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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo A novel 3D Atlantic salmon co-culture model was developed using primary hepatocytes and kidney epithelial

cells isolated from the same fish. Mono and co-cultures of primary hepatocytes and kidney epithelial cells were

Keywords: exposed for 48 h to glyphosate (5, 50 and 500 pM). For comparison, cells were also exposed to chlorpyrifos,
Co-culture benzo(a)pyrene and cadmium. Cell staining, cell viability assessments, RT-qPCR and global metabolomic
;?naewccyetﬁ: profiling were used to examine the toxicological effects on liver and renal function and to compare responses in
3D Y 3D and 2D cultures. The 3D hepatocyte cell culture was considered superior to the 2D culture due to the ATP
Atlantic salmon binding cassette subfamily B member 1 (Abcb1) response and was thus used further in co-culture with kidney
Glyphosate cells. Metabolomic analysis of co-cultured cells showed that glyphosate exposure (500 pM) altered lipid meta-

bolism in both hepatocytes and kidney cells. Elevated levels of several types of PUFAs and long-chain fatty acids
were observed in exposed hepatocytes, owing to increased uptake and phospholipid remodelling. Glyphosate
suppressed the expression of estrogen receptor 1 (Esr1) and vitellogenin (Vtg) and altered histidine metabolism in
exposed hepatocytes. Increased levels of cholesterol and downregulation of clusterin (Clu) suggest that glyph-
osate treatment affected membrane stability in Atlantic salmon kidney cells. This study demonstrates the use-
fulness of applying 3D co-culture models in risk assessment.

monocultures (Holen et al., 2014). To replace in vitro models currently in
use in toxicology research, new models must be further refined. The
sensitivity and relevance of in vitro cell models can be improved even
more by using three-dimensional (3D) co-cultures. Due to their in
vivo-like responses, 3D co-cultures have become more commonly used in
pharmaceutical and chemical research (Huh et al., 2011). Culturing cells
isolated from vital organs with 3D scaffolds, creates cell-culture micro-

1. Introduction

Primary cell cultures are valuable tools in risk assessment of con-
taminants, since the primary cells retain the basic characteristic of the
tissue from which they originate and thus respond in a tissue-like fashion
(Segner and Braunbeck, 2003; Sgfteland et al., 2011). By applying in

vitro assays, contaminant toxicity can be analysed faster and more
cost-efficient than with in vivo models (Stegeman and Hahn, 1994; Sung
et al., 2013). The downside of two-dimensional (2D) mono cell cultures
is that they may not account for cell-to-cell transfer or inter-tissue dis-
tribution of contaminants (Fent, 2001; Bhogal et al., 2005) as well as
lacking the essential interplay with the endocrine and the immune sys-
tems (Edling et al., 2009) and other organs which occur in vivo. The
development of 2D co-culture models increase the sensitivity of the
system by including communication between different cell types (Edling
et al., 2009; Holen et al., 2014) and by recreating intracellular networks
in vitro (Bhogal et al., 2005). The development of Atlantic salmon pri-
mary co-cultures from hepatocytes and head kidney cells improved the
responsivnes of the cells compared to both liver and head kidney
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enviroments that both supports tissue differentiation and recapitulate
the tissue-tissue interfaces and microenvironments of living organs (Huh
et al., 2011; Breslin and Lorraine O’Driscoll, 2013).

One or more organs are involved in metabolisation of contaminants.
In certain cases, contaminants can be bioactivated and metabolites can
travel to and cause toxic effects in remote organs (Li and Chiang, 2009).
Even if the liver is the primary target organ for many contaminants, the
kidney is also a frequent target organ for contaminants. Kidney epithe-
lial cells, which have proximal tubule function and is the most common
site of contaminant injury (Taub, 2005), are often applied in toxicity
assessments. These cells predominantly express all cytochrome P450
(CYP) and b-lyase enzymes in the kidney (Schnellmann, 2008). A
method for isolation of primary kidney epithelial have been develop for

Received 20 October 2021; Received in revised form 5 April 2022; Accepted 9 April 2022

Available online 14 April 2022

0278-6915/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Liv.Softeland@hi.no
www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2022.113012
https://doi.org/10.1016/j.fct.2022.113012
https://doi.org/10.1016/j.fct.2022.113012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2022.113012&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Sgfteland and P.A. Olsvik

Food and Chemical Toxicology 164 (2022) 113012

Abbreviations

ABCB1  ATP binding cassette subfamily B member 1
ALPL Alkaline phosphatase liver/bone/kidney isozyme
ANOVA Analysis of variance

CPT2 Carnitine o-palmitoyltransferase 2

CYP Cytochrome P450

CYP1Al Cytochrome P450 family 1 subfamily A member 1
CI Cell index

CLU Clusterin

cDNA  Complementary DNA

CAR Constitutive androstane receptor

CT Crossing point

CD324  E-cadherin

EPSP 5-enolpyruvylshikimate-3-phosphate synthase
DHA Docosahexaenoate

DPA Docosapentaenoate

EPA Eicosapentaenoate

EF1AB  Elongation factor 1 AB

ESI Electrospray ionization

ENO1 Enolase 1

ESR1 Estrogen receptor 1

EDTA  Ethylenediaminetetraacetic acid

FDR False discovery rate

FABP3  Fatty acid binding protein 3

FC Fold-change

FT-ICR Fourier transform ion cyclotron resonance
GC-MS Gas chromatography-mass spectrometry
GMO Genetically modified organisms

HO Heme oxygenase 1

HMDB  Human metabolome database
H>0- Hydrogen peroxide

IPA Ingenuity pathway analysis
CD29 Integrin beta-1

HAVCR1 Kidney injury molecule 1

L-15 Leibovitz

LIT Linear ion-trap

LC/MS/MS Liquid chromatography with tandem mass spectrometry

LPLAT Lysophospholipid acyltransferase

MRL Maximum residue level

MNE Mean normalized expression

MTT 3-[4,5-domethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide

NTC No-template control

NAC No-amplification control

NCI Normalized CI

PPARa  Peroxisome proliferator-activated receptor o

PBS Phosphate buffered saline

PLA, Phospholipase A

PUFA Polyunsaturated fatty acid

RXR Retinoid X receptor
RT-qPCR Reverse transcription quantitative real-time PCR

ROS Reactive oxygen species

RIN RNA integrity number

RT Reverse transcription

SREBF2 Sterol regulatory element binding transcription factor 2
3D Three-dimensional

2D Two-dimensional

UBA52  Ubiquitin A-52 residue ribosomal protein fusion product 1

VTG Vitellogenin

flounder (Bols and Lee, 1991), however, an equivalent method for
Atlantic salmon has not been established. In previous exposure studies
with Atlantic salmon hepatocytes, we have shown low inducibility of
cypla in monocultures (Olsvik et al., 2017; Olsvik and Sgfteland, 2020).
However, using co-culture of primary kidney epithelial cells and hepa-
tocytes showed that monooxygenase activity was systematically higher
in co-cultures than in conventional hepatocyte cultures (Donato et al.,
1994).

Increased use of plant feed ingredients introduces a new contaminant
profile that has not previously been associated with farming of salmo-
nids. Glyphosate is a broad-spectrum herbicide and [N-(phosphono-
methyl) glycine] is the active ingredient of the end-product Roundup.
This widely utilized pesticide is used in large quantities all over the
world on GMO (genetically modified organisms) crops and non-GMO
crops (Benbrook, 2016) and was recently detected in commercial
salmon feed (@rnsrud et al., 2020). The glyphosate detected in Norwe-
gian salmon feed originates from non-GMO sources since GMO feed
ingredients is not allowed in Norway (Norwegian food safety authority,
2022). Glyphosate was for the first time included in the Norwegian feed
surveillance in 2016. In 2020, 36 of 40 salmon feed (mean 0.07 mg/kg,
or 0.41 pM), 7 of 19 vegetable feed ingredients (mean 0.33 mg/kg, or
1.95 pM) and three of four insect meal samples (mean 0.03 mg/kg, or
0.17 pM) analysed contained glyphosate (Sele et al., 2021). Today a
Maximum residue level (MRL) for glyphosate is still lacking for fish feed
and feed ingredients’ (¢rnsrud et al.,, 2020). Increasing number of
glyphosate toxicity studies suggest that glyphosate may constitute a risk
for farmed Atlantic salmon since renal and hepatic impairment have
been detected in exposed fish (Langiano and Martinez, 2008; Shiogiri
et al., 2012). Further, disturbed steroidogenic biosynthesis pathway,
oxidative stress and reproductive toxicity have been linked to glypho-
sate exposure in zebrafish (Danio rerio) (Webster et al., 2014). In ver-
tebrates, cytotoxicity and genotoxic effects have been detected after

glyphosate exposure (Gill et al., 2018). The physiological implications
and possible health effects posed by glyphosate to Atlantic salmon are
not fully known.

The aim of the study was to develop a method to isolate primary
kidney epithelial cells and to use these 2D kidney epithelial cells in a co-
culture with 3D primary hepatocytes from Atlantic salmon. To validate
the usefulness of the 3D co-culture model, the toxicological effects of
glyphosate was assessed with cell staining, cell viability and oxidative
stress assays in addition to reverse transcription quantitative real-time
PCR (RT-qPCR) evaluation and metabolomics profiling. In addition,
three toxicants with known in vitro toxicity in Atlantic salmon; chlor-
pyrifos, benzo(a)pyrene and cadmium, were included to obtain a more
thorough evaluation of the novel primary co-culture model.

