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Bioavailability of arsenic, cadmium, 
lead and mercury as measured 
by intestinal permeability
Shiv Bolan1,2, Balaji Seshadri1,2, Simon Keely3, Anitha Kunhikrishnan1, Jessica Bruce3, 
Ian Grainge4, Nicholas J. Talley3 & Ravi Naidu1,2*

In this study, the intestinal permeability of metal(loid)s (MLs) such as arsenic (As), cadmium (Cd), 
lead (Pb) and mercury (Hg) was examined, as influenced by gut microbes and chelating agents using 
an in vitro gastrointestinal/Caco-2 cell intestinal epithelium model. The results showed that in the 
presence of gut microbes or chelating agents, there was a significant decrease in the permeability 
of MLs (As-7.5%, Cd-6.3%, Pb-7.9% and Hg-8.2%) as measured by apparent permeability coefficient 
value (Papp), with differences in ML retention and complexation amongst the chelants and the 
gut microbes. The decrease in ML permeability varied amongst the MLs. Chelating agents reduce 
intestinal absorption of MLs by forming complexes thereby making them less permeable. In the 
case of gut bacteria, the decrease in the intestinal permeability of MLs may be associated to a direct 
protection of the intestinal barrier against the MLs or indirect intestinal ML sequestration by the gut 
bacteria through adsorption on bacterial surface. Thus, both gut microbes and chelating agents can be 
used to decrease the intestinal permeability of MLs, thereby mitigating their toxicity.

Non-essential heavy metal(loid)s (MLs) such as arsenic (As), cadmium (Cd), lead (Pb) and mercury (Hg) have 
been associated with human health risks. Through various exposure pathways, these MLs can become bioavailable 
and lead to toxicity and poisoning1. Bioavailability is determined by the ability of a compound to start circulating 
in a living system after being absorbed by the intestine, which can be determined using in vivo or in vitro assays1,2. 
Several in vitro cell-line-based (e.g., Caco-2, Human colorectal adenocarcinoma Tumour cell line with epithelial 
morphology (HT-29), and Madin-Darby canine kidney (MDCK)) or tissue-based (e.g., Everted intestinal ring) 
systems, and artificial membrane (e.g., Parallel artificial membrane permeability assay (PAMPA)) techniques are 
some of the methods used to evaluate the possible permeability of nutrients, drug compounds and MLs in the 
intestine3–6. Through oral ingestion, the nutrients and contaminants are stopped from entering the circulatory 
system by intestinal epithelial cells, which serves as an initial barrier. Several researchers used Caco-2 cells to 
study absorption mechanisms and to evaluate the permeability of drugs, nutrients, and minerals through the 
intestinal cells3,7,8. The in vitro bioavailability study is usually carried out through assessing the concentration of 
compounds present in simulated gastrointestinal media and their bioaccessibility1. This approach of measuring 
bioavailability can be improved using Caco-2 cell model, which mimics the process of intestinal cell retention 
and transport5,9.

The human colon adenocarcinoma cells have the ability to segregate into single layers of polarised enterocytes, 
which can be cultured and established into Caco-2 intestinal cell line5,8. The segregated single layer of cells is 
polarised, with microvilli on the apical border, enzyme secretion characteristic to the brush border membrane, 
intercellular tight junctions (TJ), and the expression of transporters typical to the small intestine in the apical 
and basolateral membranes10,11. Caco-2 cell line has been predominantly used in research pertaining to nutrient 
and drug absorption12,13. Nowadays, this cell line is used to assess the effect of environmental contaminants on 
intestinal permeability and the resultant absorption14–16. Several researchers have validated the transportation 
of drug compounds through Caco-2 monolayer by assessing in vivo absorption in human intestine5,8,13.

The ability of a ML ion to pass through the gastrointestinal barrier is a key property to consider when exam-
ining the bioavailability and toxicity of ingested heavy MLs17–19. The mechanisms of ML permeation through 
biological barriers include passive diffusion (or paracellular) and active (or transcellular) transport pathways19–21. 
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Passive diffusion of MLs is a physicochemical process that depends on properties such as lipophilicity, hydrogen 
bonding, stability constant (pKa) of the ML complex, molecular weight and test conditions, for example, the pH 
gradient and permeation time. In passive, paracellular absorption, the ML ions diffuse through tight junctions 
(TJ) into the basolateral spaces around enterocytes, and hence into blood22,23. Active, transcellular absorption 
involves import of MLs into the enterocyte, transport across the cell, and export into extracellular fluid and 
blood. Active transport involves active carrier mediated transportation and the use of energy to transport specific 
substrates across barriers, even against the concentration gradient20.

Intestinal absorption could be amplified after chronic ML exposures. For instance, cell death after chronic Cd 
exposure may cause leakage in the epithelial layer, resulting in larger amounts of Cd permeation16. Furthermore, 
Cd-induced disruption of TJs may lead to an intercellular leakage, allowing Cd to pass through the intestinal 
barrier16. Tight junctions are located in the apical part of the intestinal epithelial cells and are composed of a 
large group of proteins, including the scaffolding proteins zonula occludens-1 (ZO-1), and the transmembrane 
proteins, occludin and claudins, which are crucial in maintaining the barrier function22,24,25. When the expression 
of the TJ proteins is altered, the functionality of this physical barrier is compromised22 and may lead to a leaky 
gut which is characterised by having an epithelium with increased permeability to compounds that diffuse from 
the lumen to the lamina propria24,26,27.

In this paper, the effect of gut bacteria and chelating agents on the bioavailability of heavy MLs as measured 
an in vitro model for intestinal permeability will be reported. The process of intestinal absorption of heavy MLs 
may be affected by their binding with compounds like chelating agents that reduce their passage through the 
epithelium, and also with their binding or interaction with gut microorganisms28,29. The gut microbes provide 
benefits to the host gut and prevent intestinal barrier dysfunction by: (i) modulating immune responses, (ii) alle-
viating oxidative stress (iii) reducing intestinal permeability by maintaining intestinal barrier integrity through 
expression and distribution of TJ proteins, and (iv) inhibiting abnormal necrosis of epithelial cells26,27,30. Chelat-
ing agents such as ethylenediaminetetraacetic acid (EDTA), 2,3-dimercapto-1-propanesulfonic acid (DMPS) 
and dimercaptosuccinic acid (DMSA) have been shown to increase ML bioaccessibility, thereby influencing 
the absorption and bioavailability of MLs in the intestine. While the Caco-2 cell technique involving intestinal 
epithelial cell monolayers has been widely used to study drug and nutrient absorption, it has been less used to 
understand the intestinal permeability of MLs in the presence of gut microbes and chelating agents, which is 
the main focus of this paper.

The overall objective of this work reported in this paper was to examine the bioavailability of orally ingested 
As, Cd, Hg and Pb as measured by intestinal permeability using a Caco-2 cell model. The specific objectives in 
this paper were to:

	 (i)	 Evaluate intestinal permeability of As, Cd, Hg and Pb in the presence of intestinal extract.
	 (ii)	 Examine the effect of gut microbes (Escherichia coli and Lactobacillus acidophilus) on the intestinal 

permeability of As, Cd, Hg and Pb in the presence of intestinal extract.
	 (iii)	 Investigate the impact of chelating agents (EDTA and DMPS) on the intestinal permeability of As, Cd, 

Hg and Pb in the presence of intestinal extract.

The hypotheses tested include;

	 (i)	 Bioavailability of heavy MLs as measured by intestinal permeability is impacted by ML binding with 
compounds or gut microbes that reduce their solubility (i.e., bioaccessibility) or their passage through 
the epithelium.

	 (ii)	 Gut bacteria modulate bioaccessibility of MLs as measured by intestinal permeability through their 
interactions with MLs via adsorption and chemical speciation processes.

	 (iii)	 Chelating agents alter the bioaccessibility of MLs by forming complexes with MLs, thereby influencing 
the intestinal absorption of MLs.

Materials and methods
Metal(loid) sources.  The ML sources included in this study are arsenic oxide (As III), cadmium acetate 
(Cd), lead acetate (Pb), mercuric chloride (Hg). These ML sources were selected because these are readily solu-
ble and have often been used for in vivo ML bioaccessibility assessment31,32, and also in toxicity studies in the 
Integrated Risk Information System33.

