rice bran were 0.47e1.61 mg kg�1 with an average of
1.12mg kg�1, and the iAs percentage ranged from 62.6 to 79.8%. The
result that iAs in rice bran was dominant was similar to those of
other studies (Sun et al., 2008; Kim et al., 2018). The high concen-
trations in the rice bran might be attributed to iAs being prefer-
entially located at the pericarp and aleurone layer of brown rice
(Naito et al., 2015). Rice bran is rich in micro- and macro nutrient
elements (Zhang et al., 2012). The Ca concentration in rice branwas
0.5e0.9 g kg�1 and higher than Fe (67.8e89.3 mg kg�1), Cu
(6.4e9.5 mg kg�1), Zn (25.1e66.2 mg kg�1) (Table 1).

Moreover, the As concentration of basal feed was low and
negligible. The As concentration of rice bran- or Na2HAsO4-amen-
ded feed was determined. The relative standard deviation (RSD)
was determined to be 0.1e5.1% (averaging 3.0%) by analysing trip-
licate As concentrations in prepared feed, revealing that rice bran
and Na2HAsO4 were mixed evenly with the basal feed of mice.
Meanwhile, inorganic arsenic concentrations of Na2HAsO4-amen-
ded feeds (0.2, 0.5, and 1.0 As mg$kg�1) were 0.19, 0.52,
1.03 mg kg�1 (Table 1), respectively. The As concentration of rice
bran-amended feed (RF) was 0.25e0.84 mg kg�1 dry weight (dw).
In addition, the concentrations of Ca, Fe, Cu, and Zn in RF were
18.3e18.7 g kg�1, 168.8e194.6 mg kg�1, 17.8e20.7 mg kg�1, and
46.4e66.3 mg kg�1, respectively.

3.2. In vitro bioaccessibility of As

The bioaccessibility of As from RF in the gastric phase was
33.1e56.4% (Fig. 1). In the acidic environment of the simulated
stomach, the breakdown of peptide bonds in proteins of rice bran
may induce As release (Goodman, 2010). During the small intestinal
phase, the cleavage of denatured proteins into free amino acids and
tiny peptides included enzymes and bile from synthetic intestinal
juices (Sun et al., 2012). Hence, the As bioaccessibility significantly
increased from 50.5% in the gastric phase to 75.6% in the small
intestinal phase. Compared with small intestinal phase, the As
bioaccessibility (35.5e71.4%) was lower in the colon phase (Fig. 1).
Table 1
Arsenic speciation (inorganic As) and total arsenic, calcium, iron, copper, and zinc in rice

Rice bran/Feed Total As (mg$kg�1) Inorganic As (mg$kg�1) Total Ca (g

RB1 0.47 ± 0.04 0.35 ± 0.01 0.5 ± 0.01
RB2 1.49 ± 0.10 0.98 ± 0.05 0.5 ± 0.02
RB3 1.00 ± 0.06 0.77 ± 0.02 0.9 ± 0.01
RB4 1.07 ± 0.04 0.79 ± 0.02 0.6 ± 0.05
RB5 0.62 ± 0.05 0.49 ± 0.01 0.7 ± 0.03
RB6 1.61 ± 0.14 1.00 ± 0.01 0.8 ± 0.02
RB7 1.55 ± 0.05 1.02 ± 0.02 0.7 ± 0.03
Basal feed <0.005 <0.005 18.1 ± 1.0
AF1 0.21 ± 0.02 0.19 ± 0.01 18.1 ± 0.9
AF2 0.56 ± 0.03 0.52 ± 0.01 18.3 ± 1.0
AF3 1.10 ± 0.12 1.03 ± 0.01 18.2 ± 0.6
RF1 0.25 ± 0.03 0.19 ± 0.01 18.5 ± 1.1
RF2 0.78 ± 0.02 0.52 ± 0.02 18.3 ± 0.9
RF3 0.57 ± 0.01 0.40 ± 0.002 18.7 ± 0.8
RF4 0.56 ± 0.02 0.40 ± 0.01 18.4 ± 0.7
RF5 0.39 ± 0.002 0.24 ± 0.01 18.5 ± 0.6
RF6 0.84 ± 0.04 0.53 ± 0.04 18.5 ± 2.0
RF7 0.76 ± 0.03 0.55 ± 0.03 18.3 ± 1.1

