Heriot-Watt University
Research Gateway

Time dependent impact of copper oxide nanomaterials on the
expression of genes associated with oxidative stress, metal
binding, inflammation and mucus secretion in single and coculture intestinal in vitro models
Citation for published version:
Ude, VC, Brown, DM, Stone, V & Johnston, HJ 2021, 'Time dependent impact of copper oxide
nanomaterials on the expression of genes associated with oxidative stress, metal binding, inflammation and
mucus secretion in single and co-culture intestinal in vitro models', Toxicology in Vitro, vol. 74, 105161.
https://doi.org/10.1016/j.tiv.2021.105161

Digital Object Identifier (DOI):
10.1016/j.tiv.2021.105161
Link:
Link to publication record in Heriot-Watt Research Portal
Document Version:
Publisher's PDF, also known as Version of record

Published In:
Toxicology in Vitro
Publisher Rights Statement:
© 2021 The Authors.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.
Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 09. Jan. 2023

Toxicology in Vitro 74 (2021) 105161

Contents lists available at ScienceDirect

Toxicology in Vitro
journal homepage: www.elsevier.com/locate/toxinvit

Time dependent impact of copper oxide nanomaterials on the expression of
genes associated with oxidative stress, metal binding, inflammation and
mucus secretion in single and co-culture intestinal in vitro models
Victor C. Ude *, David M. Brown, Vicki Stone, Helinor J. Johnston *
Nano Safety Research Group, School of Engineering and Physical Sciences, Institute of Biological Chemistry, Biophysics and Bioengineering, Heriot-Watt University,
Edinburgh EH14 4AS, UK

A R T I C L E I N F O

A B S T R A C T
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The potential for ingestion of copper oxide nanomaterials (CuO NMs) is increasing due to their increased
exploitation. Investigation of changes in gene expression allows toxicity to be detected at an early stage of NM
exposure and can enable investigation of the mechanism of toxicity. Here, undifferentiated Caco-2 cells,
differentiated Caco-2 cells, Caco-2/HT29-MTX (mucus secreting) and Caco-2/Raji B (M cell model) co-cultures
were exposed to CuO NMs and copper sulphate (CuSO4) in order to determine their impacts. Cellular re
sponses were measured in terms of production of reactive oxygen species (ROS), the gene expression of an
antioxidant (haem oxygenase 1 (HMOX1)), the pro-inflammatory cytokine (interleukin 8 (IL8)), the metal
binding (metallothionein 1A and 2A (MT1A and MT2A)) and the mucus secreting (mucin 2 (MUC2)), as well as
HMOX-1 protein level. While CuSO4 induced ROS production in cells, no such effect was observed for CuO NMs.
However, these particles did induce an increase in the level of HMOX-1 protein and upregulation of HMOX1,
MT2A, IL8 and MUC2 genes in all cell models. In conclusion, the expression of HMOX1, IL8 and MT2A were
responsive to CuO NMs at 4 to 12 h post exposure when investigating the toxicity of NMs using intestinal in vitro
models. These findings can inform the selection of endpoints, timepoints and models when investigating NM
toxicity to the intestine in vitro in the future.
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1. Introduction
Intentional and accidental ingestion of nanomaterials (NMs) is likely
to rise due to their increased exploitation in a range of products. For
example, copper oxide (CuO) NMs are used for ink production, food
contact materials, textiles, wood preservation, intrauterine devices and
incorporated into heat transfer fluids and semiconductors (Gabbay,
2006; Araújo et al., 2014; Civardi et al., 2015). Accidental ingestion of
CuO NMs is likely through leachates from food contact materials, via
mucociliary clearance of inhaled particles which are then swallowed,
and due to hand to mouth exposure (Ude et al., 2017). Several intestinal
cell lines such as Caco-2 (human colon colorectal adenocarcinoma), TC-

7 (clones isolated from Caco-2 cells), SW620 (human Caucasian colon
adenocarcinoma), HT29 and T84 (human colon carcinoma) (Pavelić
et al., 2001; Bricks et al., 2014) have been used to assess the toxicity of
ingested substances. However, Caco-2 cell lines are more frequently
used due to their ability to spontaneously differentiate and exhibit an in
vivo-like intestinal morphology after 21 days of culture (Sambuy et al.,
2001; Sambuy et al., 2005). Due to the absence of specific in vivo
characteristics of the intestine in monocultures of Caco-2 cells, they can
also be co-cultured with other cell lines in order to more closely mimic
the structure and function of the intestine in vivo (Antunes et al., 2013;
Schimpel et al., 2014; Georgantzopoulou et al., 2016; Ude et al., 2019a).
For example, culturing differentiated Caco-2 with lymphocytes (e.g. Raji
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Enzyme-linked immuno-sorbent assay; CNTs, Carbon nanotubes; HMOX1, Haem oxygenase 1; IL8, Interleukin 8; MT2A, Metallothionein 2A; MT1A, Metallothionein
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B cells) leads to the development of M cells which are responsible for
trafficking antigens, particles and microbial pathogens to the underlying
immune system in the intestine (Lefebvre et al., 2015; Jepson and Clark,
2001; Gullberg et al., 2000). In addition, culturing differentiated Caco-2
cells with HT29-MTX cells incorporates mucus secreting cells into the
model (Mahler et al., 2009), which is important as mucus has defensive
properties and is known to prevent infection and activation of inflam
mation that can damage the intestine (Hansson, 2012).
It is established that some NMs can exhibit toxicity to different target
sites in vitro and in vivo via the activation of oxidative and inflammatory
responses (reviewed by Ivask et al., 2014; Stone et al., 2017, Johnston
et al., 2018). Of benefit is that investigation of gene expression when
assessing NM toxicity can allow assessment of potential effects at earlier
time points (e.g. 2-–4 h) than other approaches, as well as providing
information on their mechanism of action. This study has focused on
assessment of genes involved in oxidative stress, inflammation, mucus
production and metal binding for reasons outlined below.
During oxidative stress there is an imbalance between the levels of
damaging reactive oxygen species (ROS) and protective antioxidants,
which favours the production of ROS and depletion of antioxidants
(Valko et al., 2007). Oxidative stress is associated with several patho
logical conditions in the GI tract such as inflammatory bowel disease,
gastrointestinal ulcers and various intestinal malignancies (Bhatta
charyya et al., 2014; Kim et al., 2014). Production of intracellular ROS is
commonly assessed in NM hazard studies as an indicator of their po
tential to cause toxicity. For example, CuO NMs have been shown to
stimulate the greatest increase in ROS production in A549 human lung
epithelial cells compared to titanium oxide (TiO2), zinc oxide (ZnO),
CuZnFe2O4, iron(II,III) oxide (Fe3O4) and iron(III) oxide (Fe2O3) NMs
(Karlsson et al., 2008; Boyles et al., 2016). In parallel to assessing ROS
production, it is recommended that the levels/activities of antioxidants
are assessed to determine the involvement of oxidative stress in NM
toxicity. For gene expression, the levels of haem oxygenase, catalase,
superoxide dismutase and glutathione S-transferase have been examined
when studying the toxicity of NMs in Caco-2 and A549 cells (Song et al.,
2014; Bajak et al., 2015; Sthijns et al., 2017; Abbasi-Oshaghi et al.,
2019).
NM mediated oxidant production can stimulate the activation of
several signalling pathways leading to a myriad of cellular responses,
typically via activation of transcription factors (Brown et al., 2004;
Brown et al., 2010; Marano et al., 2011; Zhang et al., 2016; Yan et al.,
2016). For example, oxidative stress may lead to an inflammatory
response via activation of the redox sensitive nuclear factor kappa B (NFκB), which is responsible for controlling the transcription of proinflammatory genes such as interleukin-1 beta (IL-1β), interleukin-8
(IL-8), and tumour necrosis factor-alpha (TNF-α) (Huang et al., 2010;
Piret et al., 2012a). Inflammatory and oxidative responses therefore
commonly occur in concert.
In vitro and in vivo studies have shown that NMs can activate in
flammatory responses at a range of target sites, including the intestine.
For example, CuO NMs have been shown to induce IL-8 protein release
by undifferentiated Caco-2 cells, differentiated Caco-2 cells, Caco-2/
HT29-MTX and Caco-2/Raji B co-cultures (Piret et al., 2012b; Ude
et al., 2017; Ude et al., 2019a). TiO2, ZnO and silicon oxide (SiO2) have
also demonstrated increased IL-8 release when exposed to undifferen
tiated and differentiated Caco-2 cells (Gerloff et al., 2013: Krüger et al.,
2014; Tada-Oikawa et al., 2016).
Intestinal mucus functions as a first line of defence to invading
pathogens. Previous research has focused on the ability of NMs to
penetrate the mucus layer and neglected to investigate the impact of
NMs on mucus secretion (Mercier-Bonin et al., 2018). Investigation of
the impact of NMs on mucus secretion, via assessment of changes in the
expression of the genes which encode mucus proteins (e.g. MUC2) is
therefore timely. However, an increase in MUC2 expression in vivo,
along with low viscoelastic characteristics and barrier integrity
dysfunction after inflammation as a result of bacteria has been reported