2. Materials and methods
2.1. Chemicals

Benzo(a)pyrene (96% pure), chlorpyrifos (O,0-diethyl-O-3,5,6-tri-
chlor-2-pyridyl phosphorothioate PESTANAL®, analytical standard),
glyphosate (PESTANAL®, analytical standard) and dimethyl sulfoxide
stock solution were all purchased from Sigma-Aldrich (Oslo, Norway)
and cadmium (CdCl,) was purchased from Merck (Darmstadt,
Germany).

2.2. Isolation of primary cultures of hepatocytes

Hepatocytes were isolated from six male Atlantic salmon (415-715
g) with a two-step perfusion method previously described in Se¢fteland
et al. (2009). Fish handling was approved by the Norwegian Animal
Research Authority (FOTS ID, 19351). The final cell pellet was resus-
pended in L-15 medium (without phenol red) containing 10% fetal
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bovine serum (Sigma Aldrich), 1% glutamax (Invitrogen, Norway) and
1% penicillin-streptomycin-amphotericin (10000 units/ml potassium
penicillin, 10000 pg/ml streptomycin sulphate and 25 pg/ml ampho-
tericin B) (Lonzo, Medprobe, Oslo, Norway). The Trypan Blue exclusion
method, performed in accordance with the manufacturer’s protocol
(Lonzo, Medprobe, Oslo, Norway), was used to determine cell viability.
The different cell suspensions used in this study had hepatocyte cell
viability between 93 and 97%. The hepatocytes were plated on 2 jig/cm?
laminin (Sigma-Aldrich, Oslo, Norway) coated 3D Alvetex Scaffolds
(200 pm cross-linked polystyrene membranes, 42 pm mean void size,
Reprocell, Glasgow, United Kingdom) in 12 well culture plates (Falcon,
Corning, VWR, Bergen, Norway) and 2 pg/cm? laminin (Sigma-Aldrich)
coated 2D 12 well culture plates. The following cell concentrations were
used; 2.9 x 10° cells per well in 12-well plates (2D and 3D cells in 2 and
2.5 ml complete L-15 (Leibovitz) medium respectively), 0.2 x 10° cells
per well in xCELLigence 96-well plates (in 0.150 ml complete L-15
medium), 3D 96-well plates with Alvetex Scaffolds (in 0.150 ml com-
plete L-15 medium) and 2D 96-well plates in 0.2 ml complete L-15
medium.

2.3. Isolation of primary cultures of kidney cells

2.3.1. Isolation of primary cultures of kidney cells using Percoll density-
gradients

The kidney cell isolation method is based on the Atlantic salmon
primary hepatocyte isolation method described by S¢fteland et al.
(2009) and the protocol of Lash (1996) for isolation of primary rat
kidney epithelial renal proximal tubular and distal tubular cells (Fischer
344 rats).

After the isolation of the primary hepatocytes, the intestine, swim
bladder and the exterior kidney membrane were removed. A spoon was
used to remove the kidney from the fish and transferred to a petri dish
filled with collagenase VIII (1 mg/ml, same solution as used for the
hepatocyte isolation) (Sigma—-Aldrich). The kidney was cut into small
pieces with a scalpel and transferred to a bottle containing 100 ml
collagenase VIII (1 mg/ml). The kidney cells were gently shaken for 7
min at room temperature. Subsequently, the cell suspensions were
filtered through 200 and 100 pm nylon gauze cell filters and divided into
four 50 ml centrifugations tubes. 25 ml perfusion buffer with EDTA
(25.3 mM ethylenediaminetetraacetic acid, Sigma-Aldrich), same buffer
as used in the isolation of the hepatocytes, was added to each tube. The
cells were collected by centrifugation (150xg for 5 min, 4 °C). The su-
pernatant was decanted, and the cell pellet resuspended in 15 ml
perfusion buffer with EDTA. A Percoll density-gradient centrifugation
was used for purification of the kidney cells. Four 50 ml centrifugation
tubes were prepared (1.016 g/ml, 1.047 g/ml, 1.057 g/ml, 1.076 g/ml
and 1.120 g/ml, 5 ml per gradient) and 15 ml cell suspension were
carefully applied on the top of each gradient. The cells were collected by
centrifugation (800xg for 30 min, 4 °C). Cells were collected from the
gradients: 1.016 g/ml, 1.047 g/ml, 1.057 g/ml, and 1.076 g/ml. Cells
were resuspended in 40 ml of perfusion buffer with EDTA and cells were
collected by centrifugation (500xg for 5 min, 4 °C). The cells were
resuspended a second time in 40 ml perfusion buffer with EDTA and
collected by centrifugation (150 xg for 5 min, 4 °C). The supernatant was
decanted, and the cell pellet resuspended in complete L-15 medium. The
viability of the kidney cells was determined with the Trypan Blue
exclusion method and kidney cells cell viability varied between 87 and
99%. 0.5 x 10° cells (in 0.5 ml complete L-15 medium) were plated on
laminin (2 pg/cmz; Sigma-Aldrich) coated 12 well cell inserts (Falcon,
Corning, VWR) and 0.1 x 10° cells (in 0.05 ml complete L-15 medium)
were plated on laminin (2 pg/cm? Sigma-Aldrich) coated 96 well cell
inserts (ACEA Biosciences, Inc., Aarhus, Denmark) for the xCELLigence
and the 3D 96 well plates. The primary hepatocyte and kidney cells were
kept at 10 °C in a sterile incubator without additional O,/CO5 (Sanyo,
CFC FREE, Etten Leur, Netherland).

Food and Chemical Toxicology 164 (2022) 113012

2.3.2. Isolation of kidney cells using Ficoll density-gradients

To compare cell yield, kidney cells were isolated as described in
2.3.1, however a Ficoll density-gradient centrifugation was performed
instead of a Percoll density-gradient centrifugation to purify the kidney
cells. The kidney cell purification method was performed according to
the Ficoll manufacture’s protocol (GE Healthcare, Oslo, Norway).

2.4. Cell staining

24 h after isolation the kidney cells were stained with hematoxylin
and neutral red.

2.4.1. Hematoxylin cell staining

Hematoxylin has a blue-purple color and the nucleic acids are
stained by a complex reaction which leads to that the nuclei is stained
blue (Fischer et al., 2008). Unexposed primary kidney cells were plated
onto 8-well chamber slides (Lab-tek, Nunc, Rochester, USA). The he-
matoxylin staining was performed according to the Steatosis Colori-
metric Assay Kit (Cayman Chemical, Ann Arbor, USA) manufacturer’s
protocol. The stained cells were sealed onto the slides with a coverslip
and one drop of Gel Mount Aqueous Mounting Medium (Sigma—Aldrich)
and evaluated under Bright-field using an inverted microscope (Axiovert
40 CFL with an Axiocam ICc3 camera and Axiovision Rel. 4.8 micro-
scopy software, Zeizz, Oslo, Norway) under 40x magnification.

2.4.2. Neutral red cell staining

The neutral red cell staining gives a quantitative assessment of cells
viability. The method is based on that the neutral red dye is incorporated
into lysosomes of viable cells (Repetto et al., 2008). Unexposed 3D
primary hepatocytes on Alvetex Scaffold disc and 2D primary kidney
cells on well inserts were washed with phosphate buffered saline (PBS)
and stained for 5 min at room temperature with neutral red 0.33% so-
lution (Sigma-Aldrich), diluted 1:1 with PBS, according to Alvetex
Scaffold’s protocol (Reprocell). The cultures were washed 3 times with
4 ml PBS for 5 min on a platform shaker (100 rpm). After removing the
last PBS wash, Alvetex Scaffold discs and 2D inserts were separated from
their holders, placed on microscope glass slides with 150 pL PBS and
glass coverslips. The stained cells were photographed with brightfield
illumination using an inverted microscope (Axiovert 40 CFL with an
Axiocam ICc3 camera and Axiovision Rel. 4.8 microscopy software,
Zeizz) under 10x and 40x magnification.

2.5. Chemical exposure

The primary cells were cultured for 36-40 h prior to chemical
exposure with one change of medium (containing 10% FBS) after 18-20
h. The cells were exposed for 48 h to single contaminants to establish
dose-response curves for glyphosate (5, 50 and 500 pM, liver and kidney
cells from six fish, N = 6), chlorpyrifos (1 and 10 uM, N = 3), benzo(a)
pyrene (0.1 and 1 pM, N = 3) and cadmium (10 pM, N = 3). The con-
centrations used of chlorpyrifos, benzo(a)pyrene and cadmium were
selected based on earlier in vitro toxicity assessments (Softeland et al.,
2014: Spfteland et al., 2010; Olsvik et al., 2016). The 2D hepatocytes and
3D hepatocytes co-cultured with 2D kidney cells were isolated from
three or six fish, and the hepatocytes co-cultured with 2D kidney cells
were isolated from the same fish. The chemical exposure medium was
substituted with new medium after 18-20 h. The toxicological cellular
response was analysed using cytotoxicity, ROS-Glo™ H30, Assay, qPCR
and metabolomics.