a RB and RF indicate rice bran and rice bran-amended feed, respectively; AF1-3 were Na
respectively. Values were expressed as mean ± SD (n ¼ 3). The different capital letters ind
was defined as the sum of As(III) and As(V).
This may be due to the As adsorbed to organic matter by micro-
organisms in the colon suspension, thereby lowering the As bio-
accessibility (Sun et al., 2008).

The mineral substances (e.g. Ca, Fe) of the food matrix are
beneficial to human health. Moreover, they also could reduce As
bioavailability (Clemente et al., 2019). Therefore, those should be
considered when determining As bioaccessibility from food
(Maulvault et al., 2011). The bioaccessibilities of Ca, Fe, Cu, and Zn
were 8.4e34.2%, 33.2e58.6%, 22.2e55.0%, and 55.7e74.8% in the
small intestinal phase, respectively (Table S4). In the colon phase,
the bioaccessibilities of Ca and Fe remarkably increased to
30.7e61.2% and 66.4e87.5%, respectively. The gut microbiota could
speed up the dissolution of Fe under anaerobic conditions (Cai et al.,
2017). However, the bioaccessibility of Zn dropped to 24.2e47.0%
(p < 0.05), which may also be related to microbiota in the human
intestine. Extracellular polymeric substances (EPS) from gut
microbiota, including polysaccharides, proteins, and nucleic acids,
bran and mice feed a.

$kg�1) Total Fe (g$kg�1) Total Cu (mg$kg�1) Total Zn (mg$kg�1)

67.8 ± 2.1 6.4 ± 0.1 53.5 ± 5.0
72.2 ± 2.3 9.5 ± 0.01 50.0 ± 3.8
82.7 ± 1.2 9.1 ± 0.2 56.2 ± 2.3
87.5 ± 0.9 7.7 ± 0.1 25.1 ± 1.8
76.9 ± 3.0 7.3 ± 0.4 64.9 ± 4.6
89.3 ± 1.2 7.6 ± 0.2 66.2 ± 2.8
78.9 ± 0.8 8.0 ± 0.1 63.7 ± 4.9
133.3 ± 4.1 14.2 ± 0.8 30.3 ± 3.2
133.0 ± 2.7 14.2 ± 1.1 30.1 ± 1.0
132.8 ± 5.0 14.1 ± 0.7 30.6 ± 2.9
133.2 ± 6.2 14.2 ± 0.6 30.2 ± 0.2

A 168.8 ± 5.9D 18.0 ± 1.2A 55.0 ± 4.1B
A 175.4 ± 8.8C 19.8 ± 0.9A 62.5 ± 6.4A
A 180.1 ± 7.1C 20.7 ± 1.2A 60.6 ± 2.9A
A 186.3 ± 9.3B 18.2 ± 0.7A 46.4 ± 3.7C
A 178.8 ± 6.2C 18.9 ± 1.5A 66.3 ± 0.9A
A 194.6 ± 6.7A 19.1 ± 2.0A 65.8 ± 3.1A
A 177.9 ± 8.5C 17.8 ± 0.5A 64.7 ± 1.9A

2HAsO4-amended feeds, and amended As concentrations to 0.2, 0.5, and 1.0mg kg�1,
icated a significant (p < 0.05) difference between different RF samples. Inorganic As



Fig. 2. Correlations between bioaccessible Ca (a), Fe (b) and As bioaccessibility in the gastric, small intestinal, and colon phases.

Table 2
Concentrations of As accumulated in biomarkers, and correlations between mineral
elements and As-RBA based on different biomarkers.