(e.g. Cornick et al., 2015). Also, exposure of intestinal goblet-like cells
(LS174T) to acetaldehyde increased expression of MUC2 which was
reported to have a detrimental effect on mucus function (Elamin et al.,
2014), suggesting that some cells may increase secretion of less func
tional mucus when exposed to chemicals.
Metallothioneins (MT) can shield cells against damage caused by
metals such as ROS production, DNA damage, oxidative stress, cell
damage, angiogenesis, apoptosis, and increase cell proliferation (Taka
hashi, 2012; Carpene et al., 2007; Ruttkay-Nedecky et al., 2013).
Elevated cellular Cu concentrations can trigger the transcription of MT
genes and MT protein synthesis in mice (Bremner, 1987; Suzuki et al.,
2002). When the level of MT protein is unable to control the increased
copper level, the saturated Cu-MT complex may function as a prooxidant by Cu ions released from the saturated thiol group (Jiménez
et al., 2002; Liu et al., 2001). No studies were identified that investigated
MT levels in intestinal cells following exposure to CuO NMs. However,
an upregulation of MT expression was observed 24 h post exposure of
astrocytes (Luther et al., 2012) and Caco-2 cells (Zhang et al., 2015) to
Ag NMs (75 nm).
Previously, different in vitro intestinal models (differentiated Caco-2
cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures) were demon
strated to respond differently when exposed to CuO NMs and CuSO4,
with undifferentiated Caco-2 cells being the most susceptible to toxic
effects and the Caco-2/HT29-MTX co-culture being less sensitive (Ude
et al., 2017; Ude et al., 2019a). However, when CuO NMs and CuSO4
were compared using the individual intestinal models, they showed
similar impacts in terms of IL-8 protein secretion, transepithelial elec
trical resistance (TEER) measurement, immunostaining of tight junction
protein (Zonula ocludin-1) and light microscopy (Ude et al., 2017; Ude
et al., 2019a). Differentiated Caco-2 cells, Caco-2/Raji B and Caco-2/
HT29-MTX co-cultures have also been used for transport studies to
assess NM penetration across the intestinal barrier (Des Rieux et al.,
2005; Brun et al., 2014; Akbari et al., 2017; Cabellos et al., 2017; Ude
et al., 2019a). Interestingly, De Jong et al. (2019) has demonstrated
morphological changes in stomach, liver and bone marrow histopa
thology, including effects on white blood cells and increased alanine and
aspartate transaminases in blood after exposure of rats via oral gavage to
the CuO NMs used in this study at a dose of 32 mg/kg body weight
consecutively for 5 days and euthanised at day 26. However, changes in
gene expression in these in vitro models following NM exposure has not
been investigated previously. Therefore, this study seeks to investigate
time and concentration dependent impacts of CuO NMs and CuSO4 to
the intestine in vitro via investigation of the levels of haem oxygenase
(HMOX-1) protein, and expression of selected genes involved in oxida
tive stress HMOX1, inflammation (interleukin 8 (IL8)), mucus secretion
(mucin 2 (MUC2) and metal binding (MT1A and MT2A) to compare the
responsiveness of four intestinal in vitro models. The results from this
study will help to decipher the mechanism underlying the toxicity of
CuO NMs to the intestine and inform the selection of models and end
points to prioritise when investigating NM toxicity to the intestine in
vitro in the future. In this study, it was hypothesized that CuO NMs
would induce time and concentration dependent upregulation of genes
associated with oxidative stress, inflammation, mucus secretion and
metal binding and that the level of gene upregulation will be higher in
the single cell culture compared to the co-culture models.
2. Materials and methods
2.1. Nanomaterials and characterisation
The CuO NMs used for this study was a gift from project partners in
the FP7 funded project Sustainable Nanotechnologies (SUN) and
sourced from Plasma Chem, GmbH (Berlin, Germany). The CuO NMs
were supplied in a powdered form. The size range of the crystalline CuO
NMs as provided by the manufacturer was between 15 and 20 nm. The
specific surface area (47 m2/g) and density (6.3 g/cm3) as provided in
2
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a concentration of 5 × 105 cells/ml (in 1.5 ml DMEM complete cell
culture medium) into the BL compartment on day 15. The co-culture was
cultured for 5 days and medium changed every day at the AP
compartment. TEER measures were taken every 2 days starting from the
5 day to monitor cell differentiation.
The Caco-2/HT29-MTX (mucus secreting) co-culture model was
cultured following the method described previously (Ude et al., 2019a).
Briefly, a concentration of 3.13 × 105 cells/cm2 of Caco-2 and HT29MTX cells at a ratio of 9:1 was seeded into the AP compartment of
3.0 μm pore polycarbonate transwell inserts in a 12-well plate (Costar
corning, Flintshire, UK). The cells were incubated in standard cell cul
ture condition for 20–21 days and the medium changed every 2 days for
the first 16 days followed by every day up to the 21st day. TEER mea
sures were taken every 2 days to monitor cell differentiation from the
fifth day.
The intestinal cell models (differentiated Caco-2 cells, Caco-2/Raji B
and Caco-2/HT29-MTX co-cultures) were checked for differentiation
status via measurement of TEER, alcian blue staining (for mucus pro
duction), Wheat Germ Agglutinin (WGA) staining (to identify M cells),
ZO-1 staining (to assess the formation of tight junctions) and visual
isation of microvilli using Scanning Electron Microscopy (SEM) as
described previously (Ude et al., 2017; Ude et al., 2019a). Differentiated
Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-culture with
TEER values of greater than 500 Ω.cm2 were used for this study.