2.6. Cytotoxicity testing of chemicals

2.6.1. xCELLigence

For the cytotoxicity assessment of contaminants, real time imped-
ance data obtained by the xCELLigence systems (ACEA Biosciences, AH
diagnostics AS, Oslo, Norway) was used. The xCELLigence system
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Table 1

PCR primers, GenBank accession numbers, amplicon sizes and PCR efficiencies.
Gene Accession no. Forward primer (5'-3") Reverse primer (5'-3") Product size (bp) Efficiency
Cypla AF364076 TGGAGATCTTCCGGCACTCT CAGGTGTCCTTGGGAATGGA 101 2.0/2.1
Abcb1 AY863423 AGCAGTGGCTGTGGGAAGAG CCCTCAGCCAATGGATGTTC 121 2.2
Abccl EG908489 TGGCAGTCTGAGGATGAACCT CGGCTGGTTGCTGACAAACT 106 2.0
Abcc3 GQ888533 TCTGGAACTGTCCCACCTCAA CTGGCCCACACTGAGGTTCT 97 2.0
Srebf2 XM_014203734 CTGTCTGGCAACTGGCTCAA CTCCCCATTGCTGCTGCTT 105 2.1
Sc5d XM_029690808 CCCTCTGCACAAGGTGCTTT CCCGTTGACCACCTCCTGTA 115 1.9
Fabp3 BT125322 CCGCCGACGACAGAAAAA TTTTGCACAAGGTTGCCATTT 61 1.9
Cpt2 BG934647 TGCTCAGCTAGCGTTCCATATG AGTGCTGCAGGACTCGTATGTG 49 2.2
Enol NM_001139894 ATCCAGGTGGTGGGTGATGA CGGAGCCGATCTGGTTGA 112 2.0
Ho BG936101 AGCAGATTAAAGCTGTAACCAAGGA GCCAGCATCAGCTCAGTGTTC 64 1.8/1.9/2.0
Clu NM_001173637 ATGATGGACATGGCCTGGAA CCGGAAGGCTTTGTCACAAC 128 2.0/1.9
Havcrl XM_014136749 ACAACGTCGGAGAGGGAGACT TGCGTCAGGTCGTTGAACAG 76 1.9/2.0
Esrl XM_014205564 GGTCTCCCCAGCCAGTCATA TGGAGGTGATGCAGAGCTTCT 112 2.1
vtg CO065R146 GACTTCGCCATCAGCCTTTC GCCACGGTCTCCAAGAAGTCT 110 2.1
Cd324 XM_014175509 CCGTAATGACATCGCTCCAA TCGTTGTCAGCTGCCTTCAG 111 2.0
Cd29 XM_014180509 CTCGTTGGTGCTGCACTCA ACAACGGCAACGGGACATAT 86 2.1
Alpl XM_014133549 GGCCCAGCGTACTTTGAAGA CTGCCGTCACTGTGGGAAT 113 2.0
Eflab AF321836 TGCCCCTCCAGGATGTCTAC CACGGCCCACAGGTACT 59 1.9/2.0
Uba52 GO050814 TCAAGGCCAAGATCCAGGAT CGCAGCACAAGATGCAGAGT 139 1.8/1.9
p-actin BG933897 CCAAAGCCAACAGGGAGAA AGGGACAACACTGCCTGGAT 92 1.9/2.0

quantifies electrical impedance across electrodes in 96-well cell culture
E-Plates. The impedance measurement gives quantitative information
about the cells’ health status including morphology, cell number and
viability and is indicated with the parameter Cell index (CI) or the
normalized CI (NCI). The xCELLigence instrument was used to establish
dose-response relationship for the contaminants in exposed 2D primary
hepatocytes co-cultured with 2D kidney cells. The real time cell moni-
toring was conducted at 10 °C in an incubator without additional Oy/
CO4 (Sanyo, CFC FREE, Etten Leur, Netherland), using the RTCA single
plate xCELLigence platform. The data was collected according to
Softeland et al. (2014). Briefly, the data was collected with intervals of 2
min after contaminant exposure for 12 h, and then every 15 min for 120
h. The last time point before compound exposure was used for the
normalization, allowing a more precise comparison of the effect of the
different contaminant concentrations tested. The CI values presented
here were calculated from three to six replicate values. Determination of
cytotoxic effects were done according to the International standardised
test for in vitro cytotoxicity, ISO 10993-5:2009 (ISO, 2009). Contami-
nants will be deemed cytotoxic when cells viability exceeds 30%
reduction compared to the control. Primary hepatocytes isolated from
three or six fish were used for the xCELLigence analysis (N = 3 and N =
6).

2.6.2. MTT

A MTT-based (3-[4,5-domethylthiazol-2-yl]-2,5-diphenyl tetrazo-
lium bromide) in vitro toxicity assay was performed in accordance with
the manufacturer’s protocols (Sigma-Aldrich). The MTT test is based on
spectrophotometric determination of cell number as a function of
mitochondrial activity in living cells. The MTT solution was dissolved in
PBS. The absorbance was measured after 4 h incubation at 570 nm using
VICTOR X5 Multilabel Plate Reader (PerkinElmer, Oslo, Norway). 2D
primary hepatocytes and 3D hepatocytes co-cultured with kidney cells
and 2 D kidney cells isolated from three or six fish were used for the MTT
analysis (N = 3 and N = 6).

2.7. ROS-Glo™ H30; Assay

The ROS-Glo™ H,0, Assay is a sensitive bioluminescent assay that
assess oxidative stress or reactive oxygen species (ROS), by evaluating
the level of hydrogen peroxide (H205) in the cell cultures. Samples are
incubated with a luciferin substrate that reacts directly with H20: to
produce a luciferin precursor. The precursor converts to luciferin and
provides Ultra-Glo™ Recombinant Luciferase when ROS-Glo™ Detec-
tion Solution are added and the level of H202 in samples are proportional

to the light signal produced (Promega, Oslo Norway). The ROS-Glo™
H,0, Assay was performed according to the manufacturer’s procedures
and quantified using the VICTOR X5 Multilabel Plate Reader (Perki-
nElmer, Oslo, Norway). 2D hepatocytes co-cultured with 2D kidney cells
from three or six fish were used for the analysis (n = 3 and n = 6).

2.8. RNA extraction and reverse transcription quantitative real-time PCR

2.8.1. RNA extraction

The RNeasy Plus mini kit (Qiagen, Crawley, UK) was used to extract
total RNA from the primary kidney cells and 2D primary hepatocytes
according to the manufacturer’s protocol. The RNeasy Plus mini kit
(Qiagen, Crawley, UK) was also used to extract total RNA from the 3D
hepatocytes, however the RNA extraction was performed according to
Alvetex Scaffold’s protocol (Reprocell). In short cells were washed with
PBS and lysed by adding 600 pl Qiagen RNeasy Plus mini kit lysis buffer
RLT per well and placed for 10 min on a rotating platform (100 rpm) at
room temperature. The lysate was homogenized 10 times with a 20-
gauge needle. 600 pl 70% ethanol was added to the homogenized
lysate. A pipette was used to mix the sample 10 times before transfer to a
collection tube and stored at —80 °C. Samples were thawed and trans-
ferred to RNeasy® spin column. A DNase digestion on-column was
performed before finalizing the RNeasy Plus mini kit protocol. RNA was
eluted in 30 pl RNase-free MilliQ H20. The RNA quantity and quality
were assessed with the NanoDrop® ND-1000 UV-Vis Spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE, USA) and the Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) pursuant
to the manufacturer’s instructions. The integrity of the RNA was eval-
uated with the RNA 6000 Nano LabChip® kit (Agilent Technologies).
The samples used in this experiment had 260/280 nm absorbance ratios
and a 260/230 nm ratios above 2 and RNA integrity number (RIN)
values above 9, which indicate pure RNA and intact samples (Schroeder
et al., 2006).

2.8.2. Whole transcriptome amplification

Due to weak attachment of the kidney cells to the cell plates and lack
of a commercial 3D scaffold that works at 10 °C, a QuantiTect Whole
Transciptome kit (Qiagen, Crawley, UK) was used to amplify RNA from
the primary kidney cells and was performed according to the manu-
facturer’s protocol.

2.8.3. Reverse transcription quantitative real-time PCR
The transcriptional levels of selected target genes were quantified
with a two-step reverse transcription quantitative real-time PCR (RT-
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qPCR) protocol. A serial dilution curve of total RNA with six points in
triplicates between 1000 and 31 ng were made for PCR efficiency cal-
culations. 500 ng of total RNA was added to the reaction for each
sample, and reverse transcription (RT) reactions were run in duplicates
using 96-well reaction plates. No-template control (ntc) and no-
amplification control (nac) reactions were run for quality assessment
for every gene assay. The 50 pl RT reactions were performed at 48 °C for
60 min utilizing a GeneAmp PCR 9700 thermocycler (Applied Bio-
systems, Foster City, CA, USA). Individual RT reactions contained 1X
TagMan RT buffer (10X), 5.5 mM MgCl,, 500 mM dNTP (of each), oligo
dT primers (2.5 pM), 0.4 U/pl RNase inhibitor and 1.67 U/pl Multiscribe
Reverse Transcriptase (Applied Biosystems) and RNase-free water.