Elements Liver Kidneys Liver þ kidneys Faeces

As a 17.0e64.7 D 43.4e179.4C 73.7e234.2 B 759.1e1598.5 A
Ca b �0.702 * �0.708 * �0.756 ** e

Fe b �0.694 * �0.717 ** �0.721 ** e

Cu b �0.446 �0.508 �0.516 e

Zn b �0.684 * �0.710 * �0.693 * e

a Arsenic concentrations in mice liver, kidney, and faeces when mice were sup-
plied with rice bran-amended feed. Values expressed as mg of As/kg biomarkers
(range, n ¼ 21). The different capital letters indicated a significant (p < 0.05) dif-
ference between different biomarkers.

b Correlations between As-RBA based on mice liver, kidney, combined endpoint
(liver þ kidneys) and the concentrations of mineral elements (Ca, Fe, Cu, Zn) in rice
bran-amended feed. * indicated a significant correlation at the level of 0.05, **
indicated a significant correlation at the level of 0.01.

Fig. 3. (a) Dose-response curves for As accumulation in the liver, kidneys, or the combined e
(b) Comparison of As relative bioavailability (RBA) in 7 rice bran-amended feeds (RF), which
after 10 d of rice bran exposure via diet. Values were expressed as mean ± SD (n ¼ 3). For
between different endpoints.
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may inhibit Zn dissolution (Etcheverry et al., 2012).
As one of the objectives of this study, the relationships between

As bioaccessibility and mineral elements in the gastric, small in-
testinal, and colon phases were analysed. The significant negative
associations between As bioaccessibility and bioaccessible Ca in the
gastric (R2 ¼ 0.767, p < 0.001) and small intestinal (R2 ¼ 0.506,
p ¼ 0.044) phases were observed (Fig. 2a). Previous study also
showed that the Ca decreased the bioaccessibility of As in the rice
and seaweed samples, and it also effectively reduced the solubility
of DMA(V) on gastrointestinal digestion (Jesus Clemente et al.,
2016). Similarly, the bioaccessible Fe was significantly negative
related to the As bioaccessibility in the gastrointestinal phase
(Fig. 2b). The Fe (3 mg L�1) could take place flocculation on the
simulated gastrointestinal digestive (Yu et al., 2016), and bind to
solubilized As during digestion, leading to reduction in the quantity
of soluble As (Mohan and Pittman, 2007). In addition, Fe supple-
mentation affected the gut microbial community to increase
ndpoint (liver þ kidneys) following Na2HAsO4 administration to mice via feed for 10 d.
were determined using As accumulation in mice liver or kidneys or liver plus kidneys
each RF, bars marked with the same letter indicate insignificant (p > 0.05) differences



Fig. 4. Correlation of As relative bioavailability based on As in the liver plus kidneys
and As bioaccessibility based on the gastric (G, a), small intestinal (I, b) and colon (C, c)
phases analysed by the PBET/SHIME assay. Regression equation was expressed as RBA
(%) ¼ (slope ± SD) BA (%) þ (intercept ± SD), and dashed lines represent 95% confi-
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butyrate, promoting the conversion and adsorption of As (Yu et al.,
2016).

3.3. As relative bioavailability in rice bran

Through the observation of mice fed food mixed with Na2HAsO4
or rice bran for 10 days, it was found that the mice still remained
healthy and grew normally, without abnormal behaviour or indi-
vidual death. The body weight changes of mice during the 10-day
exposure are shown in Fig. S2. For a duration of 10 days, the dosages
of sodium arsenate (Na2HAsO4) for mice were 114.6e472.1 mg kg�1

bw$d�1. Mice were fed basal feed in the control without the addi-
tion of sodium arsenate, and the concentration of As in basal feed
for the mice was below 5.0 mg kg�1 (Table 1). Meanwhile, As con-
centration of organs and faeces varied greatly. The total As con-
centration was the highest in faeces (759.1e1598.5 mg kg�1),
followed by kidneys (43.4e179.4 mg kg�1) and liver
(17.0e64.7 mg kg�1) (Table 2), revealing that a large amount of As
was accumulatively excreted via faeces. This result is identical to
previous studies that As always easily accumulate in the faeces and
kidneys after oral administration of rice in mice (Wang et al., 2017;
Lewchalermvong et al., 2018).