Gut microbes and Chelating agents.  Escherichia coli and Lactobacillus acidophilus were selected as gut 
microbes to study their effect on heavy ML bioavailability in the presence of intestinal extracts as measured by 
intestinal permeability test using Caco-2 cells. It is important to recognise that the human gut microbiota are a 
composite structure of a large number of distinct bacterial species that reside in the human digestive tract. In 
this study, these two bacterial species were used based on their cell wall structure (gram positive and gram nega-
tive), predominance in the gut, differences in their pH optimum in the gut and their location in various parts 
of the human gut (Supplementary Table 1). Subcultures of these bacteria were inoculated from their respective 
mother cultures purchased from American Type Culture Collection (ATCC, Melbourne; https://​www.​atcc.​org/). 
The growth of the two bacterial species was studied in the presence of various concentrations (0, 0.1, 1.0, 5.0 
and 10 mmol/L) of the two chelate solutions (EDTA and DMPS). The bacterial species were inoculated in the 
growing media containing the chelating agents and monitored over a period of 24 h in a 96-well round bottom 
microplate (Costar 3799, CORNING INCORPORATED, USA) under sterile anaerobic conditions at 37 °C. The 
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bacterial growth was monitored by measuring optical density (@600 nm) over time in a microplate reader (BMG 
LABTECH FLUOstar OPTIMA Fluorescence Microplate Reader, Germany).

The chelating compounds included in this study are based on their potential applications in the treatment of 
heavy ML toxicity. The most common synthetic chelating agents used to manage acute ML poisoning in humans 
are ethylenediaminetetraacetic acid (EDTA), 2,3-dimercaptopropane-1-sulfonate (DMPS), 2,3-dimercaptosuc-
cinic acid (DMSA), 2,3-dimercatopropanol (BAL), Deferoxamine, Deferiprone and Deferasirox. In this study, 
EDTA and DMPS (both chelates at 1 mM concentration) which are used commonly to treat ML toxicity were 
selected to study their influence on heavy ML bioavailability in the presence of intestinal extracts as measured 
by intestinal permeability test using Caco-2 cells (Supplementary Table 2).

Cell culture.  The Caco-2 cells were acquired from Hunter Medical Research Institute, University of New-
castle, Australia. The Caco-2 cells were routinely grown in 75 cm2 flasks in Dulbecco’s modified Eagle’s medium 
(DMEM) at pH 7.4 containing glucose (4.5 g/L) and L-glutamine (0.6 g/L) and supplemented with 10% (v/v) 
fetal bovine serum (FBS), 1% (v/v) non-essential amino acids, 10 mM HEPES (N-2-hydroxyethylpiperazine-N′-
2-ethanosulfonic acid), 100 U/mL of penicillin, 0.1 mg/mL of streptomycin, 0.0025 mg/mL of fungizone, and 
1 mM sodium pyruvate13,34. The cell lines were incubated at 37 °C, in a humidified atmosphere of 95% air and 
5% CO2, and the medium was changed every 2−3 days. When the cell monolayer reached 80% confluence, the 
cells were detached with a solution of trypsin (0.5 mg/L) followed by reseeding at a density of 0.5 × 106 cells/cm2 
(Fig. 1).

Cell retention, transport, and permeability tests.  The cell retention, transport, and permeability tests 
were performed in two chamber wells with polyester membranes (diameter 24 mm; pore size 0.4 μm; Transwell, 
COSTAR CORPORATION, NY)34. In this system, the cells were kept on a porous support that separates the well 
into two compartments: apical and basal (or basolateral) chamber wells. The Caco-2 cells were seeded at 0.5 × 106 
cells/cm2. The media, Dulbecco’s Modified Eagle’s medium (DMEM) with 5% FBS (0.5 mL in apical and 1.5 mL 
in basolateral compartments), was changed every 2 days until cell differentiation was achieved, with mature 
Caco-2 cells obtained after 17–19 d post seeding35. ML permeability/transport test was performed 21 days post 
seeding of Caco-2 cells. The filter insert (i.e. apical chamber) was rinsed with DMEM (without Phenol Red) pH 
7.2 supplemented with 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer and 15 mM 
L-glutamine, and allowed to equilibrate at 37 °C for 15 min in the incubator. The test solutions contained 2.5 mg/
mL Fluorescein isothiocyanate (FITC)-dextran (Mw 4400) (FD-4) as a paracellular marker. The test solutions 
also contained gut bacteria (E. coli and L. acidophilus) and chelating agents (1 mM EDTA and DMPS). For the 

Figure 1.   Caco-2 epithelial cell organisation. Cells were cultured on permeable membrane filter support 
for 20 days. Healthy cells (A) and their attachment to the membrane plate (B) in the presence of reference 
metal(loid) samples. Damaged cells (C) and their attachment to the membrane plate (D) in the presence of 
metal(loid) source samples used in bioaccessibility tests. Hence only reference metal(loid) samples were used for 
the bioavailability tests as measured by intestinal permeability using Caco-2 cell technique.
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uptake (retention and transport) assay with cells, the intestinal extract of MLs was heated for 4 min at 100 °C to 
inhibit sample proteases and then cooled by immersion in an ice bath.

The permeability tests were initiated by replacing the apical (0.5 mL) buffer with the test intestinal extract 
ML solutions. The test solutions were diluted with DMEM medium (1:3) before adding to the apical compart-
ment. To diminish the unstirred water layer, transport experiments were carried out under agitation (70 Hz) 
in a plate shaker maintained at 37 °C. A 500 μL sample was collected from the basolateral (1.5 mL) chamber at 
every 20 min and replaced with fresh buffer. Sampling of basolateral solution was continued for 120 min period. 
At the end of the assay, the cells were recovered by washing in phosphate buffered solution (PBS), scraped, and 
then lysed with 1% Triton X-100 (Merck, Germany). The MLs in the basolateral compartment and in the cells 
were quantified. The cell surfaces of the monolayers were washed three times with PBS, detached with a trypsin 
solution, and recovered with 0.5 mL of PBS36. The ML retention and transport percentages were calculated with 
respect to the initial quantity of ML added to the Caco-2 cell cultures. The respective samples were analysed for 
ML concentrations using ICP-MS.

The distribution of free and complexed metal(loid)s.  The distribution of free and complexed MLs 
in the gastric and intestinal extracts was measured using chelate exchange disk/ cation-exchange resin cartridge 
(Empore, iminodiacetate functionalized poly(styrene divinylbenzene)—234877 Aldrich)37. Exactly 5  mL of 
3.0 M nitric acid and 5 mL of Milli-Q water were sequentially passed through the cartridge. Then, 3 mL of the 
gastric or intestinal extract was passed through the cartridge, and 5 mL of Milli-Q water was passed through to 
rinse the cartridge. The 8 mL of leachate was collected and determined for MLs using ICP MS. Free ionic forms 
of MLs are retained in the cation-exchange resin cartridge. The ML concentration in the leachate solution is 
considered to be stable complexed MLs, and the difference between total concentration and complexed MLs 
concentration measured in the filtrate gives the ionic free MLs concentration. The distribution of As(V) and 
As(III) species was measured using HPLC-ICP-MS hyphenated set-up38. A system of liquid chromatography 
hyphenated to an inductively coupled plasma mass spectrometer (HPLC-ICP-MS) from PERKIN ELMER (Sun-
nyvale, CA, USA) was used, consisting of a P680 HPLC pump, an ASI-1 00 automated sample injector and an 
Elan DRC-e ICP-MS detector (PERKIN ELMER, Sunnyvale, CA, USA).

Data analysis.  The apparent or absolute permeability coefficient (Papp = cm/s) can be calculated from con-
centration–time profiles using the following equation39:

where, dC/dt (µg/mL/s) represents the flux across the monolayer (ML concentration (µg/mL) at various time 
(t in seconds) period); A (cm2) the surface area of the monolayer; V (cm3) the volume of the receiver chamber; 
and Co (µg/mL) the initial ML concentration in the donor compartment.

The relative permeability values (Prel) were estimated using (Eq. 2) to examine the effect of various treatments 
(gut microbes and chelating agents) on intestinal apparent permeability values (Papp).

where Papp treatment is apparent permeability value for the test solution with a particular treatment (gut microbe 
or chelate addition) and Papp Control is apparent permeability value for the control treatment.

All the experimental analyses were carried out using three replications. The permeability tests were conducted 
using Caco-2 cells grown for three passages. The passage number of a cell culture is a record of the number of 
times the culture has been subcultured, i.e. harvested and reseeded into multiple ‘daughter’ cell culture flasks40.