For every gene analysed, real-time qPCR was run in 10 pl reactions
on a LightCycler® 480 Real-Time PCR System (Roche Applied Sciences,
Basel, Switzerland) containing 2.0 pl complementary DNA (cDNA,
diluted twofold). The real-time qPCR was carried out in two 384-well
reaction plates using SYBR Green Master Mix (LightCycler 480 SYBR
Green master mix kit, Roche Applied Sciences, Basel, Switzerland)
containing gene-specific primers and FastStart DNA polymerase. PCR
runs were performed with a 5 min activation and denaturing step at
95 °C, followed by 45 cycles with each cycle consisting of a 10 s dena-
turing step at 95 °C, a 10 s annealing step (60 °C) and finally a 10 s
extension step at 72 °C. The primer pairs had an annealing temperature
of 60 °C. See Table 1 for primer sequences, amplicon sizes and GenBank
accession numbers. Final primer concentrations of 500 nM were used.
For confirmation of amplification of gene-specific products, a melting
curve analysis was carried out and the second derivative maximum
method (Tellmann, 2006) was used to determine crossing point (CT)
values using the Lightcycler 480 Software. To calculate the mean
normalized expression (MNE) of the target genes, the geNorm VBA
applet for Microsoft Excel version 3.4 was used to calculate a normali-
zation factor based on three reference genes. By using gene-specific ef-
ficiencies calculated from the standard curves, the CT values are
converted into quantities (Vandesompele et al., 2002). Elongation factor
1 AB (eflab), ubiquitin A-52 residue ribosomal protein fusion product 1
(uba52) and fS-actin were the selected reference genes for this experi-
ment. The reference genes were stable with gene expression stability (M)
values of 0.309. 2D and 3D hepatocytes co-cultured with 2D kidney cells
from three or six fish were used for the analysis (N = 3 and N = 6).

2.9. Metabolomics

2.9.1. Sample preparation

500 pl cell medium was taken from each well to make a pooled
sample for control and 500 pM glyphosate before the cells were har-
vested. Retrieval of cells from Alvetex® Scaffold for the metabolomics
analysis were performed according to Alvetex Scaffold’s protocol
(Reprocell). In short, the well inserts with the kidney cells were trans-
ferred to new exposure plate with 12 wells. The kidney cells and 3D
hepatocytes were washed with PBS. The hepatocytes were incubated
with 1.5 ml 0.25% trypsin for 15 min on a rotating platform (100 rpm) at
room temperature. The kidney cells were incubated for 3 min with 1.5
ml 0.25% trypsin at room temperature. 2 ml complete medium were
used to stop the trypsin reaction. The cell suspension was transferred to
centrifugation tubes and centrifuged at 1000xg for 5 min at 4 °C. The
supernatant was discharged, the cells were dissolved in 2 ml PBS and
wasted a second time at 1000xg for 5 min at 4 °C. Three 12-wells with
cells were pooled. Cells and medium were flash frozen and stored at
—80 °C.

2.9.2. Metabolomic screening

Global metabolite profiles were determined in 12 hepatocytes (3D)
and in 12 kidney (2D) samples, i.e. in 6 controls and 6 exposed to 500 pM
glyphosate per cell type. Sample extraction and metabolite analysis were
performed according to Metabolon’s standard solvent extraction
method and as previously described by Olsvik et al. (2015). In short, the
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sample extracts were divided into two equal parts for gas chromatog-
raphy/mass spectrometry (GC/MS) and liquid chromatography with
tandem mass spectrometry (LC/MS/MS) analysis. The LC/MS platform
was based on a Waters ACQUITY UPLC and a Thermo-Finnigan LTQ
mass spectrometer, which consisted of an electrospray ionization (ESI)
source and linear ion-trap (LIT) mass analyzer. The GC/MS samples
were analysed on a Thermo-Finnigan Trace DSQ fast-scanning single--
quadrupole mass spectrometer using electron impact ionization. Accu-
rate mass determination and MS/MS fragmentation (LC/MS/MS) was
based on Waters ACQUITY UPLC and a Thermo-Finnigan LTQ-FT mass
spectrometer, which had a linear ion-trap (LIT) front end and a fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer backend.
An accurate mass measurement could be performed on parent ion as
well as fragments ions with counts greater than 2 million. Mass error was
typically less than 5 ppm. Instrument variability was 4% for internal
standards and total process variability for endogenous metabolites was
12%. Identification of known chemical entities was based on compari-
son to metabolomic library entries of purified standards. The metab-
olomic screening was conducted by employees at Metabolon. Inc.
(Durham, NC, USA).

2.10. Statistics

The GraphPad Prism 8.3.0 software (GraphPad Software. Inc., San
Diego. CA. USA) was used for statistical analyses of the MTT, xCELLi-
gence, ROS-Glo™ H,0, Assays and gene expression data. The Brown-
Forsythe and Bartlett’s tests were used to check for normality and the
data were log transformed prior to the statistical analysis when required.
The ROUT method was applied to detect outliers. This method uses the
false discovery rate (FDR) and predicts that 1% are false outliers. One-
way analysis of variance (ANOVA) repeated measurement and two-
way ANOVA repeated measurement with Dunnett’s or Tukey’s post-
test and two-tailed T-test analysis were used to compare exposed cells
with the controls (significance level of P < 0.05).

Pathways enrichment analysis was done by annotation with the
KEGG database (blastx E105) to calculate differential metabolite
expression. Following normalization to dsDNA concentration, log
transformation, Welch’s two-sample t-tests were used to identify bio-
chemicals/metabolites that differed significantly between the experi-
mental groups (P < 0.05). Missing values from the metabolite screening
were assumed to be below the limits of detection and these values were
imputed with the compound minimum (minimum value imputation).
Correction for multiple testing was done with FDR using q-values (P-adj)
(Benjamini and Hochberg, 1995). Statistical analyses of the
log-transformed data were performed with the program “R” (The
Comprehensive R Archive Network). Due to limited sample amount,
only DNA levels were quantified for kidney cells. Because protein and
DNA levels measured in hepatocytes showed very good correlation (r =
0.91), and similar trends were observed between protein- and
DNA-normalized datasets, the metabolite data were normalized to DNA
for both liver and kidney cells.

Functional pathway analyses were generated through the use of
QIAGEN’s Ingenuity pathway analysis (IPA®, QIAGEN Redwood City,
www.qiagen.com/ingenuity) and were based on metabolite and RT-
gPCR data. IPA used PubChem (a database on biological active mole-
cules) and Human metabolome database (HMDB) and Human gene
symbols (Hugo/HGNC ID, Entrez Gene ID/KEGG) mapped entities.

3. Results
3.1. 2D kidney cells and 3D hepatocytes

To verify that the cell separation techniques isolated kidney epithe-
lial cells, cell yield from different Percoll density gradients (1.016 g/ml,

1.047, 1.057, 1.076, 1.120) and a Ficoll gradient were analysed with
specific qPCR markers for three kidney epithelial cells. Alkaline
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Fig. 1. Transcriptional markers for kidney epithelial cells expressed in different Percoll and Ficoll density gradients (N = 1 and 4). A) Cd29, B) Cd324 and C) Alpl
were used to verify that the cell separation techniques isolated kidney epithelial cells. The analyses showed significant difference between the Ficoll and the Percoll
gradient indicated with an asterisk (one-way ANOVA, Dunnett’s post-test, mean + SEM * P = 0.05).
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Fig. 2. A) Bright-field light microscopy of freshly isolated 2D kidney cells (40X), B) 2D hematoxylin stained renal proximal tubular and distal tubular cells (40X), C)
neutral red stained 2D kidney cells on a Falcon cell insert (0.4 pore size, 40X) and D) 3D primary hepatocytes on an Alvetex scaffold (10X). Cells were isolated from
six male Atlantic salmon (N = 6). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

phosphatase liver/bone/kidney isozyme (Alpl), integrin beta-1 (Cd29),
E-cadherin (Cd324) were all higher expressed in the Percoll gradients
than the Ficoll gradient though the levels were only significantly higher
in the 1.057 Percoll gradient compared to the Ficoll gradient (Fig. 1A
and B and C). Cells from the Percoll gradients 1.016 g/ml, 1.047 g/ml,
1.057 g/ml and 1.076 g/m were combined, and the freshly isolated 2D
kidney cells (Fig. 2A) and cells stained with hematoxylin (Fig. 2B) and
neutral red (Fig. 2C) were evaluated with a bright field light microscopy.
The freshly isolated and the hematoxylin stained cells showed that the
percoll gradient method is isolating mainly renal proximal tubular and
distal tubular cells. In addition, the isolation method was providing
viable cells, as visualised by neutral red staining of the 2D kidney cells
(Fig. 2C). Fig. 2D shows viable neutral red stained 3D hepatocytes on
Alvetex scaffold.