Then, the dose curves of As in liver, kidneys and combined
endpoint (liver þ kidneys) of mice were established. There were
strong linear relationships (R2 ¼ 0.922e0.966) between As accu-
mulation in the endpoints and the As dose level (Fig. 3a). Related
linear dose responses for liver and kidneys in a mice model have
been documented (Zhu et al., 2017). This means that these end-
points (liver and kidneys) can be used to determine As-RBA in rice
bran. In addition, the linear relationship (R2 ¼ 0.966) between As
accumulation in the combined endpoint and the As dose level was
stronger than those of liver (R2 ¼ 0.922) and kidneys (R2 ¼ 0.946).
The combined endpoint compensated for the variation in different
As distributions in different tissues (Li et al., 2016b).

Based on linear dose-response relationships between As con-
centrations in the liver and kidneys of mice and the As exposure
dosage, the As-RBA in rice bran was analysed, and the As-RBA
ranged from 37.9 to 65.5%, 41.5e75.6%, and 38.7e71.5% in the
liver, kidneys and liver plus kidneys (Fig. 3b), respectively. The
higher As-RBA (65.5e75.6%) was found in the sample RF1 con-
taining lower Ca, Fe. While As-RBA (37.9e41.5%) was lower in the
RF6 with higher concentration of Fe. To the best of our under-
standing, the study is the first to test rice bran As-RBA by applying a
bioassay on in vivomice. Only a few studies have been published on
the As-RBA in rice using mice or swine assay based on As urinary
excretion or plasma-concentration (Juhasz et al., 2006; Islam et al.,
2017; Li et al., 2017a). Despite there were variation in the As-RBA in
rice bran based on different endpoints, As-RBA was identified a
strong linear association (R2 ¼ 0.760) between liver and kidneys
(Fig. S3).

Meanwhile, some interesting findings showed that the strong
negative associations between As-RBA and Ca, Fe, Zn concentra-
tions were observed in rice bran-amended feed (Table 2). The re-
sults may have been because, As and Fe in the lumen could form
insoluble AseFe complexes could not pass the intestinal (Clemente
et al., 2019). The complexes impeded the movement of intestinal
epithelium in cellular models (Clemente et al., 2017). At the other
hand, the Zn administration could greatly reduce the As accumu-
lation in the liver and kidneys (Modi et al., 2005). The Zn functions
as a chelating agent to increase chelator effectiveness or combi-
nation with monoisoamyl dimercapto succinic acid (DMSA) to in-
crease As excretion (Dash et al., 2013). Furthermore, the Ca may
promote ferric precipitation and ferric (hydro)oxide co-
precipitation to decrease arsenic accumulation in organic mice
(Liu et al., 2007).
dence intervals.
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3.4. Comparison of As relative bioavailability and As bioaccessibility

To analyse whether popular in vitro assays (PBET method com-
bined with the SHIME system) is suitable to predict As relative
bioavailability, linear regression analysis was undertaken
comparing As-BA with in vitro assays and As-RBA in liver plus
kidneys based on a mice model. The R2 values of in vitro-in vivo
correlation (IVIVC) in the gastric, small intestinal and colon phases
were 0.392, 0.544, and 0.362 (Fig. 4), respectively. According to the
criteria, R2 > 0.6, 0.8 < slope <1.2, and y-intercept close to zero (Li
et al., 2016b), the IVIVCs in the gastric and colon phases were poor.
However, the small intestinal phase provided the better IVIVC
(slope ¼ 0.850; R2 ¼ 0.544). The variations of IVIVC may be related
to parameters (e.g. enzyme and pH) of digestive solution that
caused different As dissolution in the three digestive phases. Be-
sides, the differences of IVIVC were also associated with different
matrixes (e.g. food, soil) (Zhuang et al., 2020). Li et al. (2015)
showed a strong IVIVC (R2 ¼ 0.50) for As in soil using PBET. How-
ever, Zhuang et al. (2020) reported the PBET method was limit to
predict cadmium RBA in rice. Therefore, it cannot be taken for
granted that in vitro assays obtain results that are suitable to con-
ditions in vivo (Kruger et al., 2013).