the data sheet were assessed following Brunauer–Emmett–Teller (BET)
method. Further characterisation of the CuO NMs was performed using
X-ray diffraction (XRD), Inductive Coupled Plasma Optical Emission
Spectrometry (ICP-OES) and Transmission Electron Microscopy (TEM)
which were reported previously (Gosens et al., 2016). The dissolution of
CuO NMs, hydrodynamic diameter (size) and zeta potential following
dispersion in complete medium were also previously investigated using
the dynamic light scattering (DLS) method (Ude et al., 2017).
The dispersion of CuO NMs was carried out as described previously
(Jacobsen et al., 2010; Ude et al., 2017). Briefly, CuO NMs was dispersed
in 2% Fetal bovine serum (FBS) (Gibco Life Technologies) in Milli Q deionised water at a concentration of 1 Cu mg/ml and sonicated with an
Ultrawave Sonicator (QS25) and energy density of 400 J/ml for 16 min
without pause. After the sonication the samples were diluted in 4.5 g/l
glucose Dulbecco’s modified eagle medium (DMEM) (Sigma) cell culture
medium to the required concentrations and used immediately. CuSO4
was also prepared in the same way as CuO NMs. Previous studies
informed the sub-lethal concentration of CuO NMs and CuSO4 selected
for this study (Ude et al., 2017). Viability of differentiated cells and coculture models were assessed after exposure to CuO NMs and CuSO4 in
our previous studies via nuclei counts and light microscopy (Ude et al.,
2017; Ude et al., 2019a), and no loss of cell viability was observed at the
concentration selected for this study.
2.2. Cell culture

2.3. Evaluation of cell free ROS production

The human colon colorectal adenocarcinoma Caco-2 cell line (Caco2 ATCC® HTB-37™) and Human Burkitti’s lymphoma; B lymphocyte
(Raji B) cell line (Raji ATCC® CCL-86™) were obtained from the
American Type Culture Collection (ATCC) (USA). The HT29-MTX clone
E-12 cell line was obtained from the European Collection of Authentic
Cell Culture (ECACC) (UK) (Behrens et al., 2001). Caco-2 and HT29MTX cells were maintained in DMEM (Sigma) supplemented with 10%
heat inactivated FBS (Gibco Life Technologies), 100 U/ml Penicillin/
Streptomycin (Gibco Life Technologies), 100 IU/ml non-essential amino
acid (NEAA) (Gibco Life Technologies), and 2 mM L- glutamine (Gibco
Life Technologies) (termed DMEM complete cell culture medium), at
37 ◦ C and 5% CO2 and 95% humidity. Raji B cells were maintained in
Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco Life
Technologies) supplemented with 10% heat inactivated FBS (Gibco Life
Technologies), 100 U/ml Penicillin/Streptomycin (Gibco Life Technol
ogies) (termed RPMI complete cell culture medium) and at 37 ◦ C, 5%
CO2 and 95% humidity. For all the experiments, Caco-2 and HT29-MTX
cells at passage numbers 45 to 50 and Raji B cells at passage numbers 10
to 15 were used.
For undifferentiated cells, 1.56 × 105 cells/cm2 of Caco-2 cells were
seeded into a 24 well plate (Costar Corning, Flintshire, UK) at 37 ◦ C, 5%
CO2 for 24 h.
To obtain differentiated cells, Caco-2 cells were seeded into the
apical (AP) compartment of the transwell insert (3.0 μm pore poly
carbonate transwell inserts with growth area of 1.12 cm2 (Costar corn
ing, Flintshire, UK)) in a 12 well plate at a concentration of 3.13 × 105
cells/cm2 (500 μl/well) in DMEM complete cell culture medium. The
basolateral (BL) compartment was filled with 1.5 ml of DMEM complete
cell culture medium. The cells were cultured at 37 ◦ C, 5% CO2 and 95%
humidity for 21 days with medium changed every two days for 16 days
and then everyday up to the 21st day. TEER measures were taken every
2 days from the 5th day to monitor cell differentiation following the
method described in our previous study (Ude et al., 2017).
The Caco-2/Raji B co-culture (M cell model) was cultured following
the method described previously (Ude et al., 2019a). Briefly, a con
centration of 3.13 × 105 cells/cm2 of Caco-2 cells (in 0.5 ml DMEM
complete cell culture medium) was seeded into the AP compartment of
3.0 μm pore polycarbonate transwell inserts in a 12- well plate and
maintained at standard cell culture condition. The AP (0.5 ml) and BL
(1.5 ml) medium were changed every 2 days. Raji B cells were seeded at

Cell free ROS production by CuO NMs and CuSO4 was evaluated
using the dichloro-dihyro-fluorescein diacetate (DCFH-DA) assay,
following the method described previously (Foucaud et al., 2007; Sau
vain et al., 2013; Ude et al., 2019b). Briefly, 1 mM DCFH-DA (in
methanol) was prepared then diluted to a concentration of 0.2 mM in
0.01 M NaOH to hydrolyse the probe and left at room temperature for
30 min in the dark. Next, 0.1 M PBS (pH 7.4) was added to stop the
reaction, giving a concentration of 0.05 mM DCF (termed the reaction
mix). The solution was placed on ice and used immediately. In addition,
equivalent volumes of 0.01 M NaOH, 0.1 M PBS solution (pH 7.4) and
methanol without DCFH-DA was prepared.
The reaction mix or the mixture without DCFH-DA was transferred to
the wells of a black clear bottom 96 well plate (225 μl/well) in triplicate.
Thereafter, 25 μl of MEM complete cell culture medium without phenol
red (negative control), 1 mM/cm2 H2O2 or 3.17, 6.34 or 12.68 Cu μg/
cm2 of CuO NMs or CuSO4 (in MEM complete cell culture medium
without phenol red) were added in triplicate. Using a SpectraMax M5
microplate reader (California USA), fluorescence was measured at 485/
530 nm (ex/em) at time zero and every 15 min for 75 min then every 30
min for 2 h. Data are expressed as fold change of production compared to
the negative control.
2.4. Evaluation of intracellular ROS production
Intracellular ROS levels were evaluated using the non-florescent
probe DCFH-DA as described previously (Ude et al., 2019b). The diac
etate allows for the penetration of DCFH-DA into the cell, which is then
cleaved by the cell esterase and oxidized by ROS. Existing studies have
varied with respect to the protocol used to assess ROS production using
the DCFH-DA assay (e.g. DCFH-DA probe concentration, the time point
at which ROS production is quantified, and whether cells are preloaded
with dye then exposed to NMs or exposed to NMs then the DCFH-DA
probe) (Karlsson et al., 2008; Lipovsky et al., 2009; Chairuangkitti
et al., 2013; Boyles et al., 2016). The DCFH-DA concentration and time
point were optimized for the Caco-2 cells and CuO NMs and identified to
be 150 μM and 2 h respectively. For cellular ROS production, undiffer
entiated Caco-2 cells were cultured for 24 h in 96 well plates and,
differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2 Raji B cocultures were cultured in transwell plates as described above. Cell
3
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were washed twice and 150 μM DCFH-DA (in HBSS) was added into each
of the wells. The cells were incubated for 1 h in the dark at 37 ◦ C, 5%
CO2 and 95% humidity. Cells were then washed twice with PBS and
exposed to HBSS (control), H2O2 (1 mM), CuO NMs or CuSO4 (3.17, 6.34
or 12.68 Cu μg/cm2) diluted in HBSS in triplicate and incubated at 37 ◦ C,
5% CO2 and 95% humidity for 2 h. Fluorescence was then measured at
time 0 and after 2 h at 485/530 nm (excitation/emission) using a
SpectraMax M5 microplate reader (California USA). Data are expressed
as mean fold change of the production compared to the negative control.

complete cell culture medium and incubated at 37 ◦ C, 5% CO2 and 95%
humidity for 24 h. The cell culture medium was removed, and cells lysed
following the protocol described in R&D systems DuoSet IC ELISA kit.
The cell lysates were then assessed for HMOX-1 production using the
Enzyme-linked Immunosorbent Assay (DuoSet IC ELISA kit), (R&D
Systems, Abingdon, UK) following the manufacturer’s protocol. The
absorbance was measured using a SpectraMax M5 microplate reader
(California USA) at wavelength 450 nm and the HMOX-1 production
calculated from the standard curve and expressed in pg/ml.