3.2. Cell viability and ROS-Glo™ H20, Assays

To evaluate the toxicological response of the 2D kidney cells, 2D and
3D hepatocytes, the cells were co-cultured and exposed to glyphosate (5,
50 and 500 pM), cadmium (10 pM), chlorpyrifos (1 and 10 pM) and
benzo(a)pyrene (0.1 and 1 pM). The MTT assay, evaluating cells
viability, did not show any significant changes between 2D hepatocytes
and 3D hepatocytes co-cultured with 2D kidney cells compared to the
control groups (Fig. 3A, C, E and G). None of the test substances induced
any significant changes to xCELLigence-assessed cytotoxicity (data not
shown). Chemical-exposed 2D hepatocytes co-cultured with 2D kidney
cells were also evaluated for oxidative stress with the ROS-Glo™ H50,
assay (Fig. 3B, D, F and H). ROS production was only significantly
reduced in cells exposed to 0.1 pM benzo(a)pyrene compared to the
control (Fig. 3H, one-way ANOVA Tukey post-test, P = 0.0298). In
contrast to the MTT results for liver cells, kidney cells responded
differently to glyphosate exposure depending on if they were cultivated
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with 2D or 3D hepatocytes. Cell viability was higher in 3D cultivated
hepatocytes compared to 2D hepatocytes (Fig. 4 A, P = 0.0096, two-way
ANOVA with Tukey post-test).

3.3. Transcriptional responses

3.3.1. Primary Atlantic salmon hepatocytes
Only four of twelve selected target genes significantly regulated
compared to the control when 3D hepatocytes co-cultured with 2D

Benzo(a)pyrene (uM)

kidney cells were treated with glyphosate (Fig. 5A-L). The estrogenic
markers Esr1 (estrogen receptor 1) and vitellogenin (Vtg) showed both a
dose-dependent decreased expression and were significantly down-
regulated in 500 pM (P = 0.0263) and 50 pM (P = 0.0210) and 500 pM
(P = 0.0068) exposed hepatocytes, respectively (one-way ANOVA,
repeated measurement with Dunnett’s post-test). The expression of
transporter Abcbl (ATP binding cassette subfamily B member 1) and
enolase 1 (Enol) were in contrast significantly upregulated in hepato-
cytes treated with the two highest glyphosate concentrations 500 M (P
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Fig. 4. MTT dose-response curves based on absorbance of 570 nm for 2D kidney cells co-cultured with 2D and 3D hepatocytes and exposed to A) glyphosate (N = 6)
B) cadmium (N = 3), C) chlorpyrifos (N = 3) and D) benzo(a)pyrene (N = 3). Significant difference between control and exposed groups are indicated with an asterisk
(two-way ANOVA with Tukey post-test, mean + SEM, **P < 0.01). Cell system factor (CF).

= 0.0321 and P = 0.0017) and 50 pM glyphosate (P = 0.0239).

Similarly, only four of twelve target genes responded significantly in
cadmium exposed 2D hepatocytes and 3D hepatocytes co-cultured with
2D kidney cells compared to control cells (Fig. 6A-L). In 2D hepatocytes
treated with 10 pM cadmium, Esrl and Vitg were both downregulated
(two-way ANOVA repeated measurement, Sidak’s post-test, P = 0.0018
and P = 0.0004, respectively) and cadmium caused a similar down-
regulation response in 3D hepatocytes (P = 0.0047 and P = 0.0004,
respectively). Further, heme oxygenase 1 (Ho) was significantly upre-
gulated in cadmium exposed 2D hepatocytes (P = 0.0066) and 3D he-
patocytes (P = 0.0420). A similar response was observed after cadmium
exposure with the transporter Abcb1 (ATP binding cassette subfamily B
member 1), however Abcb1 was only upregulated in 3D exposed cells (P
= 0.0203). In addition, the basal transcriptional levels of Cyp1A1 (cy-
tochrome P450 family 1 subfamily A member 1, P = 0.0010), Fabp3
(fatty acid binding protein 3, P = 0.0166), Srebf2 (sterol regulatory
element binding transcription factor 2, P = 0.0256), Abcb1 (P = 0.0006),
Abccl (P = 0.0128), Abcc3 (P = 0.0019) and Cpt2 (carnitine o-palmi-
toyltransferase 2, mitochondrial, P = 0.0385), in both control and
cadmium exposed cells, were significantly higher in the 3D hepatocytes
in contrast to the 2D hepatocytes.

In chlorpyrifos and benzo(a)pyrene exposed 2D hepatocytes and 3D
hepatocytes co-cultured with 2D kidney cells, only Cypla was signifi-
cantly upregulated (Fig. 7A-D). Both chemicals induced a dose-
dependent increase in transcription. Cypla were significantly upregu-
lated in 2D and 3D hepatocytes exposed to 0.1 and 1 pM benzo(a)pyrene
(two-way ANOVA repeated measurement with Dunnett’s post-test, P <
0.0001), however, cypla was only upregulated in cells treated with the
highest chlorpyrifos concentration (3D P = 0.0136 and 2D P = 0.0019).
Further, the chlorpyrifos exposure generated a relative higher CypIa and
Ho basal transcription levels in the 3D control and exposed groups
compared to the 2D hepatocyte groups (P = 0.0019 and P = 0.0125,
respectively). The transcription levels of Cypla was also slightly higher
in 3D hepatocytes exposed to benzo(a)pyrene (P = 0.0485).

3.3.2. Primary Atlantic salmon kidney cells
Three target genes related to kidney injury, Ho, clusterin (Clu) and

kidney injury molecule 1 (Havcrl), were quantified in 2D kidney cells
co-cultured with 3D hepatocytes treated with glyphosate, cadmium,
chlorpyrifos and benzo(a)pyrene (Fig. 8A-L). Only Clu was significantly
downregulated in cells exposed to 500 pM glyphosate compared to the
50 pM group (one-way ANOVA with Tukey post-test, P = 0.0410) and
Havcrl was only significantly upregulated in cadmium treated cells
compared to the controls (two-tailed T-test, P = 0.0064). Havcrl showed
a trend to be significantly upregulated in 50 pM glyphosate exposed cells
compared to the control (P < 0.10).

3.4. Metabolomics profiling

Untargeted, global metabolomics was employed to characterize any
alterations in metabolic activity of liver and kidney cells following
glyphosate exposure. The datasets contained a total of 496 biochemicals
with known identity in liver cells and 151 biochemicals in kidney cells.
Following normalization to dsDNA concentration, log transformation
and imputation of missing values, Welch’s two-sample t-tests were used
to identify biochemicals that differed significantly. Thirty-eight bio-
chemicals in liver cells achieved statistical significance (31 increased
and 7 decreased, P < 0.05) and 46 that were approaching significance
(42 increased and 4 decreased, 0.05 < P < 0.10). In kidney cells,
glyphosate exposure produced significant changes in only 3 metabolites
(3 increased and 0 decreased, P < 0.05), while 6 biochemicals showed a
trend toward significance (5 increased and 1 decreased, 0.05 < P < 0.10)
(Table 2).

Several polyunsaturated fatty acids (PUFAs) were significantly (P <
0.05) elevated in hepatocytes exposed to glyphosate, i.e. linoleate
(18:2n6), linolenate 18:3n3, heneicosapentaenoic acid, hex-
adecadienoate (16:2n6), stearidonate (18:4n3), docosapentaenoate (n3
DPA; 22:5n3), dihomo-linolenate (20:3n3), arachidonate (20:4n6) and
docosapentaenoate (n6 DPA; 22:5n6). In addition, eicosapentaenoate
(EPA; 20:5n3), docosahexaenoate (DHA; 22:6n3) and docosatrienoate
(22:3n6) were trending towards being significantly elevated. (0.05 < P
< 0.10) (Fig. 9A and supplementary). The levels of several long-chain
fatty acids were likewise higher in glyphosate exposed hepatocytes
compared to vehicle controls i.e. pentadecanoate (15:0), palmitoleate
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Fig. 5. Transcriptional dose-response relationships for 3D hepatocytes co-cultured with kidney cells exposed to glyphosate. A) Cypla, B) Esrl, C) Vig, D) Fabp3, E)
Srebf2, F) Sc5d5, G) Enol, H) Ho 1) Abcb1, J) Abccl, K) Abce3 and L) Cpt2. Cells were isolated from six male Atlantic salmon (N = 6). Asterisks over bar indicate
statistical differences between control and different exposure groups (one-way ANOVA with Dunnett’s post-test, mean = SEM, **P < 0.01 and * P < 0.05).

(16:1n7) and 10-heptadecenoate (17:1n7) (P < 0.05). The results also
showed a trend that the fatty acids oleate/vaccenate (18:1) and myr-
istate (14:0) were increased 0.05 < P < 0.10) (Fig. 9B and supplemen-
tary). Glyphosate exposure further affected histidine metabolism in the
hepatocytes, with higher levels of imidazole lactate (P < 0.05), slightly
higher histidine levels (P = 0.09), and lower levels of for-
miminoglutamate and hydantoin-5-propionic acid (P < 0.05) in exposed
cells compared to vehicle controls (Fig. 9C and supplementary).