Statistical comparisons were made using analysis of variance (ANOVA) in Predictive Analytics SoftWare 
(PASW) statistics (version 18.0.0; SPSS, Inc., 2009, Chicago, IL) in order to examine the significant differences 
in various treatments. Duncan’s multiple range test was also employed to compare the means of various treat-
ments; variability in the data was presented as the standard deviation and a p < 0.05 was considered statistically 
significant.

Results
Transport of metal(loid)s and apparent permeability.  The transport of MLs in the direction of apical 
to basolateral compartment of Caco-2 monolayer was assessed. Mass balance calculations were carried out to 
estimate the distribution of MLs in the basolateral well (permeable fraction), apical well, and Caco-2 cells (cell 
retention) (Tables 1 and 2; Fig. 2). The mass balance indicated that the total recovery of ML in the Caco-2 tech-
nique ranged from 89.7 to 105.3%, and there was a slight decrease in the recovery in the presence of gut bacteria. 
The total uptake values (cell retention plus basolateral transferred) of As, Cd, Pb and Hg in the Caco-2 cells were 
81.9%, 32.9, 65.6% and 18.9%, respectively, in the absence of intestinal extract and 67.3%, 17.3%, 61.2% and 
3.45%, respectively, in the presence of intestinal extract (Table 2) indicating that the intestinal extract decreased 
the uptake of MLs.

The time-course transport of MLs from the apical to basolateral compartment of Caco-2 monolayer is shown 
in Fig. 3. The amount of ML transported from apical to basolateral compartment increased linearly with time for 
all the MLs. The apparent permeability (Papp) values of MLs were estimated using (Eq. 1) from the time-course 
of relationship ML transport shown in Fig. 3. The relative permeability values (Prel) were estimated using (Eq. 2) 
to examine the effect of various treatments (gut microbes and chelating agents) on intestinal apparent perme-
ability values (Papp).

(1)Papp (cm/s) = dC/dt ∗ 1/A ∗ V/Co

(2)Prel (%) = (Papptreatment/PappControl) ∗ 100
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Addition of intestinal extract slightly decreased the transport of MLs from apical to basolateral compartment 
while increasing their cellular retention (Table 2; Fig. 4). The apparent permeability coefficient (Papp) evaluates the 
velocity with which a solute crosses the cell monolayer. The Papp values for As, Cd, Hg and Pb were decreased by 
7.5%, 6.3%, 7.9% and 8.2% in the presence of intestinal extract indicating less ML permeability. The Papp values 
varied between the MLs, and followed: As(III) > Hg(II) > Cd(II) > Pb(II).

Effect of gut microbes in permeability of metal(loid)s.  Treatment with gut microbes significantly 
reduced the permeability of MLs in Caco-2 cells as seen from the relative permeability (Prel) values reported in 
Table 3. The apparent permeability (Papp) values calculated from (Eq. 1) were markedly reduced in the presence 
of gut microbes for all the MLs indicating low intestinal absorption (Table 3; Fig. 4). The percentages of ML 
retained in the Caco-2 cell membrane and the ML complexed are presented in Table 3. There were significant 
positive relationships between the apparent permeability (Papp) values and the amount of MLs retained in the 
Caco-2 epithelial cells (Fig. 5) and the amount of ML complexed (Fig. 6).  

The effect of gut microbes on Papp varied both between the gut bacteria and also amongst the MLs. The adsorp-
tion of MLs by gut microbes was found to be in the order of Pb > Cd > Hg > As. In the presence of L. acidophilus 
and E. coli, the transport of MLs to the basolateral compartment decreased from 60.0 to 37.6% and 50.1% for 
As, from 13.6 to 6.89% and 8.23% for Cd, from 42.6 to 26.5% and 34.7% for Hg, and from 2.74 to 1.25% and 
1.41% for Pb, respectively (Table 2). Correspondingly, the cellular retention of MLs was higher in the presence 
of gut microbes (Table 2).

Effect of chelating agents on permeability of metal(loid)s.  The results showed a significant reduc-
tion in the ML permeability in the presence of chelating agents (Table 3). The Papp values were lower in the pres-
ence of chelants indicating low intestinal absorption. However, the effect of chelants on the decrease in perme-
ability of heavy MLs depended on the nature of MLs. While it was found that EDTA formed complexes with Cd 
and Pb more readily, thereby decreasing the permeability of MLs, DMPS readily formed complexes with As and 
Hg. In the presence of EDTA and DMPS, the transport of MLs to the basolateral compartment decreased from 
60.0 to 47.3% and 38.9% for As, from 13.6 to 11.7% and 9.8% for Cd, from 42.6 to 34.1% and 31.1% for Hg, and 

Table 1.   Mass balance of metal(loid)s during permeability test using Caco-2 cell technique. *No IE, No 
Intestinal Extract; with IE, with Intestinal Extract. **Based on the measured concentrations in the test 
metal(loid) samples in the presence and absence of intestinal extract. Ethylene diamine tetraacetic acid (EDTA) 
and 2,3-dimercapto-1-propanesulfonic acid (DMPS); Escherichia coli and Lactobacillus acidophilus.

Metal(loid) 
sources*

Chelating agents/
Gut Bacteria

Metal(loid)

Total input (µg)** Apical (µg)
Membrane 
retention (µg) Basolateral (µg) Total (% of input)

As—No IE Control 945 180 54.2 720 101.1

As—with IE

Control 860 278 62.7 516 99.6

EDTA 868 300 133 411 96.7

DMPS 865 359 159 337 98.7

E. coli 872 306 116 437 98.2

L. acidophilus 856 305 199 322 95.4

Cd—No IE Control 606 419 94.5 105 102.2

Cd—with IE

Control 460 313 81.2 62.6 99.2

EDTA 472 311 91.4 55.2 96.2

DMPS 465 314 81.8 45.5 93.4

E. coli 481 283 155 39.6 98.7

L. acidophilus 470 261 165 32.4 96.3

Hg—No IE Control 923 349 40.6 565 103.5

Hg—with IE

Control 635 276 84.5 271 99.1

EDTA 647 281 100 221 91.6

DMPS 653 326 112 203 97.8

E. coli 640 275 138 222 99.1

L. acidophilus 648 274 151 172 89.7

Pb—No IE Control 796 668 123 27.5 103.2

Pb—with IE

Control 530 416 98.2 14.5 99.3

EDTA 553 393 124 11.3 94.2

DMPS 546 379 140 9.35 95.6

E. coli 538 293 235 7.56 99.0

L. acidophilus 546 282 247 6.85 96.1
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Table 2.   Percentage distribution of metal(loid)s during permeability test using Caco-2 cell technique. *No 
IE, No Intestinal Extract; with IE, with Intestinal Extract. ** Based on the measured concentrations in the test 
metal(loid) samples in the presence and absence of intestinal extract. Ethylene diamine tetraacetic acid (EDTA) 
and 2,3-dimercapto-1-propanesulfonic acid (DMPS); Escherichia coli and Lactobacillus acidophilus.

Metal(loid) sources* Chelating agents/Gut microbes Total input (µg)**

Percentage of total metal(loid)

Apical Membrane retention Basolateral

As—No IE Control 945 19.05 5.74 76.19

As—with IE

Control 860 32.33 7.29 60.00

EDTA 868 34.56 15.32 47.35

DMPS 865 41.50 18.38 38.96

E. coli 872 35.09 13.30 50.11

L. acidophilus 856 35.63 23.25 37.62

Cd—No IE Control 606 69.14 15.59 17.33

Cd—with IE

Control 460 68.04 17.65 13.61

EDTA 472 65.89 19.36 11.69

DMPS 465 67.53 17.59 9.78

E. coli 481 58.84 32.22 8.23

L. acidophilus 470 55.53 35.11 6.89

Hg—No IE Control 923 37.81 4.40 61.21

Hg—with IE

Control 635 43.46 13.31 42.68

EDTA 647 43.43 15.46 34.16

DMPS 653 49.92 17.15 31.09

E. coli 640 42.97 21.56 34.69

L. acidophilus 648 42.28 23.30 26.54

Pb—No IE Control 796 83.92 15.45 3.45

Pb—with IE

Control 530 78.49 18.53 2.74

EDTA 553 71.07 22.42 2.04

DMPS 546 69.41 25.64 1.71

E. coli 538 54.46 43.68 1.41

L. acidophilus 546 51.65 45.24 1.25

Cell reten�on (ug) Basal (ug) Apical (ug)

Pb HgCdAs 
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Figure 2.   Distribution of metal(loid)s in the apical chamber, basolateral chamber and retention by cells during 
permeability test using Caco-2 cell technique. IE, intestinal extract; EDTA, ethylenediaminetetraacetic acid; 
DMPS, 2,3-dimercaptopropane-1-sulfonate; ; E.c, Escherichia coli; L.a, Lactobacillus acidophilus. 
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from 2.74 to 2.04% and 1.71% for Pb, respectively (Table 3). Correspondingly, the cellular retention of MLs were 
higher in the presence of chelants (Table 3).