2.5. Gene expression studies

2.7. Data analysis

Undifferentiated Caco-2 cells, differentiated Caco-2 cells, Caco-2/
HT29-MTX and Caco-2/Raji B co-cultures were exposed to DMEM
complete cell culture medium (control), 3.17, 6.34 and 12.68 Cu μg/cm2
of CuO NMs or CuSO4 (100 μl for undifferentiated cells and 500 μl for
differentiated cells and co-cultures) and incubated for 4, 12 or 24 h at
37 ◦ C. The treatments were removed, and the cells were washed twice
with PBS followed by addition of trypsin EDTA into the wells (100 μl)
and incubated for 5 min at 37 ◦ C. Trypsinisation was stopped by addition
of complete DMEM cell culture medium (500 μl). The cells were trans
ferred to 1.5 ml Eppendorf tubes and centrifuged for 5 min at 375 g using
an Eppendorf refrigerated microcentrifuge 5424 (Cole- Palmer UK). The
cell pellets were washed in PBS and re-suspended in PBS (30 μl) and
ribonucleic acid (RNA) isolated using a MagMAX™ 96 Total RNA
Isolation Kit (Ambion, USA) following the manufacturer’s protocol. The
RNA concentration and purity were measured with a Nanodrop 2000c
system (Thermo Scientific, UK) and only isolated RNA samples with a
A260/A280 ratio of 2 to 2.1 were used for (complementary deoxy
ribonucleic acid (cDNA) synthesis. The RNA (900 ng) was transcribed to
cDNA using a Precision nanoScript™2 Reverse Transcription kit (Pri
merdesign, UK) following the manufacturer’s protocol.
Real time quantitative polymerase chain reaction (RT qPCR) analysis
was performed with a 7900 RT fast PCR system and SDS 2.3 software
with 384 well plates (Applied Biosystems, USA), using a custom
designed real-time PCR assay with Double-Dye probe and Precision
PLUS qPCR Master Mix (Primerdesign, UK) following the manufac
turer’s instructions. cDNA (25 ng) was used for RT qPCR. Activation,
denaturation and data collection were carried out at 95 ◦ C for 2 min,
95 ◦ C for 10s and 60 ◦ C for 1 min respectively for 40 cycles. Glyceral
dehyde 3- phosphate dehydrogenase (GAPDH) was used as an internal
control/housekeeping gene as GAPDH has been identified previously as
being the best housekeeping gene for the Caco-2 cell (e.g. Piana et al.,
2008; Vreeburg et al., 2011). Non-reverse transcribed RNA control was
also included and processed the way the test samples were prepared. The
fluorogenic data was collected and analysed using SDS v2.4.1 software
(Applied Biosystems, USA). Sequences of primers supplied by primer
design (Primerdesign, UK) are as follows: IL8: sense, 5′ -CAGAGA
CAGCAGAGCACAC-3′ , anti-sense, 5′ -AGCTTGGAAGTCATGTTTACAC3′ HMOX1; sense, 5′ -GGAAGCCCCCACTCAACA-3′ Anti-sense, 5′ -GCA
TAAAGCCCTACAGCAACT-3′ ; MUC2: sense, 5′ -ACCTCCATCAA
TAACTCCTCCTA-3′ , antisense, 5′ -CTCCACCTGGTTTGTGAAAGT-3′ ;
MT1A: sense, 5′ -GCCCTGCTCGAAGATATAGAAAG-3′ , anti-sense, 5′ AATACAGTAAATGGGTCAGGGTT-3′ and MT2A: sense, 5′ -GACTC
TAGCCGCCTCTTCAG-3′ anti-sense 5′ -GGCAGCAGGAGCAGCAG-3′ .
Data are expressed as mean fold change in gene expression (compared to
the control).

Each experiment was repeated at least three times (on different days)
and all data generated from these experiments are expressed as the
mean ± standard error of the mean (SEM). The figures were generated
using Graph Pad Prism. After checking normality of the data, a one-way
analysis of variance (ANOVA) and the Tukeys multiple comparison post
hoc test was employed to investigate statistical significance using Min
itab 17 software.
3. Results
3.1. Impact of CuO NMs and CuSO4 on ROS production
In acellular conditions, both CuO NMs and CuSO4 increased ROS
production at all concentrations tested and in a concentration dependent
manner (Fig. 1A). The greatest increase in ROS production was observed
at the highest concentration of 12.68 Cu μg/cm2 for both CuO NMs and
CuSO4. However, the level of ROS production stimulated by CuSO4 was
double that observed for CuO NMs at concentrations of 3.17 and 6.34 Cu
μg/cm2 and more than three-fold higher at the highest concentration of
12.68 Cu μg/cm2 (Fig. 1A).
Following exposure of undifferentiated Caco-2 cells, differentiated
Caco-2 cells, and Caco2/HT29-MTX and Caco-2/Raji B co-cultures to
CuO NMs for 2 h, no significant increase in ROS formation was observed,
compared to control (Fig. 1B–E). However, CuSO4 demonstrated a sig
nificant concentration dependent increase (7 to 8-fold increase) in ROS
production in undifferentiated Caco-2 cells (Fig. 1B). In differentiated
Caco-2 cells and the Caco-2/HT29-MTX co-culture exposed to CuSO4, a
3- and 4-fold increase in ROS production was also observed and a 5 to 7fold increase was observed in the Caco-2/Raji B co-cultures (Fig. 1).
3.2. Impact of CuO NMs and CuSO4 on HMOX1 gene expression
The influence of CuO NM and CuSO4 concentration on HMOX1 gene
expression was assessed at 4, 12 and 24 h post exposure (Fig. 2). No
significant (P < 0.05) change was observed in the level of HMOX1
expressed by CuO NMs and CuSO4. A concentration dependent increase
in HMOX1 expression was observed in all cell models, at all-time points
with increasing gene expression observed with increasing concentration.
The greatest change in expression was observed at 12 h post exposure in
all cell models. The response of undifferentiated Caco-2 cells was the
greatest, with up to 78-fold increases in gene expression observed, for
the other models about 6 to 9-fold increase was observed. At 12 h the
ranking of HMOX1 expression in each cell model from highest to lowest
are as follows: undifferentiated Caco-2 cells > Caco-2/HT29-MTX coculture > Caco-2/Raji B co-culture > differentiated Caco-2 cell (Fig. 2).