Liver and kidney biochemicals with P < 0.05 and 0.05< P < 0.10,
respectively, were used in the IPA analysis (Table 2). The top molecular
and cellular functions in the IPA analysis that is based on metabolites
and target genes transcripts (Table 3) predicted effect on the lipid
metabolism, molecular transport and small molecule biochemistry in
both liver and kidney cells. In the liver, the top four molecules with
increased concentrations were Abccl (fold-change (FC) 3.64), folic acid
(FC 2.22), (all z)-7,10,13,16,19-docosapentanodic acid (FC 1.69) and
arachidonic acid (FC 1.66), while the top 3 molecules with reduced
levels were maltotriose (FC -2.00), glycerylphosphoinositol (FC -1.89),

and sn-glycerol-3-phosphate (FC -1.82) (Table 4). According to the IPA,
8 individual molecules (Table 4) that were increased in exposed kidney
cells, the top three were propionylcarnitine (FC 8.49), urea (FC 6.17)
and spermidine (FC 3.11). Cholesterol and L-histidine were also elevated
with a FC of 2.66 and 2.02, respectively. Clu was the only molecule that
was decreased (FC-22.63) in glyphosate exposed kidney cells.

The top toxicological pathways in liver cells were glutathione
depletion (based on Cyp induction and reactive metabolites), hepatic
cholestasis, constitutive androstane receptor.

(Car)/retinoid X receptor (Rxr) activation, xenobiotic metabolism
signaling and renal necrosis/cell death. The top toxicological pathways
in kidney cells were protection from hypoxia-induced renal ischemic
injury, renal safety biomarker panel, long-term renal injury anti-
oxidative response panel, positive acute phase response proteins, and
increases cardiac proliferation. Hepatotoxicity pathways affected were
linked to liver damage, liver cholestasis, hepatocellular carcinoma, liver
hyperplasia/hyperproliferation and liver cirrhosis. Nephrotoxicity
pathways afflicted were kidney failure, renal damage, renal
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Fig. 6. Transcriptional dose-response relationships for 2D and 3D hepatocytes co-cultured with kidney cells exposed to cadmium. A) Cypla B) Esr1, C) Vtg, D) Fabp3,
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statistical differences between control and different exposure groups (two-way ANOVA with Tukey post-test, mean + SEM, ***P < 0.001, **P < 0.01 and * P < 0.05).

Cell system factor (CF).

inflammation, renal nephritis, and glomerular injury (Table 3).
4. Discussion

3D co-culture models permit the study of cellular responses,
mimicking organ-specific in vivo cells. However, few advanced Atlantic
salmon co-culture models exist today, primarily due to lack of
commercially available 3D scaffolds that can be used to cultivate cells at
low temperature. 2D primary Atlantic salmon hepatocytes have been
successfully applied in investigations of mode of action of contaminants
(Olsvik et al., 2015, 2017; Sefteland et al., 2009, 2014) and co-cultured
with primary head kidney cells and visceral adipocyte tissue (Holen
et al., 2019) and monocytes (Krgvel et al., 2011). In this work a method

10

for isolation and culturing 2D primary Atlantic salmon kidney epithelial
cells together with 3D hepatocytes was developed. Specific transcrip-
tional markers for kidney epithelial cells (Alpl, Cd29 and Cd324) and
light microscopy of freshly isolated, hematoxylin and neutral red stained
cells confirmed that the established density gradient method was able to
isolate viable proximal tubular and distal tubular cells (Lash, 1996).
Haverl was significantly upregulated in kidney cells exposed to 10 pM
cadmium. HAVCR1 is a protein in the cell membrane with undetermined
function that is not expressed in the healthy kidney, but is upregulated in
case of renal injury like inflammation and fibrosis (van Timmeren et al.,
2007; Vinken et al., 2012). The upregulation of this marker verify that
kidney cells isolated with the new method described in this study are
responsive to chemical exposure.
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To determine if the 2D kidney epithelial cells should be co-cultured
with 2D or 3D hepatocytes, hepatocytes were exposed to chlorpyrifos,
benzo(a)pyrene and cadmium to evaluate well-known toxic responses
produced by the two different cultivation systems. Similar to the find-
ings of Edmondson et al. (2014), no significant cell viability differences
were observed between 2D and 3D cultured Atlantic salmon hepato-
cytes. According to the RT-qPCR analyses, the transcription levels of
effected biomarkers Esrl, Vgt and Ho in cadmium exposed cells and
Cypla in chlorpyrifos and benzo(a)pyrene exposed cells were approxi-
mately the same, though with the 2D hepatocytes being slightly more
sensitive to toxic insult than the 3D cells. The basal transcriptional levels
of several other markers were higher in 3D than 2D cultured hepato-
cytes, which may explain why the 3D cultured hepatocytes were less
sensitive than the 2D cultures. The ABCB1 protein is an ATP-dependent
pump for removal of xenobiotics from cells and are accountable for
reduced accumulation of many xenobiotics (Mahadevan and List, 2004).
The transcriptional level of this transporter was significantly increased
in 3D cultured hepatocytes exposed to cadmium. Mammalian 3D cell
cultures have in many cases been found to be more resilient to drug
therapy than 2D cell cultures. In contrast to 2D cell cultures, 3D cells
retain the expression of e.g. receptors. Differences in the expression level
of receptors and drugs binding efficiency to these receptors between 3D
and 2D cell cultures are mainly caused by structural differences and
discrepancy in positioning of cell surface receptors. 2D monolayer
cultivation are abnormal and stressful for cells causing expression
alteration of some genes and proteins in contrast to 3D cell cultures that
display gene and protein expression profiles that resembles more closely
in vivo condition, with improved prediction of drug responses in vivo
(Edmondson et al., 2014). Thus, the current results obtained with 3D
cultured Atlantic salmon hepatocytes support previous studies. Cells
cultivated on 3D polystyrene scaffolds displayed improved performance
and function compared to 2D cell cultivation during drug and toxico-
logical challenge (Bokhari et al., 2007; Schutte et al., 2011). Conse-
quently, it was decided to use 3D cultured hepatocytes in a co-culture
with 2D cultured kidney epithelial cells in downstream toxicity
assessments.
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For further evaluation of the responsiveness of the 3D hepatocyte-
kidney epithelial co-culture, cells were exposed to the glyphosate, a
herbicide often found enriched in salmon aquafeed. The transcriptional
analysis showed that the multidrug resistance Abcbl transporter was
significantly upregulated in cells exposed to 50 pM and 500 uM glyph-
osate, suggesting that the hepatocytes attempt to alleviate the toxicity
by transporting glyphosate out of the cells. The global metabolomic
analysis showed that non-cytotoxic concentration of glyphosate (500
pM) caused liver and kidney toxicity. In line with these results, water
exposure of the Asian stinging catfish (Heteropneustes fossilis) to suble-
thal doses of glyphosate (17.20 mg/l, or approximately 102 uM) for 30
days triggered enlarged, irreversible damage to the liver, necrosis, and
accumulation of fat and kidney deteriorating effects on glomeruli, distal
and proximal tubule, and the epithelial lining (Samanta et al., 2016).
Similar liver and kidney cell damage and necrosis, non-alcoholic fatty
liver (accumulation of lipids) and inflammation have also been observed
in glyphosate and glyphosate-based herbicides exposed mammals (Gill
et al., 2018; Mesnage et al., 2017a, 2022). In plants, glyphosate induces
toxicity by functioning as an antagonist of 5-enolpyruvylshikimate-3--
phosphate synthase (EPSPS) (Gill et al., 2018) by competing and bind-
ing stronger to phosphoenolpyruvate binding site of the EPSPS enzyme
than phosphoenolpyruvate (Schonbrunn et al., 2001). Phosphoenol-
pyruvate is also an important biochemical in animals where it partici-
pates in the glycolysis and gluconeogenesis (Metabolome Database,
2021). In the glycolysis pathway, phosphoenolpyruvate is produced by
the enzyme ENO1 (Didiasova et al., 2019) and the transcript encoding
ENO1 was significantly upregulated in primary Atlantic salmon hepa-
tocytes exposed to 50 pM glyphosate. In earlier in vivo glyphosate
studies, increased glucose levels (Gill et al., 2018; Li et al., 2016) and
decreased amount of glycogen droplets (Samanta et al., 2016) have been
reported in the liver of fish. The metabolomic analysis in the present
study disclosed dysregulation of lipid metabolism in both liver and
kidney cells after glyphosate exposure. The perturbation pattern of lipid
metabolism in hepatocytes exposed to 500 pM glyphosate suggests a
switch from glycolysis to initiation of gluconeogenesis (Ellingwood and
Cheng, 2018; Tadaishi et al., 2018) which can explain why Enol was only
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Fig. 8. Transcriptional dose-response relationships for 2D kidney cells co-cultured with and 3D hepatocytes exposed to glyphosate (N = 6), cadmium (N = 3),
chlorpyrifos (N = 3) or benzo(a)pyrene (N = 3). A, D, G and J) Clu) B, E, H and K) Havcrl) and C, F, I and L) Ho). Asterisks over bar indicate statistical differences
between control and different exposure groups (one-way ANOVA with Tukey’s post-test and paired T-test, two-tailed, mean + SEM, **P < 0.01 and * P < 0.05).

Table 2

Significantly altered biochemicals in liver and kidney cells exposed to glypho-
sate (500 pM).