Previous study showed that the oral bioavailability of soil Pb in
adults was lower than the results of in vitro bioaccessibility.
Nevertheless, it was contrary under fasted conditions (Van de
Wiele et al., 2007). Thus, the effects of components of basal ani-
mal feed on bioaccessibility or bioavailability heavy metals from
food matrixes should be considered. The bioaccessibility and
bioavailability should be determined basing on same food matrix,
just as the rice bran-amended feed in the study, which more veri-
tably reflects the in vitro-in vivo correlation. In some studies, the
study food matrixes act as the animal feed to avoid the effect of
basal feed (Li et al., 2017a; Zhuang et al., 2020). Accordingly, for
food contaminant (e.g. As), the in vitro digestion models must be
adapted, updated, checked and validated against in vivo studies.
Table 3
Arsenic speciation in rice bran-amended feed, residual solids from the colon phase from

ID Sample fraction As(V)/%

RF1 RF 51.1 ± 2.8 A
CR 59.5 ± 2.4 A
MF 41.8 ± 3.5 A

RF2 RF 42.1 ± 3.7 B
CR 53.9 ± 1.7 A
MF 42.9 ± 1.9 B

RF3 RF 63.8 ± 0.5 A
CR 62.7 ± 0.6 A
MF 50.2 ± 2.5 B

RF4 RF 54.8 ± 3.6 A
CR 61.9 ± 3.1 A
MF 35.4 ± 4.8 B

RF5 RF 64.4 ± 1.9 A
CR 43.5 ± 3.2 B
MF 54.9 ± 2.4 A

RF6 RF 62.7 ± 2.5 A
CR 59.5 ± 3.6 A
MF 52.2 ± 3.1 B

RF7 RF 41.9 ± 4.8 A
CR 46.9 ± 1.9 A
MF 50.6 ± 3.2 A

AsIII (%) ¼ (AsIII/Species Sum) � 100; AsⅤ (%) ¼ (AsⅤ/Species Sum) � 100.
Organic As (%) ¼ ((DMAV þ MMAV)/Species Sum) � 100.
Inorganic As (%) ¼ ((AsIII þ AsV)/Species Sum) � 100.

a RF, CR, andMF indicated rice bran-amended feed, residual solids from the colon phase
rice bran, the marking of percentages of arsenic species with different letters indicates a
3.5. As speciation between colonic residual solids from in vitro
method and faeces in mice

The As speciation in colonic residual solids from in vitro assays
and faeces in mice was shown in Table 3. The analysis of the As
speciation was conducted due to gut microbiota both in vitro and
in vivo. Interestingly, the iAs was predominant in colonic residual
solids (73.8e98.3%) and faeces (80.6e91.7%), and the iAs percent-
ages in colonic residual solids and faeces were significantly greater
than that of rice bran-amended feed (except RF6) (p < 0.05).
Organic As accounted for 1.7e26.2% (colonic residual solids) and
8.3e19.4% (faeces) of total As. Such findings showed that a certain
amount of iAs was adsorbed by the excreta from colon solution, and
excreta served as a transient As repository and might reduce the
risk to human health. Compared with the percentages in RF prior to
the experiments, the percentages of As(III) in the residual solid
phases were remarkably higher and were 1.3e2.0 times (colonic
residual solids) and 1.2e2.6 times (faeces) than that of RF. A
possible explanation for this phenomenon was that as a result of
the gut microbiota, the As(III) in the liquid phase was rebound to
amino acids and small peptides from denatured proteins of rice
bran (Sun et al., 2014). Meanwhile, the As speciation between
colonic residual solids and faeces was mainly insignificant
(p > 0.05) (Table 3).