2.6. Intracellular HMOX-1 protein level

3.3. Impact of CuO NMs and CuSO4 on IL8 gene expression

Undifferentiated Caco-2 cells were cultured for 24 h in 24 well plates
(Costar Corning, Flintshire, UK) and differentiated Caco-2 cells, Caco-2/
HT29-MTX and Caco-2 Raji B co-cultures were cultured in transwell
plates as described above. Cells were washed twice with PBS and
exposed to DMEM complete cell culture medium (control), H2O2 (1
mM), CuO NMs or CuSO4 (6.34 or 12.68 Cu μg/cm2) diluted in DMEM

The impact of CuO NM and CuSO4 concentration on IL8 gene
expression was investigated at 4, 12 and 24 h (Fig. 3A–D). CuO NMs and
CuSO4 stimulated the greatest level of IL8 expression in undifferentiated
Caco-2 cells, with a 247-fold increase at the highest concentration of
12.68 Cu μg/cm2 after 12 h post exposure and differentiated Caco-2 cells
had the lowest expression (6-fold increase) (Fig. 3A–D). At 24 h post
4
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Fig. 1. Acellular and cellular ROS formation at 2 h post exposure to CuO NMs and CuSO4. Acellular ROS production determined using the DCFH-DA assay exposed
for 2 h to CuO NMs and CuSO4(A). Phenol red free MEM complete cell culture medium was included as a negative control and H2O2 (1 mM) as a positive control.
Intracellular ROS production by undifferentiated Caco-2 cells (B), differentiated Caco-2 cells (C), the Caco-2/HT29-MTX co-culture (D) and the Caco-2/Raji B coculture (E) following exposure to HBSS (0), 1 mM H2O2, CuO NMs and CuSO4 using the DCFH-DA assay at 2 h are also presented. Data are expressed as mean
fold change of fluorescent intensity (compared to the negative control) ± SEM (n = 3). Significance are indicated by * P < 0.05 and ** = P < 0.01 compared to
control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

exposure, the greatest increase in IL8 expression was observed in un
differentiated Caco-2 cells, with a fold change of 115 and the lowest in
Caco-2/Raji B co-culture (4-fold) (Fig. 3A–D). At 12 h post exposure the
ranking of IL8 expression in the models from highest to lowest are fol
lows: undifferentiated Caco-2 cells>Caco-2/Raji B co-culture>Caco-2/
HT29-MTX co-culture>differentiated Caco-2 cells (Fig. 3).

3.4. Impact of CuO NMs and CuSO4 on metallothionein gene expression
Exposure of undifferentiated Caco-2 cells to CuO NMs and CuSO4 at
concentrations of 3.17, 6.34 and 12.68 Cu μg/cm2 for 4, 12 and 24 h did
not show a significant increase in MT1A gene expression (Fig. 4A).
However, a significant time and concentration dependent increase in
5
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Fig. 2. HMOX1 expression stimulated by CuO NMs and CuSO4 in in vitro intestinal models of varied complexity. Cells were exposed to cell culture medium (control,
0), CuO NMs or CuSO4 at concentrations of 3.17, 6.34 or 12.68 Cu μg/cm2 for 4, 12 or 24 h and HMOX1 expression was assessed in undifferentiated Caco-2 cells (A),
differentiated Caco-2 cells (B), Caco-2/HT29-MTX (C) and Caco-2/Raji B (D) co-cultures. Data are expressed as mean fold-change in gene expression (compared to
control) ± SEM (n = 3). Significance is indicated by * P < 0.05, ** P < 0.01, ***P < 0.001, compared to the negative control (0).

MT1A expression was observed in differentiated Caco-2 cells, Caco-2/
HT29-MTX and Caco-2/Raji B co-cultures (Fig. 4A–D). At 12 h post
exposure to CuO NMs and CuSO4, the Caco-2/HT29-MTX co-culture
demonstrated the highest expression of MT1A (13-fold) and undiffer
entiated Caco-2 cells showed the lowest expression (3-fold) (Fig. 4A–D).
At 24 h post exposure of CuO NMs and CuSO4, the greatest MT1A
expression was observed in differentiated Caco-2 cells (23-fold), and the
lowest expression was observed in undifferentiated Caco-2 cells (2.5fold) (Fig. 4A–D). At 12 h post exposure the ranking of MT1A expression
in the models from highest to lowest are follows: Caco-2/HT29-MTX coculture>differentiated Caco-2 cells>Caco-2/Raji B co-culture> undif
ferentiated Caco-2 cells (Fig. 4).
On exposure of differentiated Caco-2 cells, Caco-2/HT29-MTX and
Caco-2/Raji B co-cultures to CuO NMs and CuSO4 at concentration of
3.17, 6.34 and 12.68 Cu μg/cm2 for 4, 12 and 24 h, a concentration and
time dependent increase in MT2A expression was observed. The highest
level of MT2A expression was observed in the Caco-2/HT29-MTX coculture with fold change of 14, followed by differentiated Caco-2 cells
(4-fold) and then Caco-2/Raji B co-culture (4-fold) at 12 h post exposure
(Fig. 5A–C). However, at 24 h differentiated Caco-2 cells demonstrated
the highest expression of MT2A with a fold change of 23, followed by
Caco-2/HT29-MTX co-culture (14-fold) and Caco-2/Raji B co-culture (3fold) (Fig. 5A–C). The fold change was not calculated for MT2A
expression by undifferentiated Caco-2 cells because the untreated con
trol did not express MT2A at a detectable level. Therefore, the results are
presented as threshold cycle (Ct) values in Table 1. Since the untreated

control did not express MT2A at a detectable level (Ct value >40), it can
be deduced that CuO NMs and CuSO4 increased MT2A expression at all
concentrations and time points tested. However, there was no significant
change in Ct values across the concentrations at all time points (Table 1).
3.5. Impact of CuO NMs and CuSO4 on MUC2 expression
A concentration dependent increase in MUC2 expression was
observed at 4, 12 and 24 h post exposure of CuO NMs and CuSO4 at
highest concentration tested (Fig. 6A–D). The greatest expression was
observed in undifferentiated Caco-2 cells with a fold increase of 26 at
concentration of 12.68 Cu μg/cm2, followed by Caco-2/Raji B co-culture
(4.5 fold), then differentiated Caco-2 cells (4.2 fold) and Caco-2/HT29MTX co-culture (3.5 fold) at 12 h (Fig. 6A–D). Whilst at 24 h post
exposure, the greatest expression was observed in differentiated Caco-2
cells (28-fold) followed by Caco-2/HT29-MTX co-culture (16-fold), un
differentiated Caco-2 cells (4.5-fold) and Caco-2/Raji B co-culture (3.7
fold) (Fig. 6A–D). Caco-2/HT29-MTX co-culture control had the lowest
MUC2 Ct value compared to other cell models at all time points (result
not shown) which is an indication that Caco-2/HT29-MTX co-culture
induced greater expression of MUC2 compared to other in vitro cell
models used in this study. At 12 h post exposure the ranking of MUC2
expression in the models from highest to lowest are as follows: undif
ferentiated Caco-2 cells>differentiated Caco-2 cells> Caco-2/HT29MTX co-culture>Caco-2/Raji B co-culture (Fig. 6).
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Fig. 3. IL-8 expression stimulated by CuO NMs and CuSO4 in in vitro intestinal models of varied complexity. Cells were exposed to cell culture medium (control, 0),
CuO NMs or CuSO4 at concentrations of 3.17, 6.34 or 12.68 Cu μg/cm2 for 4, 12 or 24 h and IL-8 expression was assessed in undifferentiated Caco-2 cells (A),
differentiated Caco-2 cells (B), Caco-2/HT29-MTX (C) and Caco-2/Raji B (D) co-cultures. Data are expressed as mean fold-change in IL8 expression (compared to
control) ± SEM (n = 3). Significance are indicated by * P < 0.05, ** P < 0.01, *** P < 0.001 compared to control.