Significantly altered biochemicals Liver cells

Glyphosate 500 pM

Kidney cells
Glyphosate 500 M

Total biochemicals P < 0.05 38 3
Biochemicals (1) 31|7 3/0
Total biochemicals 0.05 < P< 0.10 46 6
Biochemicals (1) 42|14 5|1

elevated at 50 pM glyphosate. In support of this, glyphosate reduced the
levels of glycerol 3-phosphate in the hepatocytes which is a chemical
intermediate generated in the glycolysis metabolic pathway that
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previously has been shown to be reduced during fasting (Martins-Santos
et al., 2007). Further, two peroxisome proliferator-activated receptor o
(PPARa) inducers, oleoylethanolamide and palmitoylethanolamide,
were elevated 1.5 and 1.58-fold, respectively, in the hepatocytes. PPARx
encodes a key transcription regulator of liver lipid metabolism. Under
energy shortage, PPAR« stimulates uptake, consumption, and fatty acid
catabolism by transcriptional activation of genes important for binding,
activation and transport of fatty acids and mitochondrial and peroxi-
somal B-oxidation of fatty acids (Kersten et al., 1999). Oleoylethanola-
mide binding to PPARa promotes lipolysis and the production of
glycerol and fatty acids via triglycerides hydrolysation (Duncan et al.,
2007; Gaetani et al., 2008). In a 30-day Roundup trial with brown trout
(Salmo trutta), 10 and 20 mg/] of the glyphosate-containing herbicide

reduced the levels of eicosapentaenoic acid (20:5n3) and
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Fig. 9. Biochemical metabolites affected in Atlantic salmon liver cells and kidney cells exposed to glyphosate: A) Polyunsaturated fatty acids (PUFAs), B) Long-chain
fatty acids and C) Histidine metabolism. Cells were isolated from six male Atlantic salmon (N = 6). Affected metabolites are presented as box plots with median
values and max and min distributions and is based on Welch’s two-sample t-tests (P < 0.05). Extreme data points are indicated with a circle.

docosahexaenoate (22:6n3) due to fatty acids oxidation (Bayir et al.,
2013). Decrease levels of free long-chain fatty acids and PUFAs were
measured in HepaRG human liver cells exposed to 0.06 pM of glypho-
sate, with no effects observed at 6 and 600 pM (Mesnage et al., 2018).
Several types of PUFAs and long-chain fatty acids like pentadecanoate
(15:0), palmitoleate (16:1n7), 10-heptadecenoate (17:1n7), ole-
ate/vaccinate (18:1) were however elevated in the Atlantic salmon he-
patocytes when exposed to the pure glyphosate compound in this study.
There are multiple possibilities to explain higher PUFA and long-chain
fatty acids levels in hepatocytes exposed to glyphosate, including
increased de novo synthesis, increased uptake from media, increased
lipase activity on phospholipids, and decreased fatty acid
beta-oxidation. The PUFAs linolenate (18:3n3) and linoleate (18:2n6),
essential fatty acids that are acquired through the diet, were elevated in
the glyphosate-treated cells, probably reflecting increased uptake from
the media since they cannot be synthesized in animal cells (Tocher,
2003). Other PUFAs, such as stearidonate (18:4n3), docosapentaenoate
(22:5n3), and arachidonate (20:4n6) can be synthesized through the
concerted activity of elongases and desaturases and most of the
measured PUFAs in this study were elevated. Docosahexaenoate, which
is synthesized through beta-oxidation of 24-carbon containing PUFA
(Tocher, 2003), showed a trend toward significance. The elevation of
PUFAs in liver cells in the present study could be consistent with
increased elongase and desaturase activity resulting from glyphosate
treatment. However, lipid synthesis is normally inhibited during star-
vation (Torstensen et al., 2001). Since there were no significant effects
on fatty acid beta oxidation markers e.g. 3-hydroxybutyrate ((Mierziak
et al., 2021), the Cpt2 transcript (Barerro et al., 2003; Torstensen et al.,
2001) or TCA cycle intermediates (Houten and Wanders, 2010), the
increased levels of lipids must therefore be caused by higher rates of
phospholipid hydrolysis. Organophosphate (e.g. chlorpyrifos-methyl
and pirimiphos-methyl) and organochlorine pesticides have previously
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been shown to cause disturbed phospholipid and/or triacylglycerol
synthesis (Berntssen et al., 2021, Sanden et al., 2018; Krgvel et al., 2010;
Glover et al, 2007). In contrast to chlorpyrifos-methyl and
pirimiphos-methyl, which have log Kow of 4.12 and 4.31, respectively
(Berntssen et al., 2021), the log Kow for glyphosate is -3.4 (PubChem
database, 2021) and glyphosate is thus a very hydrophilic compound
(Cumming and Riicker, 2017). Exposure to lipid-soluble pesticides in
vivo have resulted in reduced levels of n-6 PUFAs like arachidonic acid
(20:4n-6) and increased levels of saturated fatty acids like palmitic acid
(16:0) in Atlantic salmon (Berntssen et al., 2021; Sanden et al., 2018).
Both studies explained these effects to be caused by homoviscous
adaption (Levental et al., 2020; Levental and Levental, 2019; Sinensky,
1974), and/or lipid peroxidation (Cengiz et al., 2016; Berntssen et al.,
2021). Since glyphosate is not lipophilic, a more plausible explanation
for the observed lipid stress could be phospholipid remodelling (Lands,
1958; Sanden et al., 2018) caused by enhanced phospholipase A (PLA3)
and reduced lysophospholipid acyltransferase (LPLAT) activity. This
would affect the quantity of membrane phospholipids and increase the
level of lysolipids and free fatty acids. Increases in PUFAs such as
arachidonate (a metabolite of arachidonic acid (PubChem database,
2021)) can impact the production of prostaglandins, leukotrienes and
eicosanoids through the activity of lipoxygenase and cyclooxygenase
enzymes (Tocher, 2003; Astudillo et al., 2019), that consequently cause
inflammation and membrane destruction (Sanden et al., 2018; Astudillo
et al., 2019). Hydrolysis of phospholipids (Play) can also increase the
levels of free eicosapentaenoic acid (20:5n3), docosahexaenoate, doco-
sapentaenoate and 16:1n7 (palmitoleic acid), which where all found
increased in glyphosate exposed hepatocytes, and can prevent the
negative effects of arachidonic acid eicosanoids (Bolsoni-Lopes et al.,
2013; Astudillo et al., 2019). In support of the phospholipid remodelling
theory, cPla; and the levels of arachidonic acid produced eicosanoids
were found significantly increased in kidney of glyphosate exposed mice
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Table 3

Pathways affected in Atlantic salmon liver and kidney cells exposed to glypho-
sate (500 pM). Pathway analysis is based on significantly affected transcripts and
metabolites.

Pathway Liver cells GLY 500 Score/ Kidney cells GLY Score/
analysis uM p- 500 pM p-
value value
Top canonical Histidine 2.60E- Histamine 9.24E-
pathway Degradation VI 07 Biosynthesis 04
tRNA Charging 1.05E- Hypusine 1.54E-
06 Biosynthesis 03
4-hydroxybenzoate 5.60E- Spermine 2.15E-
Biosynthesis 06 Biosynthesis 03
Thiamin Salvage IIT 4.77E- Spermidine 2.15E-
05 Biosynthesis I 03
Phenylalanine 5.82E- Heme 3.38E-
Degradation IV 05 Degradation 03
Top Upstream Afatinib (inhibited) 2.07E- Sodium chloride 1.50E-
Regulators 18 06
Sirolimus (inhibited) 1.05E- Soy isoflavones 4.05E-
10 06
EGFR 1.51E- HP 4.05E-
10 06
SLC22A6 3.36E- Cypermethrin 4.05E-
08 06
N-propyl bromide 4.25E- KDM3A 6.18E-
08 06
Top Molecular Lipid Metabolism 4.41E- Lipid 2.35E-
and Cellular 03 - Metabolism 02 -
Functions 7.71E- 4.47E-
12 06
Molecular Transport 4.41E- Molecular 2.38E-
03 - Transport 02 -
7.71E- 4.47E-
12 06
Small Molecule 4.41E- Small Molecule 2.35E-
Biochemistry 03 - Biochemistry 02 -
7.71E- 4.47E-
12 06
Free Radical 2.88E- Cell Signaling 2.26E-
Scavenging 03 - 02 -
8.27E- 5.57E-
12 06
Cellular Growth and 4.41E- Post- 1.13E-
Proliferation 03 - Translational 02 -
1.62E- Modification 1.10E-
10 05
Top tox Glutathione 3.12E- Protection from 1.23E-
Depletion - CYP 04 Hypoxia- 03
Induction and induced Renal
Reactive Metabolites Ischemic Injury
(Rat)
Hepatic Cholestasis 7.79E- Renal Safety 1.85E-
04 Biomarker Panel 03
(PSTC)
CAR/RXR Activation 1.87E- Long-term Renal ~ 5.53E-
03 Injury Anti- 03
oxidative
Response Panel
(Rat)
Xenobiotic 7.38E- Positive Acute 9.20E-
Metabolism 03 Phase Response 03
Signaling Proteins
Renal Necrosis/Cell 8.81E- Increases 1.50E-
Death 03 Cardiac 02
Proliferation
Hepatotoxicity/ Liver Damage 9.28E- Kidney Failure 5.41E-
Nephrotoxicity 02 - 02 -
6.04E- 1.62E-
05 06
Liver Cholestasis 3.05E- Renal Damage 7.06E-
02 - 03 -
3.68E- 1.70E-
04 05
Hepatocellular 9.88E- Renal 1.16E-
carcinoma 02 - Inflammation 02 -