Discussion
Transport and apparent permeability.  The apparent permeability (Papp) values of MLs as measured 
by Caco-2 cell model using (Eq. 1) are presented in Table 3 and Fig. 4. The correlation between the absorbed 
fraction in humans (in vivo) and permeability across the Caco-2 monolayer (Papp) (in vitro) has been evalu-
ated in many studies13,41–44. Yee44 suggests that a drug compound with Papp < 1 × 10–6 cm/s shows low absorption 
in vivo (0–20%), while a Papp of between 1 and 10 × 10–6 cm/s indicates moderate absorption (20–70%), and 
Papp > 10 × 10–6 cm/s suggests high absorption (70–100%).
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Table 3.   Absolute and relative Apparent Permeability of metal(loid)s as measured by Caco-2 cell technique 
and percentage of metal(loid)s complexed. *NO IE, No Intestinal Extract; with IE, with Intestinal Extract; 
**Absolute Apparent permeability is calculated from Eq. (1) (× 10–6 cm/s); ***Relative Apparent permeability is 
calculated from Eq. (2); absolute permeability for metal(loid) alone (No IE) is taken as 100% Ethylene diamine 
tetraacetic acid (EDTA) and 2,3-dimercapto-1-propanesulfonic acid (DMPS); Escherichia coli and Lactobacillus 
acidophilus.

Metal(loid) sources*
Chelating agents/Gut 
bacteria

Absolute App 
Permeability 
(× 10–6 cm/s)**

Relative App 
Permeability***

% Complexed 
metal(loid)s

As—No IE Control 3.5600 100 10.2

As—with IE

Control 2.8907 81.2 40.4

EDTA 2.5739 72.3 45.2

DMPS 2.1542 60.5 48.1

E. coli 2.6166 73.5 57.6

L. acidophilus 2.2855 64.2 63.2

Cd—No IE Control 0.8900 100 7.03

Cd—with IE

Control 0.7405 83.2 22.4

EDTA 0.6728 75.6 35.3

DMPS 0.5527 62.1 41.4

E. coli 0.5367 60.3 65.4

L. acidophilus 0.4931 55.4 68.7

Hg—No IE Control 2.7500 100 8.01

Hg—with IE

Control 2.2055 80.2 22.2

EDTA 1.9580 71.2 26.1

DMPS 1.7078 62.1 24.3

E. coli 1.9883 72.3 34.3

L. acidophilus 1.7133 62.3 37.6

Pb—No IE Control 0.1700 100 10.2

Pb—with IE

Control 0.1399 82.3 33.2

EDTA 0.1229 72.3 36.4

DMPS 0.1022 60.1 37.3

E. coli 0.1059 62.3 63.3

L. acidophilus 0.0904 53.2 65.6
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Figure 5.   Relationships between percentage retention in the cell membrane and intestinal permeability of As, 
Cd, Hg and Pb.
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Calatayud et al.45 found a linear increase of As transport in Caco-2 cells with increasing input concentration 
(1 μM—67 μM), which suggests no saturable component in the transport within the concentration range tested 
in their study. The Papp values for As(III) and As(V) at 2 h for a concentration of 67 μM was 4.6 ± 0.3 × 10–6 cm/s 
and 1.00 ± 0.05 × 10–6 cm/s, respectively45,46. This indicates that As(III) species is more readily permeable through 
intestinal epithelial cells than As(V), which may contribute to higher toxicity of the former species to biota47. 
However, Laparra et al.48,49 noticed a decrease in Papp value when the As(III) concentration in the donor compart-
ment was increased suggesting the existence of a saturable intestinal transport system for As(III). The Papp value 
was 1.1 ± 0.8 × 10–6 cm/s after 2 h of incubation at a concentration of 67 μM which was lower when compared to 
Calatayud et al.45. Similarly, Liu et al.47 observed lower Papp values for As(V) (4.6 ± 0.2 × 10–7 cm/s) and As(III) 
(1.6 ± 0.1 × 10–6 cm/s) after 2 h of incubation at a concentration of 3 μM. Variations in apparent permeability 
coefficients amongst various studies were attributed to the differences in transport medium and cell conditions 
(e.g., culture conditions, passage).

The transport and absorption of Cd across Caco-2 monolayers in combination with the Ussing chamber 
technique was investigated by Schar et al.50. They have demonstrated that the exposure of Caco-2 cells to dif-
ferent Cd concentrations caused a reduction of the proportion of Cd accumulation in cells from 38% (at 1 μM) 
to 13% (at 10 μM) indicating saturation of Cd binding sites at the outer apical or basolateral membrane. An 
earlier in vivo study by Foulkes51 showed a saturation of Cd-binding sites in the rat jejunum. The Cd transport 
across the Caco-2 monolayers in the present study was linear (Fig. 3). This is in agreement with a study on Cd 
transport across Caco-2 cells by Blais et al.52. They found that Cd transport into the basolateral compartment 
was much slower and was undetectable during a lag time of about 60 min indicating a linear transport. This also 
suggests that Cd uses the cellular or carrier pathway to move across the intestinal epithelium. In addition, after 
24 h only a small part of the Cd accumulated in the Caco-2 cells (6 to 12%) and the remainder was found in the 
basolateral compartment.

In an in vitro digestion/Caco-2 cell model study, Chunhabundit et al.53 found that the cellular Cd uptake of 
inorganic Cd from CdCl2 solution was significantly higher than that of the soluble Cd from food (pig kidney/kale) 
or CdCl2 digests. Earlier studies reported that 25% of Cd was taken up (both retained in the cells and transferred 
through cells) by Caco-2 cells from CdCl2 solution, while only 4–16% and 3.8–6.3% of Cd were taken up from 
leafy vegetables and infant food54–56. The lower Cd uptake from food suggests that the interaction or exchange 
between Cd and ligands in each food digest affect the intestinal Cd uptake.

In the current study, the lowest apparent permeability values were obtained for Pb (Table 3; Fig. 4). Fu and 
Cui et al.56 used a Caco-2 cell model to study the bioaccessibility and bioavailability of Pb in raw/cooked pakchoi 
(Brassica rapa L.) and Malabar spinach (Basella rubra L.). After incubation for four hours, they observed 9.4% 
Pb bioavailability in raw vegetables, against 3.2% in cooked vegetables. Further, they observed that raw spinach 
showed higher (four times) Pb bioavailability while it was two times in raw pakchoi. Overall, the Pb bioavail-
ability ranged from 2.0 to 13.0% for the leafy vegetables.

There are several factors that affect the bioavailability of MLs such as food constituents, digested products, 
selection of assays (in vivo/in vitro), and the incubation for the chosen cell culture assay (e.g. Caco-2 cells). For 
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Figure 6.   Relationships between percentage complexed metals and intestinal permeability of As, Cd, Hg and 
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instance, Yannai and Sachs57 observed 1.4% and 0.9% of fish meal Pb in kidney and liver, respectively. Similarly, 
another study58 using Pb from mine waste and Pb acetate measured Pb concentration in blood and estimated 
the absolute bioavailability values to be 15% and 2.7%, respectively. For Caco-2 cells, 30% of Pb was absorbed 
(Pb associated and transported by Caco-2 cells) from the digested soil solution14. After 24 h, the cells retained 
approximately 27% of Pb while the cells moved 3% of Pb through the single layer, and a transcellular pathway 
was considered as the main mechanism of transport across the epithelial layer. Furthermore, since the free Pb2+ 
concentration in small intestinal fluid/chyme was negligible, results revealed the contribution of Pb phosphate 
and Pb bile complexes in chyme to the Pb flux towards the cells14.