3.6. Intracellular HMOX-1 protein level

of the impact of NMs on barrier integrity via TEER measurement and
tight junction protein staining can only be measured in differentiated
cells that are cultured in transwell plates and is not applicable when
using undifferentiated cells. Therefore, we investigated changes in gene
expression as this methodology is applicable across all the in vitro for
mats. In addition, investigation of the impact of NM on gene expression
can provide useful insights into the mechanism of NM toxicity and can
allow relatively quick assessments of NM toxicity to be made (as time
points < 24 h can be used).
In this study, it was demonstrated that exposure of all four in vitro
models to CuO NMs and CuSO4 led to an upregulation of genes that
control inflammation (IL8), oxidative stress (e.g. HMOX1), metal binding
(MT1A and MT2A) and mucus production (MUC2) and an increase in the
level of the HMOX-1 protein. However, although the pattern of response
was similar across all models, the upregulation of some of the genes
(HMOX1 and IL8) was much higher in the undifferentiated cells than the
differentiated cell models and some of the genes (HMOX1 and IL8) can
be detected at earlier timepoint (4 h) in undifferentiated Caco-2 cell
Although both CuO NMs and CuSO4 generated ROS in a cell free envi
ronment, only CuSO4 mediated ROS production in the cell models. The
response to CuSO4 was significant in all cell models with undifferenti
ated Caco-2 cell showing greatest ROS production followed by Caco-2/
Raji B co-culture, Caco-2/HT29-MTX co-culture and differentiated Caco2 cells.

A significant (P < 0.05) increase in HMOX-1 levels were observed in
the cell lysates following exposure of the undifferentiated Caco-2 cells,
differentiated Caco-2 cells, Caco-2/Raji B and Caco-2/HT29-MTX cocultures to CuO NMs and CuSO4 for 24 h, when compared to the control
(Fig. 7). Undifferentiated Caco-2 cells demonstrated the highest level of
HMOX-1 followed by differentiated, Caco-2/HT29-MTX and Caco-2/
Raji B co-cultures. The level of HMOX-1 in cells after exposure to posi
tive control (H2O2) was lower than CuO NMs and CuSO4 but was
significantly (P < 0.05) higher than the negative control (0).
4. Discussion
To investigate the toxicity of sub-lethal exposure of intestinal in vitro
models to CuO NMs and CuSO4, the expression of 5 genes associated
with oxidative stress (HMOX1), metal binding (MTIA and MT2A), in
flammatory response (IL8) and mucus formation (MUC2) were investi
gated. This study compared the expression of these genes using 4
different intestinal in vitro models at 3 timepoints in order to determine
and compare the responsiveness of the in vitro models to CuO NMs and
CuSO4, and to inform the experimental design of subsequent studies
with respect to which endpoints, timepoints and models should be pri
oritised when assessing the toxicity of NMs to the intestine in vitro. In
addition, the level of HMOX-1 protein was assessed, to identify if
changes in HMOX-1 gene expression corresponded to a change in protein
levels in the cells. Investigating the same endpoints across intestinal in
vitro models of varying complexity can be challenging due to differences
in the experimental set up used for each model. For example, assessment

4.1. ROS production
NMs can exhibit toxicity via stimulation of an oxidant response (Fu
et al., 2014; Sabella et al., 2014; Abdal Dayem et al., 2017; Johnston
7
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Fig. 4. MT1A expression stimulated by CuO NMs and CuSO4 in in vitro intestinal models of varied complexity. Cells were exposed to cell culture medium (control, 0),
CuO NMs or CuSO4 at concentrations of 3.17, 6.34 or 12.68 Cu μg/cm2 for 4, 12 or 24 h and MT1A expression was assessed in undifferentiated Caco-2 cells (A),
differentiated Caco-2 cells (B), Caco-2/HT29-MTX (C) and Caco-2/Raji B (D) co-cultures. Data are expressed as mean fold-change in MT1A expression (compared to
control) ± SEM (n = 3). Significance are indicated by * P < 0.05, compared to control.

et al., 2018). For example, there is evidence that ZnO, CNTs, ultrafine
carbon black, TiO2 and Ag NMs can stimulate ROS production in a range
of cell types (e.g. human keratinocytes, Caco-2 cells, macrophages and
immortalized brain microglia) (Stone et al., 2000; Long et al., 2006; Ryu
et al., 2014; Chen et al., 2016). As the cellular responses activated by
NMs commonly involve the enhanced production of ROS, and ROS
production is used as an indicator of NM reactivity (Peijnenburg et al.,
2020), acellular and cellular ROS production was also assessed. CuO
NMs have previously been shown to stimulate ROS production in alve
olar epithelial cells (A549), hepatocellular carcinoma (HCC), hepato
cytes (HepG2, (SK-Hep-1) and airway epithelial (HEp-2) cells (Fahmy
and Cormier, 2009; Wang et al., 2012; Kung et al., 2015). Previous
studies have also demonstrated that in A549 cells CuO NMs stimulated
the greatest increase in ROS production compared to NMs of TiO2, ZnO,
CuZnFe2O4, Fe3O4 and Fe2O3 (Karlsson et al., 2008; Boyles et al., 2016).
Interestingly, in this study, CuO NMs and CuSO4 produced a significant
increase in ROS production in acellular conditions. CuSO4 produced
more ROS compared to the CuO NMs which is likely to derive from the
fact that CuO NMs are not 100% soluble at the time point investigated
(Ude et al., 2017).
In this paper, in cellular conditions, only CuSO4 induced a significant
increase in ROS production, which is likely to be because CuO NMs are
not 100% soluble at the time point and that only ionic form of Cu can
induce ROS production. A similar result was reported by Li et al. (2020),
when differentiated Caco-2 cells were exposed to CuO NMs (diameter <
50 nm). Longer time points were not used for this study as ROS pro
duction was assessed using HBSS which does not support cell growth and

ROS production after 2 h. When phenol free medium was used to
investigate ROS production in Caco-2 cells after exposure to CuO NMs,
no response was observed (data not shown). Undifferentiated Caco-2
cells produced the greatest level of ROS after exposure to CuSO4 fol
lowed by Caco-2/Raji B co-culture, Caco-2/HT29-MTX co-culture then,
differentiated Caco-2 cells. The greatest response observed in undiffer
entiated cells aligns with our previous studies, and those of the wider
scientific community (Gerloff et al., 2013; Ude et al., 2017). CuSO4
demonstrated greater ROS production in all the intestinal cell models
than the positive control (H2O2), suggesting that CuSO4 may be a better
ROS chemical (positive) control in intestinal cell culture models than
H2O2.
4.2. Gene expression
An upregulation of HMOX1 expression in cells suggest that there has
been an increase in ROS production. Various reports have demonstrated
an upregulation of HMOX1 expression in a variety of cell types to NM
exposure. For example, Ag NMs (5–37 nm) upregulated HMOX1
expression after exposure of HeLa and A549 cells (Miura and Shinohara,
2009; Sthijns et al., 2017), while ZnO NMs upregulated HMOX1
expression in a monoculture of A549 cells and a co-culture of A549 and
human coronary artery endothelial cells (HCAECs) (Yan et al., 2017). An
increase in HMOX1 expression was shown in Caco-2 cells after exposure
to Au NMs (Bajak et al., 2015) and CuO NMs upregulated HMOX1
expression in the A549 and HepG2 cell line (Cuillel et al., 2014; Strauch
et al., 2017). SiO2 NMs were also shown to upregulate HMOX1
8

V.C. Ude et al.