14

Food and Chemical Toxicology 164 (2022) 113012

Table 3 (continued)

Pathway Liver cells GLY 500 Score/ Kidney cells GLY Score/
analysis M p- 500 pM p-
value value
7.71E- 6.16E-
04 04
Liver Hyperplasia/ 1.00E- Renal Nephritis 1.16E-
hyperproliferation 00 - 02 -
7.71E- 6.16E-
04 04
Liver Cirrhosis 1.54E- Glomerular 1.16E-
02 - Injury 02—
1.33E- 1.28E-
03 03

The Ingenuity pathway analyse used PubChem (a database on biological active
molecules) and Human Metabolome Database (HMDB) and Human Gene Sym-
bols (Hugo/HGNC ID, Entrez Gene ID/KEGG) mapped entities. IPA input: Liver:
82 out of 97 biochemicals/genes, kidney: 9 out of 12 biochemicals/genes.

and was suggested to be the mode of action for the observed renal
tubular injuries (Wang et al., 2021). The metabolomics data proved that
also another membrane associated phospholipase, N-acyl-phosphatidy-
lethanolamine-hydrolysing phospholipase D, was affected by the
glyphosate treatment and this phospholipase is responsible and/or
involved in the production of the PPAR«a inducers oleoylethanolamide
and palmitoylethanolamide (Zhu et al., 2011; Ueda et al., 2013).
Oleoylethanolamide and palmitoylethanolamide are produced as a
response to inflammation and injury of cells, possibly as a protecting
measure (Hansen et al., 2015). Elevation of palmitoleic acid in the
glyphosate-exposed hepatocytes can lead to increased adipocyte lipol-
ysis and lipases by a mechanism that requires a functional PPAR«x
(Bolsoni-Lopes et al., 2013). PPARa has together with PPARy, another
important lipid regulator (Varga et al., 2011), been suggested to be
involved in the lipid disturbances (lipid accumulation and increased
levels of free fatty acids) measured in common carp (Cyprinus carpio)
exposed for 45 days to 5 mg/1 glyphosate (Liu et al., 2021). Similar to
prior studies the present results suggest that high concentrations of
glyphosate can disturb cells membrane fluidity in Atlantic salmon liver
cells by affecting the activity of phospholipases and lysophospholipid
acyltransferases, and cause lipid toxicity through a PPAR(x) mediated
pathway.

Cholesterol is structurally important for the integrity of cell mem-
branes. Changes in cholesterol levels can influence the structure of cell
membranes and the synthesis of steroids and bile acids. Earlier studies
have demonstrated that hydrophobic contaminants can disturb choles-
terol homeostasis in Atlantic salmon (in vitro and in vivo) and in mam-
mals (Edling et al., 2009; Olsvik et al., 2017; Sanden et al., 2018). The
metabolomic and RT-qPCR analysis (Srebf2 and Sc5d, cholesterol
biosynthesis) of glyphosate-treated hepatocytes did not reveal any
perturbation of the cholesterol homeostasis. However, glyphosate
exposure increased cholesterol levels in kidney cells. Further, CLU, a
protein that participates in preventing stress-induced apoptosis by
improving the integrity of the mitochondrial membrane (Li et al., 2013),
was significantly downregulated in 500 pM glyphosate exposed kidney
cells. The increased levels of cholesterol and downregulation of Clu
suggest that the kidney cells are trying to prevent renal injury by
increasing cholesterol to stabilising cell membranes at these
non-cytotoxic concentrations.

Disruption of steroidogenic biosynthesis pathway and reproductive
toxicity have been linked to glyphosate exposure in zebrafish (Webster
etal., 2014). VTG, an egg-yolk protein precursor produced in female fish
liver under estrogenic stimulation of ovarian follicle development
(Hinton et al., 2008), can be produced in liver of male fish after exposure
to exogenous estrogens. VTG is thus an acknowledged biomarker of
endocrine disruption (Navas and Segner, 2006). ESR1 has a key role in
the transcriptional upregulation of Vtg (Meucci and Arukwe, 2006). In
glyphosate-exposed male Atlantic salmon hepatocytes, Esrl was
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Table 4
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Top molecules affected in primary Atlantic salmon liver and kidney cells exposed to glyphosate (500 pM).

Top molecules Molecules upregulated

Fold Change Molecules downregulated Fold Change

Abccl

Folic acid
(AllZ)-7,10,13,16,19-docosapentaenoic acid
Arachidonic acid

Abcc3
Palmitoylethanolamide
Thiamine

Docosahexaenoic acid
Oleoylethanolamide
Propionylcarnitine

Urea

Spermidine
3-amino-2,6-piperidinedione
Cholesterol

L-histidine

Ho

Havcrl

Liver cells

Kidney cells

3.636 Maltotriose —2.000
2.220 Glycerylphosphoinositol —1.887
1.690 Sn-glycerol-3-phosphate —1.818
1.660 N-acetyl-L-aspartic acid -1.724
1.587 Hydantoin-5-propionate —1.695
1.580 ESR1 —1.564
1.570 Pantetheine —1.538
1.530 5-imidazolepropionic acid —1.493
1.510 Formiminoglutamic acid -1.471
8.490 Clu —22.634
6.170

3.110

2.800

2.660

2.020

1.769

1.556

The Ingenuity pathway analyse used PubChem (a database on biological active molecules) and Human Metabolome Database (HMDB) and Human Gene Symbols
(Hugo/HGNC ID, Entrez Gene ID/KEGG) mapped entities. IPA input: Liver: 82 out of 97 biochemicals/genes, kidney: 9 out of 12 biochemicals/genes.

downregulated at the highest concentration (500 pM) and a
dose-dependent down-regulation were seen for Vtg transcription after
48 h. In line with this finding, estrogen receptor inhibition was observed
in human HepG2 cells exposed to a non-cytotoxic concentration of
glyphosate (2 ppm or 11.83 pM) (Gasniera et al., 2009). Contrarily, high
concentrations of glyphosate have been shown to induce Esrl in the
breast cancer cell model MCF-7. Since glyphosate possessed only an
unstable and weak binding to the ESR1 receptor, Mesnage et al. (2017b)
proposed that the activation had to be via a ligand-independent
pathway. A similar suppression of Esrl, as seen in the present study,
has been observed in mice exposed to the PPAR«a inducer phthalate ester
DEHP and the down-regulation of Esr1 was lost in PPARa-knockout mice
(Xi et al., 2020). This suggests that glyphosate-induced suppression of
Esrl in Atlantic salmon hepatocytes could be due to upregulation of
Ppara.

Salmonid tissue contains excessive levels of histidine (and histidine
derivatives), an essential amino acid with important metabolic and
cellular function that are acquired through the feed. (Moro et al., 2020,
Remg et al., 2014). In glyphosate exposed Atlantic salmon hepatocytes,
changes were noted in histidine metabolism. Higher levels of imidazole
lactate, slightly higher histidine levels (P = 0.09), and lower levels of
formimino-glutamate and hydantoin-5-propionic acid were found in
glyphosate exposed hepatocytes. Also, histidine levels showed a trend
towards increase in kidney cells exposed to glyphosate (P = 0.09).
Overall, histidine catabolism downstream of histidase, which catalyzes
the reaction of histidine to trans-urocanate (pathway responsible for the
production of formimino-glutamate and hydantoin-5-propionic acid),
were reduced. The increased levels of imidazole lactate suggest eleva-
tion of transamination, which usually are a minor histidine catabolism
pathway. An increase in this pathway have previously been seen with
prevalence of histidase inhibition (Bender, 2012; Moro et al., 2020).
Histidase, found mainly in liver and skin, generate urocanic acid that is
further converted by urocanate hydratase to 4, 5-dihydri-4-oxo-5-imida-
zolepropanoic acid which is again transformed to formimino-glutamate
and N5-formimino-tetrahydro-folate. Investigations have shown that
estrogen can regulate the activity of histidase (Moro et al., 2020). The
observed inhibition of histidase can therefore be a response to the
downregulation of Esr1. This should be further investigated, to see if one
or several enzymes in the histidine pathway are affected by glyphosate
exposure.

To our knowledge toxicokinetic data for glyphosate in Atlantic
salmon and other fish are lacking, thus the current 3D in vitro study
focuses on mode of action of glyphosate toxicity in Atlantic salmon. To
be able to evaluate if the recently documented glyphosate concentra-
tions in fish feed pose a hazard for the Atlantic salmon, additional in vivo
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dose-response studies are needed to assess effect concentration levels.

In conclusion, the established density gradient method was able to
isolate viable and responsive primary salmon kidney cells. The toxico-
logical comparison of 2D with 3D cultured primary hepatocytes
demonstrated that the 3D cultured hepatocytes responded superior to
the 2D hepatocytes. Glyphosate treatment of the 3D hepatocyte-kidney
epithelial co-culture disclosed distressed lipid metabolism in both liver
and kidney cells. Glyphosate exposure affected saturated and unsatu-
rated fatty acid levels in hepatocytes due to increased uptake and
phospholipid remodelling. Further, the hepatocyte results suggest that
glyphosate interfered with the histidine metabolism and that glyphosate
can cause endocrine disruption. The increased level of cholesterol sug-
gest that glyphosate impact the stability of membranes in Atlantic
salmon kidney cells.
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