Vázquez et al.59 evaluated the accumulation and transport of Hg(II) using Caco-2 cells as an intestinal epi-
thelium model. The Papp values for Hg(II) after 120 min of exposure increased with increasing concentration 
tested, though the increase was only significant for the 1 mg/L concentration (Papp 0.1 mg/L = 1 ± 0.13 × 10–6 cm/
s; 0.5 mg/L = 1.4 ± 0.5 × 10–6 cm/s; 1 mg/L = 3.8 ± 0.32 × 10–6 cm/s). The ML showed moderate absorption, and its 
transport fundamentally took place via a carrier-mediated transcellular mechanism. A major observation was 
that the cellular accumulation of Hg(II) (21–51%) from the initial addition to the apical media was far greater 
than the transport to the basolateral side (9–20%). A similar observation of cell retention of Hg was found in the 
present study. Vázquez et al.59 noted that the in vivo studies using Hg(II) exhibits an absorption of < 15%, which 
is lower than that deduced from the assays using Caco-2 cell line.

While few researchers45,60,61 also observed increased cellular uptake of Hg added as a pure ML solution, the 
presence of luminal factors (e.g. bile salts, food components) reduces Hg transport across the intestinal epithelial 
cells as in the case of in vivo studies62. Similarly, in a Caco-2 cell model, Calatayud et al.45 found a higher cell 
retention (49–69%) and a much lower transport of bioaccessible fraction of swordfish Hg to the basal compart-
ment (3–14%) after 2 and 4 h. In a study by Vázquez et al.62, the components solubilised during gastrointestinal 
digestion of swordfish reduced the entry of CH3Hg into Caco-2 monocultures and hence, resulted in reduced 
cellular accumulation. They demonstrated that in the case of inorganic HgCl2 standard prepared in the gastroin-
testinal digestion blank, the presence of food matrix significantly increased the non-absorbed percentage (from 
55% to ≥ 73%) and greatly reduced cell uptake (from 33 to 11%) during a period of 60 min.

Overall, the results in the present study demonstrated lower ML transport in the presence of intestinal 
extracts, which is related to some complexing components such as bile salts in the intestinal solution. These 
complexing components can also affect ML absorption because of competition for transport or due to the forma-
tion of complexes with ML, which has a lower transport rate63. High retention of MLs in Caco-2 cells indicate 
that the intestinal epithelium acts as a barrier for ML absorption. The apparent permeability of MLs was in the 
order of: As(III) > Hg(II) > Cd(II) > Pb(II). While the anionic As transport can be passive and fast, the transport 
of remaining MLs which are cations, mostly occur by active transport, and hence can be slower than As.

Effect of gut microbes in permeability of metal(loid)s.  The ability of gut bacteria to adhere to mucus 
and/or intestinal epithelial cells is one of the major mechanisms protecting the host from contaminant invasion 
and adhesion64. The effect is observed even if the bacterial adhesion is transient and does not lead to perma-
nent intestinal colonisation65–67. One of the major objectives in this study was to determine the amount of ML 
transport across the Caco-2 cell monolayer in the presence of gut bacteria. The positive relationships between 
apparent permeability, and ML retention and permeability (Figs. 5 and 6) indicates that metal(loids) retained by 
the epithelial cells may not be transported across the cells, and also only free ML species are transported across 
the cells63,68. Therefore, the results observed in this study may be attributed to a direct protection of the intestinal 
barrier against the MLs or indirectly via intestinal ML sequestration by the gut microbes69,70.

Using Caco-2 cells, Monachese et al.71 compared the amount of Pb and Cd in the basolateral chamber in 
non-treated wells to Lactobacilli pre-treated wells and noticed a significant reduction (50% and 90% reduction 
in Pb and Cd, respectively) in measured MLs after a period of 5 h when pre-treated. This observation greatly 
supports ML binding by Lactobacilli and reduced absorption by the Caco-2 cell line. Muhammad et al.72 recently 
demonstrated a notable Pb binding capacity and tolerance capability of L. plantarum KLDS 1.0344. Oral admin-
istration of both free and encapsulated KLDS 1.0344 significantly provided protection against induced chronic 
Pb toxicity by increasing faecal Pb levels and by decreasing blood Pb levels in mice.

Caco-2 cell cultures have been widely used to investigate the adhesion of various gut microorganisms includ-
ing Lactobacillus strains to epithelial cells73–75. The gut microbes adhere to human intestinal cells via mechanisms, 
which involve different combinations of carbohydrates and proteins on the bacterial cell surface67,76. The adhesion 
ability of gut microbes may differ in various cellular models used for examining the intestinal permeability of 
drugs, nutrients and metals. For example, Sarem et al.77 noticed varying degrees of Lactobacillus strain adhesion 
in two cellular models – human epithelial intestinal Caco-2 and Int-407 cell lines. Depending on the origin and 
the dose, the gut bacteria represent different adhesive properties78,79. For instance, while one study reported L. 
rhamnosus as a strain with low ability to adhere to the epithelial cells, few other studies indicated the adhesive 
properties of L. rhamnosus in the range of 7.2–14.4%80 and at the level of 20%81,82.

Exposure to contaminants including MLs is associated with an increase in gut permeability, leading to ‘leaky 
gut syndrome’26,27. Exposure to Cd, for instance, causes significant damage to the gut barrier, including the 
toxicity of enterocytes, induction of inflammatory response, and disruption of tight junctions, as demonstrated 
by16. However, gut bacteria can help in the modulation of contaminants-induced leaky gut syndrome through 
their effect on sequestering contaminants such as heavy MLs83,84. For example, L. plantarum strains markedly 
decreased the permeability of Cd, thereby mitigating the Cd-induced leaky gut syndrome16. In their study, a 
clear protection against damage of HT-29 cells was observed when L. plantarum CCFM8610 gut bacteria was 
introduced simultaneously with Cd exposure (intervention assay) which they partly attributed to the intestinal Cd 
sequestration by gut bacteria thereby attenuating Cd exposure. Treatment with CCFM8610 significantly alleviated 
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Cd-induced cytotoxicity and reversed the disruption of tight junctions in HT-29 cells. They further confirmed 
that the bacteria can inhibit Cd absorption by protecting the intestinal barrier in Cd-exposed mice. The presence 
of Lactobacillus sp. demonstrated significantly increased faecal Cd levels and decreased Cd accumulation in the 
tissues of Cd-exposed mice, and also a notable decrease in the intestinal permeability of Cd. This suggests that 
modulating the gut microbiota can serve as a potential strategy for regulating intestinal permeability and may 
help to alter the course of autoimmune diseases in susceptible individuals27,85.

Gut bacteria have been shown to adsorb MLs including As(III), As(V), Cd(II), Pb(II) and Hg(II), and the 
extent of adsorption varied between the MLs and gut bacteria, which is attributed mainly to difference in the 
nature of functional groups between the bacteria. The reduction in the bioaccessibility of MLs in various sources 
by gut microbes could be attributed to the immobilisation through adsorption, complexation, and precipitation 
reactions86. The microbial cell wall is a natural barrier for MLs, since the functional groups of several macro-
molecules are involved in the immobilisation of MLs. In Gram-negative bacteria, lipopolysaccharide, a major 
component of the outer membrane, is effective in the immobilisation of ML ions. In Gram-positive bacteria, 
peptidoglycan along with teichoic and teichuronic acids are involved in ML binding.

The positive relationships between apparent permeability, and metalloid retention and permeability (Figs. 5 
& 6) indicates that metal(loids) retained by the epithelial cells may not be transported across the cells, and also 
only free ML species are transported across the cells63,68.

Effect of chelating agents on permeability of metal(loid)s.  Chelating agents have been shown to 
increase in the bioaccessibility of MLs, which is attributed to the complexation/chelation of MLs by the chelating 
agents and the subsequent increase in the solubilisation of these MLs from the respective ML sources. However, 
the two chelating agents in this study have been found to decrease the bioavailability of MLs as measured by 
intestinal permeability test. Dietary fibres, thiol-containing compounds such as cysteine, homocysteine, albu-
min and glutathione, and phytochemicals present in natural foods such as tea, can also act as chelants in lower-
ing the intestinal absorption of contaminants including heavy MLs87–92. One of the mechanisms for reducing 
ML permeability is the formation of soluble ML complexes whose transport is less than that of the free forms of 
the ML species93. There were significant negative relationships between the apparent permeability (Papp) values 
and the amount of MLs complexed (Fig. 6). The effect of dietary compounds on the transport of Hg present in 
the bioaccessible fraction (CH3Hg) of swordfish was examined by Jadán-Piedra et al.94 using a Caco-2 model. 
The Papp values of Hg in the presence of cysteine and homocysteine were reduced by 38% and 35%, respectively. 
Similarly, Vázquez et al.60,61 showed a decrease in the cellular accumulation of CH3Hg by up to 55% in the pres-
ence of cysteine derivatives via Caco-2 cell model.