Toxicology in Vitro 74 (2021) 105161

Fig. 5. MT2A expression stimulated by CuO NMs and CuSO4 in in vitro intestinal models of varied complexity. Cells were exposed to cell culture medium (control, 0),
CuO NMs or CuSO4 at concentrations of 3.17, 6.34 or 12.68 Cu μg/cm2 for 4, 12 or 24 h and MT2A expression was assessed in differentiated Caco-2 cells (A), Caco-2/
HT29-MTX (B) and Caco-2/Raji B (C) co-cultures. Data are expressed as mean fold-change in MT2A expression (compared to control) ± SEM (n = 3). Significance are
indicated by * P < 0.05, ** P < 0.01, compared to control.

In this study, CuO NMs and CuSO4 caused a concentration and time
dependent increase in HMOX1 gene expression in all cell models, with
undifferentiated Caco-2 cells showing the greatest response which is
similar to the intracellular HMOX-1 protein assay assessed using ELISA
after 24 h. Therefore, investigation of HMOX1 expression at 4 h post
exposure may be suggested in future studies. The greatest upregulation
in HMOX1 by undifferentiated Caco-2 cells suggests their greater sus
ceptibility to toxicity compared to the differentiated Caco-2 cells and the
co-cultures. It was unexpected that the increase in HMOX1 expression
was not associated with an increase in ROS production in cells but in
crease in gene expression corresponded to HMOX-1 protein level.
MT proteins are known to possess metal detoxifying properties and
have the ability to scavenge excess metals (Sahu et al., 2013). CuO NMs
have been shown to upregulate MT2A expression in human bronchial
epithelial (BEAS-2B) cells (Strauch et al., 2017) and a marked upregu
lation in MT2A expression has been reported after exposure of the HeLa
cell line to Ag NMs, which was attributed to oxidative stress (Miura and
Shinohara, 2009). ZnO and Ag NMs have also been shown to upregulate
MT1A and MT2A in A549 alveolar epithelial cells (Dekkers et al., 2018).
Our data indicates that MT2A was significantly upregulated
following exposure to CuO NMs and CuSO4 at all concentrations and
time points in all intestinal in vitro models, hence MT2A expression may
be investigated at 4 h post exposure of NMs in future. Although MT1A
expression was high compared to MT2A before CuO NMs and CuSO4
exposure, after treatment the level of MT1A expression did not increase
to the same extent as MT2A, suggesting that MT2A is more sensitive to
CuO NMs and CuSO4 than MT1A in all cell models used. The level of
MT2A expression induced by CuO NMs and CuSO4 was similar in all

Table 1
Effect of CuO NMs and CuSO4 on MT2A expression in undifferentiated Caco-2
cells MT2A expression. Undifferentiated Caco-2 cells were exposed to cell cul
ture medium (control, 0), CuO NMs or CuSO4 at concentrations of 3.17, 6.34 or
12.68 Cu μg/cm2 for 4, 12 and 24 h.
Time
(h)

CuO NMs (Cu μg/cm2)
3.17

6.34

12.68

3.17

6.34

12.68

4

18.84 ±
0.69
18.23 ±
0.22
17.88 ±
0.55

17.37 ±
0.31
17.30 ±
0.27
18.05 ±
0.66

17.19 ±
0.47
17.96 ±
0.38
17.96 ±
0.38

17.49 ±
0.36
18.14 ±
0.25
17.78 ±
0.55

18.26 ±
0.74
18.34 ±
0.21
18.74 ±
0.58

18.89 ±
0.50
19.67 ±
0.37
19.47 ±
0.41

12
24

CuSO4 (Cu μg/cm2)

Data are expressed as mean Ct value ± SEM (n = 3). Gene expression was not
detected for the control (Ct value > 40), and none of the values measured at
different treatment concentrations or time were statistically significant
compared to the control.

expression in HaCat cell line but not in Caco-2 cells (Ebabe Elle et al.,
2016). Exposure of graphene oxide and graphene nanoplatelets to
differentiated Caco-2 cells, and a Caco-2/HT29 co-culture have also
shown low inflammatory response and lack of ROS production and
HMOX1 gene expression suggesting that the nanoplatelets were not toxic
to both cell models (Domenech et al., 2020a; Domenech et al., 2020b).
There is therefore evidence from multiple studies that upregulation of
HMOX1 gene expression is associated with exposure of various cell types
to NMs of varied physico-chemical properties.
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Fig. 6. MUC2 expression stimulated by CuO NMs and CuSO4 in in vitro intestinal models of varied complexity. Cells were exposed to cell culture medium (control, 0),
CuO NMs or CuSO4 at concentrations of 3.17, 6.34 or 12.68 Cu μg/cm2 for 4, 12 or 24 h and MUC2 expression was assessed in undifferentiated Caco-2 cells (A),
differentiated Caco-2 cells (B), Caco-2/HT29-MTX (C) and Caco-2/Raji B (D) co-cultures. Data are expressed as mean fold-change in MUC2 expression (compared to
control) ± SEM (n = 3). Significance are indicated by * P < 0.05, ** P < 0.01, compared to control.

models except undifferentiated Coco-2 cells where the fold change was
not calculated due to a lack of MT2A expression in the control. There
fore, it may be suggested that undifferentiated Caco-2 cells may not be
used when studying MT2A expression as it may not allow for calculation
of fold change.
Induction of MT genes is likely because of the presence of copper ions
in the cells. These ions may have been generated either from dissociated
CuO NMs prior to uptake or after internalisation by cells. Previous
studies have shown that when soluble NMs are internalised by cells in a
particle form, they tend to dissociate intracellularly (in acidic lyso
somes), thereby exhibiting a Trojan horse-type mechanism of toxicity
(Cho et al., 2011; Shinohara et al., 2017). Internalised Ag NMs dissoci
ated intracellularly in an immortalized murine microglial cell line (BV2) inducing toxicity via a Trojan horse mechanism in a previous research
(Hsiao et al., 2015). Therefore, it is hypothesized that CuO NMs release
Cu ions inside cells which binds to MTs and promotes MT gene expres
sion. Our previous studies quantified Cu uptake by cells (using ICP-OES)
(Ude et al., 2017, 2019a), but further studies would be required to
investigate their intracellular fate to help confirm this hypothesis.
IL-8 protein is secreted at sites of inflammation and has been shown
to be responsible for stimulating increased recruitment and migration of
neutrophils (Struyf et al., 2005). Expression of IL8 at 4 h has been re
ported after exposure of undifferentiated Caco-2 cells to ZnO and SiO2
NMs (Gerloff et al., 2013). TiO2 has also been reported to induce tran
sient IL8 gene expression in Caco-2 cells (Krüger et al., 2014). This study
demonstrated a significant upregulation of IL8 expression by CuO NMs
and CuSO4 at all concentrations and time points tested. Therefore, IL8
expression may be investigated at 4 h post exposure to NMs in all cell