A genus-level analysis of gut microbiota between Balb/c mice
under specific pathogen-free (SPF) and human showed that the
prevalent genus was Bacteroides (Bercik et al., 2011; Yin et al.,
2017b). Other abundant genera were Akkermansia, Klebsiella, Par-
abacteroides, and Acinetobacter. The Bacteroides species contain the
ArsM and ArsD genes, whose protein products caused reduction of
As(V) (Huang, 2014; Isokpehi et al., 2014). In addition, some species
in the genus of Bacteroides methylate As (Isokpehi et al., 2014).

4. Conclusion

The bioaccessibility and bioavailability of As from rice bran-
amended feed were analysed. The As-RBA were 37.9e65.5%,
the in vitro methods, and faeces from mice a.

As(III)/% Organic As/% Inorganic As/%

23.1 ± 0.7 B 25.8 ± 0.9 A 74.2 ± 2.5 B
30.7 ± 2.3 A 9.9 ± 0.4 B 90.2 ± 1.6 A
44.8 ± 0.9 A 13.4 ± 0.5 B 86.6 ± 3.9 A
24.4 ± 0.8 B 36.3 ± 0.1 A 66.5 ± 1.0 B
35.6 ± 1.0 A 10.4 ± 0.2 B 89.6 ± 2.0 A
37.6 ± 0.8 A 19.4 ± 0.9 B 80.6 ± 1.3 A
12.0 ± 0.8 B 26.3 ± 0.7 A 75.8 ± 0.9 B
24.2 ± 0.9 A 13.1 ± 0.3 B 86.9 ± 1.0 A
30.7 ± 2.1 A 19.1 ± 0.9 AB 80.9 ± 0.6 AB
19.0 ± 2.7 B 25.9 ± 0.5 A 73.8 ± 1.1 B
36.3 ± 2.3 A 1.7 ± 0.1 B 98.3 ± 4.0 A
48.1 ± 3.9 A 16.4 ± 0.1 B 83.6 ± 1.9 A
15.4 ± 0.4 B 20.2 ± 2.5 AB 79.8 ± 1.0 AB
30.2 ± 1.5 A 26.2 ± 0.8 A 73.8 ± 0.9 B
31.9 ± 1.2 A 13.5 ± 0.6 B 86.5 ± 2.2 A
20.2 ± 0.5 B 17.1 ± 0.7 A 82.9 ± 3.0 A
31.2 ± 2.4 A 9.3 ± 0.3 B 90.7 ± 1.3 A
37.9 ± 3.5 A 9.9 ± 0.9 B 90.1 ± 5.1 A
34.1 ± 3.7 B 23.9 ± 1.2 A 76.1 ± 1.9 B
45.8 ± 1.7 A 7.4 ± 0.8 B 92.6 ± 3.9 A
41.1 ± 0.5 A 8.3 ± 0.3 B 91.7 ± 6.8 A

, andmice faeces, respectively. Values were expressed asmean ± SD (n¼ 3). For each
significant (p < 0.05) difference between different sample fractions.
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41.5e75.6%, and 38.7e71.5% in the liver, kidneys and liver plus
kidneys, respectively. And it was significant negative relative with
Ca, Fe, and Zn concentrations. Similarity, the As-BA was negatively
associated with bioaccessible Ca, Fe, and Zn. Based on the correla-
tion between As-BA and As-RBA using As concentration in the
kidneys plus liver, the As-BA in the small intestinal phase might
better predict the As-RBA in rice bran. There were insignificant in
As speciation between in vitro and in vivo residual excreta, and
largely excreting As(III) from rice bran via faeces will reduce the risk
to human health. Meanwhile, the mineral elements from food
matrixes may play a major role in affecting the arsenic absorption
and accumulation in the body.
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