Clemente et al.95 examined the influence of dietary compounds including phytochemicals such as cysteine 
and glutathione, on the bioavailability of As(III) as measured by intestinal permeability using colon-derived 
human cells (NCM460 and HT-29MTX). Their findings demonstrated significant decreases in the quantity of 
As(III) transported across the epithelial monolayer in the presence of dietary compounds with a marked decrease 
in the presence of cysteine. The permeability of As(III) was reduced by 70%, 59%, 45% and 44% by cysteine, 
glutathione, epicatechin and homocysteine, respectively. The Papp values were decreased by 63% in the presence 
of cysteine. The binding of inorganic As to sulfhydryl groups is considered as one of the main mechanisms for 
As toxicity because its binding to a protein through cysteine residues alters the conformation and function of 
the protein96. Also, the complexes formed between As(III) and free cysteine are insoluble in the pH range of 
4−8 which partially explains the decrease in the transport of inorganic As across the intestinal cell monolayer 
in the presence of cysteine97.

Conclusions
The ability of a ML to pass through the gastrointestinal barrier is an essential process when investigating the 
bioavailability and toxicity of heavy MLs. The process of absorption may be impacted by the ML binding with 
gut microbes or by competition with compounds that reduce its solubility or its passage through the epithelium. 
This study demonstrated that gut microbes and chelating agents could decrease in the permeability of MLs. 
Chelating agents reduce intestinal absorption of MLs by forming complexes thereby making them less perme-
able. Whereas in the case of gut bacteria, the decrease in the intestinal permeability of MLs may be associated 
to a direct protection of the intestinal barrier against the MLs or indirect intestinal ML sequestration by the gut 
bacteria through adsorption. Thus, both gut microbes and chelating agents can be used to decrease the intestinal 
permeability of heavy MLs, thereby mitigating their toxicity.

Received: 17 September 2020; Accepted: 25 June 2021

References
	 1.	 Naidu, R. et al. Bioavailability, definition, assessment and implications for risk assessment. In Chemical Bioavailability in Terrestrial 

Environment (ed. Naidu, R.) 39–52 (Elsevier, 2008).
	 2.	 Kulkarni, K. & Hu, M. Caco-2 Cell Culture Model for Oral Drug Absorption. In Oral Bioavailability: Basic Principles, Advanced 

Concepts, and Applications 1st edn (eds Hu, M. & Li, X.) 334–346 (Wiley, 2011).
	 3.	 Sambuy, Y. et al. The Caco-2 cell line as a model of the intestinal barrier: Influence of cell & culture-related. Factors on Caco-2 cell 

functional characteristics. Cell Biol. Toxicol. 21(1), 1–26 (2005).
	 4.	 Polli, J. E. In vitro studies are sometimes better than conventional human pharmacokinetic in vivo studies in assessing bioequiva-

lence of immediate-release solid oral dosage forms. AAPS J. 10(2), 289–299 (2008).
	 5.	 De Angelis, I. & Turco, L. Caco-2 Cells as a Model for Intestinal Absorption. Curr. Protoc. Toxicol. 47(1), 20–26 (2011).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14675  | https://doi.org/10.1038/s41598-021-94174-9

www.nature.com/scientificreports/

	 6.	 Lee, S. G., Kima, J., Parkb, H., Holzapfelb, W. & Lee, K. W. Assessment of the effect of cooking on speciation and bioaccessibility/ 
cellular uptake of arsenic in rice, using in vitro digestion and Caco-2 and PSI cells as model. Food Chem. Toxicol. 111, 597–604 
(2018).

	 7.	 Sarmento, B., Andrade, F., da Silva, S. B., das Neves, J. & Ferrerira, D. Cell-based in vitro models for predicting drug permeability. 
Expert Opin. Drug Metab. Toxicol. 8(5), 607–621 (2012).

	 8.	 Larregieu, C. A. & Benet, L. Z. Distinguishing between the permeability relationships with absorption and metabolism to improve 
BCS and BDDCS predictions in early drug discovery. Mol. Pharmaceut. 11, 335–1344 (2014).

	 9.	 van Breemen, R. B. & Li, Y. Caco-2 cell permeability assays to measure drug absorption. J. Exp. Op. Drug Metab. Toxicol. 1(2), 
175–185 (2005).

	10.	 Ivanov, A. I. Structure and regulation of intestinal epithelial tight junctions: current concepts and unanswered questions. Adv. Exp. 
Med. Biol. 763, 132–148 (2012).

	11.	 Lee, S. H. Intestinal permeability regulation by tight junction: Implication on inflammatory bowel diseases. Intest Res. 13(1), 11–18 
(2015).

	12.	 Delie, F. & Rubas, W. A human colonic cell line sharing similarities with enterocytes as a model to examine oral absorption: 
Advantages and limitations of the Caco-2 model. Crit. Rev. Ther. Drug Carrier Syst. 14(3), 221–286 (1997).

	13.	 Artursson, P., Palm, K. & Luthman, K. Caco-2 monolayers in experimental and theoretical predictions of drug transport. Adv. 
Drug Deliv. Rev. 46, 27–43 (2001).

	14.	 Oomen, A. G., Tolls, J., Sips, A. J. & van den Hoop, M. A. Lead speciation in artificial human digestive fluid. Arch. Environ. Contam. 
Toxicol. 44(1), 107–115 (2003).

	15.	 Lefebvre, D. E. et al. Utility of models of the gastrointestinal tract for assessment of the digestion and absorption of engineered 
nanomaterials released from food matrices. J. Nanotoxicol. 9(3), 523–542 (2015).

	16.	 Zhai, Q. et al. Oral administration of probiotics inhibits absorption of the heavy metal cadmium by protecting the intestinal barrier. 
Appl. Environ. Microbiol. 82, 4429–4440 (2016).

	17.	 Citi, S., Sabanay, H., Jakes, R., Geiger, B. & Kendrick-Jones, J. C. A new peripheral component of tight junctions. Nature 333, 
272–276 (1988).

	18.	 Foulkes, E. C. Intestinal absorption of heavy metals. In Pharmacology of Intestinal Permeation (ed. Csáky, T. Z.) 543–565 (Springer, 
1984).

	19.	 Foulkes, E. Metal disposition: An analysis of underlying factors. In ClasMetal Toxicology: Approaches and Methods (eds Goyer, R. 
A. et al.) 3–30 (Academic Press, 2016).

	20.	 Kiela, P. R. & Ghishan, F. K. Physiology of intestinal absorption and secretion. Best Pract. Res. Clin. Gastroenterol. 30(2), 145–159 
(2016).

	21.	 Powell, J. J., Whitehead, M. W., Lee, S. & Thompson, R. H. P. Mechanisms of gastrointestinal absorption: dietary minerals and the 
influence of beverage ingestion. Food Chem. 51(4), 381–388 (1994).

	22.	 Schneeberger, E. E. & Lynch, R. D. Structure, function, and regulation of cellular tight junctions. Am. J. Physiol. 262(6 Pt 1), L647-
661 (1992).