models. Previously, the CuO NMs and CuSO4 used for this study have
been shown to stimulate a significant increase in IL-8 protein production
at 24 h post exposure to undifferentiated Caco-2 cells, differentiated
Caco-2 cell, Caco-2/Raji B and Caco-2/HT29-MTX co-cultures (Ude
et al., 2017; Ude et al., 2019a). Since the expression of IL8 directly
corroborates the previously published IL-8 protein data (Ude et al.,
2017; Ude et al., 2019a), this suggests that gene expression could be a
way to reduce the time needed to study the toxic effect of NM to the
intestine using in vitro models. In addition, undifferentiated Caco-2 cells
demonstrated a greater level of IL8 expression compared to the differ
entiated Caco-2 cells and co-cultures which also corroborates with our
previous study which demonstrated a greater secretion of IL-8 protein by
undifferentiated Caco-2 cells compared to differentiated Caco-2 cells
and co-cultures (Ude et al., 2017; Ude et al., 2019a). The elevated level
of IL8 expression by undifferentiated Caco-2 cells indicates the respon
siveness of undifferentiated Caco-2 cells compared to other in vitro
models used in this study.
Mucin (MUC) is secreted in the goblet cells and acts as a first line of
defence in the intestine (Tailford et al., 2015; Tadesse et al., 2017).
MUC2 is the most abundant mucin protein in the intestine and their
abnormal expression may lead to deleterious effects (Lee et al., 2015;
Tadesse et al., 2017). For example, toxic substances (bisphenol A) which
can cause oxidative stress and apoptosis have been reported to reduce
MUC2 expression and eventually lead to intestinal barrier dysfunction
(Lee et al., 2015; Zhao et al., 2019). It has also been reported that
inflammation may induce increased mucus secretion with dysfunctional
viscoelastic properties (Elamin et al., 2014; Cornick et al., 2015). The
Caco-2/HT29-MTX co-culture had the greatest MUC2 expression in the
10
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Fig. 7. HMOX-1 protein production induced by CuO NMs and CuSO4 in in vitro intestinal models of varied complexity. Cells were exposed to cell culture medium
(control, 0), 1 mM H2O2, CuO NMs or CuSO4 at concentrations of 6.34 or 12.68 Cu μg/cm2 for 24 h. HMOX-1 production was assessed in cell lysate of undiffer
entiated Caco-2 cells (A), differentiated Caco-2 cells (B), Caco-2/HT29-MTX (C) and Caco-2/Raji B (D) co-cultures. Data are expressed as mean HMOX-1 concen
tration in pg/ml ± SEM. Significance is indicated by * P < 0.05 compared to the negative control (0). (n = 3).

control group reflecting the presence of the mucus secreting cell line.
This suggests that Caco-2/HT29-MTX co-culture may be preferred when
impact of mucus on NMs uptake and translocation is being investigated.
MUC2 was also upregulated in a concentration and time dependent
manner from 4 to 12 h and decreased at 24 h post exposure to CuO NMs
and CuSO4 in undifferentiated Caco-2 cells. However, undifferentiated
Caco-2 cells had the greatest expression at 12 h which decreased at 24 h
after exposure to CuO NMs and CuSO4. The increased expression of
MUC2 following exposure to CuO NMs and CuSO4 suggests that the cells
could have upregulated mechanisms to protect themselves against toxic
substances via the production of mucus. When the cells ability to protect
themselves are supressed by the toxicants, apoptosis will set in followed
by reduction in MUC2 expression, as was observed in undifferentiated
Caco-2 cells (the most sensitive model). MUC2 expression has not been
previously investigated for Caco-2 cell responses to NMs, although it has
been investigated for other chemicals/pathogens (Azzam et al., 2011;
Elamin et al., 2014; Cobo et al., 2015; Zhao et al., 2019). Dorier et al.
(2019) reported that exposure of various TiO2 (E171 (119 nm) A12 (12
nm) and P25 (21 nm)) to Caco-2/HT29-MTX co-culture did not upre
gulate MUC2 gene expression. This could be attributed to the relatively
low toxicity of TiO2 NMs compared to CuO NMs, which was supported
by the inability of TiO2 NMs to affect intestinal barrier integrity (Dorier
et al., 2019) and cell viability (Dorier et al., 2017). The results from this
study suggest that MUC2 expression could be assessed more routinely
when investigating NM toxicity to Caco-2 cells.

Tsuji et al., 2009; Chang et al., 2009). Although, CuO NMs did not cause
an increase in ROS production in all the cell models, HMOX-1 increased
significantly compared to the control in all the in vitro intestinal cell
models following exposure to CuO NMs and CuSO4. An increase in the
level of HMOX1 gene expression was also observed in this study in all in
vitro intestinal models (Section 4.2). Previously, increase in HMOX 1 by
CuO NMs but not TiO2 NMs was observed in a mouse macrophage cell
line (Triboulet et al., 2015). Intracellular HMOX-1 has not been studied
after exposure of CuO NMs to in vitro intestinal models. However, this
suggests that intracellular HMOX-1 protein may be a suitable marker for
assessment of NM toxicity in the intestine in vitro.
5. Conclusion
In this study exposure of all intestinal in vitro models tested to CuO
NMs and CuSO4 demonstrated a time and concentration dependent
upregulation of HMOX1, IL8, MT1A, MT2A and MUC2 genes. CuO NMs
and CuSO4 also increased HMOX-1 and IL-8 protein in all in vitro models,
which suggests that assessment of gene expression in these models
exposed to NMs are likely useful to predict changes in protein levels.
CuO NMs and CuSO4 exhibited ROS production in acellular conditions
whereas only CuSO4 mediated ROS production in all four in vitro models.
In general, the degree of responsiveness, from highest to lowest was
ranked: undifferentiated Caco-2 cells > differentiated Caco-2 cells >
Caco-2/Raji B co-culture > Caco-2/HT29-MTX co-culture. The only
exception was for MT1A gene expression, where the undifferentiated
model was not responsive. This data therefore supports the use of un
differentiated Caco-2 cells for quick assessment of differential toxicity of
panel NMs. However, they may be oversensitive for many NMs and
endpoints, and so for a more accurate representation of the intestine in
vivo, we recommended that co-culture models are prioritised. To select a
suitable in vitro model for NM studies, considerations of the intended use

4.3. Intracellular HMOX-1 protein level
HMOX-1 is an antioxidant enzyme known to play an important role
in protection and preservation of GI tract mucosa from acute and chronic
inflammation (Zhu et al., 2011). HMOX-1 has the capability of regu
lating stress caused by hypoxia, ROS and heat shock (Cooper et al., 2009;
11
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and/or application of the study are therefore essential (Kämpfer et al.,
2020).
The results of this study also suggest a 4 and 12 h exposure of
differentiated Caco-2 cells, Caco-2/Raji B and Caco-2/HT29-MTX cocultures to NMs is suitable when studying toxicity via changes in HMOXI,
1 L8 and MT2A expression. While for MT1A and MUC2, 12 h exposure is
needed, as this is when a visible increase in response occurred. Although
CuO NMs induced HMOX1 and MT2A up regulation, ROS production
was not observed in cellular condition at 2 h post exposure in all the in
vitro models. Therefore, the mechanism of CuO NMs may involve
excessive binding of Cu ion to the metallothionein thiol group leading to
increased expression of metallothionein gene. Future studies could
include antioxidants to assess the role of ROS in this mechanism. In
addition, expression of a wider variety of genes such as catalase,
glutathione peroxidase, superoxide dismutase, apoptosis genes (cas
pases 3 and 7) may help to further elucidate the mechanism of CuO NM
toxicity. Future studies (e.g. https://www.patrols-h2020.eu/) will
investigate the toxicity of NMs using triple culture (consisting of
epithelial, mucus secreting and immune cells) as well as their applica
bility for long term studies.
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