	23.	 Tang, V. W. & Goodenough, D. A. Paracellular ion channel at the tight junction. Biophys. J. 84(3), 1660–1673 (2003).
	24.	 Arrieta, M. C., Bistritz, L. & J.B., Meddings, ,. Alterations in intestinal permeability. Gut 55, 1512–1520 (2006).
	25.	 Karasov, W. H. Integrative physiology of transcellular and paracellular intestinal absorption. J. Exper. Biol. 220, 2495–2501 (2017).
	26.	 Michielan, A. & D’Incà, R. Intestinal permeability in inflammatory bowel disease: Pathogenesis, clinical evaluation, and therapy 

of leaky gut. Mediat. Inflammation. https://​doi.​org/​10.​1155/​2015/​628157 (2015).
	27.	 Mu, Q., Kirby, J., Reilly, C. M. & Luo, X. M. Leaky gut as a danger signal for autoimmune diseases. Front. Immunol. 8, 598 (2017).
	28.	 Sears, M.E. Chelation: harnessing and enhancing heavy metal detoxification—A review. Sci. World J. https://​doi.​org/​10.​1155/​2013/​

219840 (2013).
	29.	 Shah, D. B. G. Chelating agents and biovailability of minerals. Nutr. Res/ 1(6), 617–622 (1981).
	30.	 Citi, S. Intestinal barriers protect against disease. Science 359(6380), 1097–1098 (2014).
	31.	 Bannon, D. I. et al. Evaluation of small arms range soils for metal contamination and lead bioavailability. Environ. Sci. Tech. 43, 

9071–9076 (2009).
	32.	 Juhasz, A., Smith, E., Scheckel, K. G. & Betts, A. R. Predictive capabilities of in vitro assays for estimating Pb relative bioavailability 

in phosphate amended soils. Environ. Sci. Technol. 50, 13086–13094 (2016).
	33.	 IRIS. Integrated Risk Information System. Issue Paper on the Environmental Chemistry of Metals (eds. D. Langmuir, P. Chros-

towski, B. Vigneault, R. Chaney), USEPA, NW Washington, DC 20460. (2004).
	34.	 Phillips, J. & Arena, A. (2003). Optimization of Caco-2 cell growth and differentiation for drug transport studies. Millipore Cor-

poration Protocol Note, PC1060EN00, 2003.
	35.	 Keely, S. et al. Dexamethasone–pDMAEMA polymeric conjugates reduce inflammatory biomarkers in human intestinal epithelial 

monolayers. J. Controlled Release 135(1), 35–43 (2009).
	36.	 Calatayud, M. et al. Mercury and selenium in fish and shellfish: Occurrence, bioaccessibility and uptake by Caco-2 cells. Food 

Chem. Toxicol. 50, 2696–2702 (2012).
	37.	 Pu, J. & Fukushi, K. Measurement of cadmium ion in the presence of metal-binding biopolymers in aqueous sample. Sci. World J. 

https://​doi.​org/​10.​1155/​2013/​270478 (2013).
	38.	 Alava, P., Tack, F., Laing, G. D. & van de Wiele, T. Arsenic undergoes significant speciation changes upon incubation of contami-

nated rice with human colon micro biota. J. Hazard. Mater. 262, 1237–1244 (2013).
	39.	 Youdim, K. A., Avdeef, A. & Abbott, N. J. In vitro trans-monolayer permeability calculations: often forgotten assumptions. Drug 

Discovery Today 8(21), 997–1003 (2003).
	40.	 Phelan, M. C. Basic techniques for mammalian cell tissue culture. Curr. Protoc. Cell Biol. 36, 1.1.1–1.1.10 (1998).
	41.	 Artursson, P. & Karlsson, J. Correlation between oral drug absorption in humans and apparent drug permeability coefficients in 

human intestinal epithelial (Caco-2) cells. Biochem. Biophys. Res. Comm. 175, 880–885 (1991).
	42.	 Bittermann, K. & Goss, K. U. Predicting apparent passive permeability of Caco-2 and MDCK cell-monolayers: A mechanistic 

model. PLoS ONE 12(12), e0190319 (2017).
	43.	 Dahan, A., Lennernäs, H. & Amidon, G. L. The fraction dose absorbed, in humans, and high jejunal human permeability relation-

ship. Mol. Pharm. 9(6), 1847–1851 (2012).
	44.	 Yee, S. In vitro permeability across Caco-2 cells (colonic) can predict in vivo (small intestinal) absorption in man–fact or myth. 

Pharm. Res. 14, 763–766 (1997).
	45.	 Calatayud, M., Devesa, V., Montoro, R. & Vélez, D. In vitro study of intestinal transport of arsenite, monomethylarsonous acid, 

and dimethylarsinous acid by Caco-2 cell line. Toxicol. Lett. 204, 127–133 (2011).
	46.	 Calatayud, M., Vélez, D. & Devesa, V. Metabolism of inorganic arsenic in intestinal epithelial cell lines. Chem. Res. Toxicol. 25(11), 

2402–2411 (2012).
	47.	 Liu, Q., Elaine, M., Leslie, X. & Le, C. Accumulation and transport of roxarsone, arsenobetaine, and inorganic arsenic using the 

human immortalized Caco-2 cell line. J. Agric. Food Chem. 64, 8902–8908 (2016).
	48.	 Laparra, J. M., Velez, D., Montoro, R., Barbera, R. & Farre, R. Estimation of arsenic bioavailability in edible seaweed by an in vitro 

digestion method. J. Agric. Food Chem. 51, 6080–6085 (2003).

https://doi.org/10.1155/2015/628157
https://doi.org/10.1155/2013/219840
https://doi.org/10.1155/2013/219840
https://doi.org/10.1155/2013/270478


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14675  | https://doi.org/10.1038/s41598-021-94174-9

www.nature.com/scientificreports/

	49.	 Laparra, J. M., Vélez, D., Barberá, R., Montoro, R. & Farré, R. Bioaccessibility and transport by Caco-2 cells of organoarsenical 
species present in seafood. J. Agric. Food Chem. 55(14), 5892–5897 (2007).

	50.	 Schar, S., Schubert, R., Hänel, I., Leiterer, M. & Jahreis, G. Caco-2 cells on snapwell membranes and the ussing chamber system 
as a model for cadmium transport in vitro. J. Instrum. Sci. Technol. 32(6), 627–639 (2004).

	51.	 Foulkes, E. C. Further findings on the mechanism of cadmium uptake by intestinal mucosal cells (step 1 of Cd absorption). Toxi-
cology 70(3), 261–270 (1991).

	52.	 Blais, A., Lecoeur, S., Milhaud, D., Tome, D. & Kolf-Clauw, M. Cadmium uptake and transepithelial transport in control and long-
term exposed Caco-2 cells: the role of metallothionein. Toxicol. Appl. Pharmacol. 160(1), 76–85 (1999).

	53.	 Chunhabundit, R. et al. Cadmium bioavailability from vegetable and animal-based foods assessed with in vitro digestion/caco-2 
cell model. J. Med. Assoc. Thai. 94(2), 164–171 (2011).

	54.	 Chan, D. Y., Black, W. & Hale, B. A. Cadmium bioavailability and bioaccessibility as determined by in vitro digestion, dialysis and 
intestinal epithelial monolayers, and compared to in vivo data. J. Environ. Sci. Health Part A 42(9), 1283–1291 (2007).

	55.	 Eklund, G., Lindén, A., Tallkvist, J. & Oskarsson, A. Bioavailability of cadmium from in vitro digested infant food studied in Caco-2 
cells. J. Agric. Food. Chem. 51(14), 4168–4174 (2003).

	56.	 Fu, J. & Cui, Y. 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. 59, 215–221 (2013).

	57.	 Yannai, S. & Sachs, K. M. Absorption and accumulation of cadmium, lead and mercury from foods by rats. Food Chem Toxicol. 
31(5), 351–355 (1993).

	58.	 Freeman, G. B. et al. Relative bioavailability of lead from mining waste soil in rats. Fund. Appl. Toxicol. 19, 388–398 (1992).
	59.	 Vázquez, M., Devesa, V. & Vélez, D. Characterization of the intestinal absorption of inorganic mercury in Caco-2 cells. Toxicol. 

In Vitro 29, 93–102 (2015).
	60.	 Vázquez, M., Vélez, D. & Devesa, V. In vitro characterization of the intestinal absorption of methylmercury using a caco-2 cell 

model. Chem. Res. Toxicol. 27(2), 254–264 (2014).
	61.	 Vázquez, M., Vélez, D. & Devesa, V. In vitro evaluation of inorganic mercury and methylmercury effects on the intestinal epithelium 

permeability. Food Chem. Toxicol. 74, 349–359 (2014).
	62.	 Vázquez, M., Calatayud, M., Vélez, D. & Devesa, V. Intestinal transport of methylmercury and inorganic mercury in various models 

of Caco-2 and HT29-MTX cells. Toxicol. 311(3), 147–153 (2013).
	63.	 Jan, A. T. et al. Heavy metals and human health: mechanistic insight into toxicity and counter defense system of antioxidants. Int. 

J. Mol. Sci. 16(12), 29592–29630 (2015).
	64.	 Thursby, E. & Juge, N. Introduction to the human gut microbiota. Biochem J. 474(11), 1823–1836 (2017).
	65.	 Baumler, A. J. & Sperandio, V. Interactions between the microbiota and pathogenic bacteria in the gut. Nature 535, 85–93 (2016).
	66.	 de Vos, W. M. Microbial biofilms and the human intestinal microbiome. NPJ Biofilms Microbiomes 1, 15005 (2015).
	67.	 Sicard, J. F., Le Bihan, G. L., Vogeleer, P., Jacques, M. & Harel, J. Interactions of intestinal bacteria with components of the intestinal 

mucus. Front. Cell Infect. Microbiol. 7, 387 (2017).
	68.	 Mukhopadhyay, R., Bhattacharjee, H. & Rosen, B. P. Aquaglyceroporins: generalized metalloid channels. Biochim Biophys Acta. 

1840(5), 1583–1591 (2013).
	69.	 Conlon, M. & Bird, A. R. The impact of diet and lifestyle on gut microbiota and human health. Nutrients 7(1), 17–44 (2015).
	70.	 Thursby, E. & Juge, N. Introduction to the human gut microbiota. Biochem. J. 474(11), 1823–1836 (2017).
	71.	 Monachese, M., Burton, J. P. & Reid, G. Bioremediation and tolerance of humans to heavy metals through microbial processes: a 

potential role for probiotics?. Appl. Environ. Microbiol. 78(18), 6397–6404 (2012).
	72.	 Muhammad, Z. et al. Comparative assessment of the bioremedial potentials of potato resistant starch-based microencapsulated 

and non-encapsulated lactobacillus plantarum to alleviate the effects of chronic lead toxicity. Front. Microbiol. 9, 1306 (2018).
	73.	 Lehto, E. M. & Salminen, S. J. Inhibition of Salmonella typhimurium adhesion to Caco-2 cell cultures by Lactobacillus strain GG 

spent culture supernate: Only a pH effect?. FEMS Immunol. Med. Microbiol. 18(2), 125–132 (1997).
	74.	 Gratz, S. et al. Intestinal mucus alters the ability of probiotic bacteria to bind aflatoxin B1 in vitro. Appl. Environ. Microbiol. 70(10), 

6306–6308 (2004).
	75.	 Trinder, M. et al. Probiotic Lactobacillus rhamnosus reduces organophosphate pesticide absorption and toxicity to Drosophila 

melanogaster. Appl. Environ. Microbiol. 82, 6204–6213 (2016).
	76.	 Greene, J. D. & Klaenhammer, T. R. Factors involved in adherence of lactobacilli to human Caco-2 cells. Appl. Environ. Microbiol. 

60(12), 4487–4494 (1994).
	77.	 Sarem, F., Sarem-Damerdji, L. O. & Nicolas, J. P. Comparison of the adherence of three Lactobacillus strains to Caco-2 and Int-407 

human intestinal cell lines. Lett. Appl. Microbiol. 22(6), 439–442 (1996).
	78.	 Boekhorst, J., Helmer, Q., Kleerebezem, M. & Siezen, R. J. Comparative analysis of proteins with a mucus-binding domain found 

exclusively in lactic acid bacteria. Microbiol. 152(Pt 1), 273–280 (2006).
	79.	 Piątek, J. et al. The viability and intestinal epithelial cell adhesion of probiotic strain combination–in vitro study. Ann. Agric. Environ. 

Med. 19(1), 99–102 (2012).
	80.	 Ahrne, S. & Hagslatt, M. L. Effect of lactobacilli on paracellular permeability in the gut. Nutrients 3(1), 104–117 (2011).
	81.	 Roos, S. & Jonsson, H. A high-molecular-mass cell-surface protein from Lactobacillus reuteri 1063 adheres to mucus components. 

Microbiology 148(Pt2), 433–442 (2002).
	82.	 Slizova, M. et al. Analysis of biofilm formation by intestinal lactobacilli. Can. J. Microbiol. 61, 437–446 (2015).
	83.	 Claus, S. P., Guillou, H. & Ellero-Simatos, S. The gut microbiome: A major player in the toxicity of environmental pollutants?. NPJ 

Biofilms Microbiomes 2, 2–11 (2016).
	84.	 Rosenfeld, C. Gut dysbiosis in animals due to environmental chemical exposures. Front. Cell Infect. Microbiol. 7, 396 (2017).
	85.	 Bischoff, S. et al. Intestinal permeability—a new target for disease prevention and therapy. BMC Gastroenterol. 14, 189 (2014).
	86.	 Jarosławiecka, A. & Piotrowska-Seget, Z. Lead resistance in micro-organisms. Microbiology 160, 12–25 (2014).
	87.	 Flora, S. J. S., Pande, M. & Mehta, A. Beneficial effect of combined administration of some naturally occurring antioxidants (vita-

mins) and thiol chelators in the treatment of chronic lead intoxication. Chem. Biol. Inter. 145, 267–280 (2003).
	88.	 Gochfeld, M. Cases of mercury exposure, bioavailability, and absorption. Ecotoxicol. Environ. Saf. 56, 174–179 (2003).
	89.	 Heaney, R. P. Factors influencing the measurement of bioavailability, taking calcium as a model. J. Nutr. 131, 1344–1354 (2001).
	90.	 Mori, N. et al. Comparison of in vivo with in vitro pharmacokinetics of mercury between methylmercury chloride and methyl-

mercury cysteine using rats and Caco2 cells. Arch. Environ. Contam. Toxicol. 63, 628–637 (2012).
	91.	 Rubino, F. M. Toxicity of glutathione-binding metals: a review of targets and mechanisms. Toxics 3, 20–62 (2015).
	92.	 Shim, S. M., Ferruzzi, M. G., Kim, Y. C., Janle, E. M. & Santerre, C. R. Impact of phytochemical rich foods on bioaccessibility of 

mercury from fish. Food Chem. 112, 46–50 (2009).
	93.	 Jadán-Piedra, C., Vélez, D. & Devesa, V. In vitro evaluation of dietary compounds to reduce mercury bioavailability. Food Chem. 

248, 353–359 (2018).
	94.	 Jadán-Piedra, C., Clemente, M. J., Devesa, V. & Vélez, D. Influence of physiological gastrointestinal parameters on the bioacces-

sibility of mercury and selenium from Swordfish. J. Agric. Food Chem. 64(3), 690–698 (2016).
	95.	 Clemente, M. J., Devesa, V. & Vélez, D. In vitro reduction of arsenic bioavailability using dietary strategies. J. Agric. Food Chem. 

65(19), 3956–3964 (2017).
	96.	 Shen, S., Li, X. F., Cullen, W. R., Weinfeld, M. & Le, C. X. Arsenic binding to proteins. Chem. Rev. 113(10), 7769–7792 (2013).



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14675  | https://doi.org/10.1038/s41598-021-94174-9

www.nature.com/scientificreports/

	97.	 Alonzo, G. Synthesis and characterization of some arsenic, antimony and bismuth complexes of 2-mercaptoaniline. Inorg. Chim. 
Acta 73, 141–144 (1983).

Author contributions
S.B. and B.S. carried out the experiments and wrote the main manuscript. A.K. and J.B. played major roles in 
Caco-2 cell culturing and experiment. A.K contributed towards writing the methodology sections on cell culture 
and permeability tests. R.N. and N.J.T. provided overall leadership and supervision in this project. S.K. and I.G. 
provided support in improving the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​94174-9.

Correspondence and requests for materials should be addressed to R.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-94174-9
https://doi.org/10.1038/s41598-021-94174-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bioavailability of arsenic, cadmium, lead and mercury as measured by intestinal permeability
	Materials and methods
	Metal(loid) sources. 
	Gut microbes and Chelating agents. 
	Cell culture. 
	Cell retention, transport, and permeability tests. 
	The distribution of free and complexed metal(loid)s. 
	Data analysis. 

	Results
	Transport of metal(loid)s and apparent permeability. 
	Effect of gut microbes in permeability of metal(loid)s. 
	Effect of chelating agents on permeability of metal(loid)s. 

	Discussion
	Transport and apparent permeability. 
	Effect of gut microbes in permeability of metal(loid)s. 
	Effect of chelating agents on permeability of metal(loid)s. 

	Conclusions
	References


