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Editor: Lingxin Chen The extensive use of nanomaterials, including titanium dioxide nanoparticles (TiOy NPs), raises concerns about
their persistence in ecosystems. Protecting aquatic ecosystems and ensuring healthy and safe aquaculture
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Scophthalmus maximus (Linnaeus, 1758). Bioaccumulation, histology and gene expression were assessed in the

Infl; ti . . . . . .
gxi?i‘;:z ls(::ess liver to address morphophysiological responses to citrate-coated TiO2 NPs. Our analyses demonstrated a variable
Steatosis abundance of lipid droplets (LDs) in hepatocytes dependent on TiO, NPs size, an increase in turbot exposed to

smaller TiO2 NPs and a depletion with larger TiO, NPs. The expression patterns of genes related to oxidative and

* Corresponding author.
E-mail address: fonseca.ess@gmail.com (E. Fonseca).

https://doi.org/10.1016/j.jhazmat.2023.131915

Received 28 March 2023; Received in revised form 12 June 2023; Accepted 21 June 2023

Available online 22 June 2023

0304-3894/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:fonseca.ess@gmail.com
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2023.131915
https://doi.org/10.1016/j.jhazmat.2023.131915
https://doi.org/10.1016/j.jhazmat.2023.131915
http://creativecommons.org/licenses/by/4.0/

E. Fonseca et al.

Journal of Hazardous Materials 458 (2023) 131915

immune responses and lipid metabolism (nrf2, nfkb1, and cptla) were dependent on the presence of TiO5 NPs and
time of exposure supporting the variance in hepatic LDs distribution over time with the different NPs. The citrate
coating is proposed as the likely catalyst for such effects. Thus, our findings highlight the need to scrutinize the
risks associated with exposure to NPs with distinct properties, such as primary size, coatings, and crystalline

forms, in aquatic organisms.

1. Introduction

Engineered nanoparticles (NPs) are becoming ubiquitous in our daily
lives as a result of their widespread use in several applications, such as
healthcare, industry and domestic household products. Because waste-
water treatment effectiveness still varies significantly resulting in the
incomplete removal of all incoming NPs, many of these NPs are trans-
ferred to and remain in aquatic ecosystems [147]. A variety of condi-
tions, including media characteristics and biomolecule affinity,
influence how dynamically NPs interact with biomolecules to form
complexes. According to some authors, these compounds can be inter-
nalized and thus impact aquatic organisms at the biomolecular and
cellular levels, causing morphological abnormalities in tissues (tissue
ulceration, edema, gill irritation), differential expression of genes, and
altering the activity of several enzymes (superoxide dismutase, catalase,
acetylcholinesterase) [7,136].

Assessing the threat of NPs in aquatic organisms, such as non-model
organisms and species of commercial interest, is becoming increasingly
important since they are a new class of emerging contaminants with
potential ecotoxicological impacts on aquatic ecosystems due to bio-
accumulation, biotransformation, and biomagnification mechanisms
[136]. Most data in this field comes from toxicity studies mainly un-
dertaken for short-term exposure periods in model organisms of no
commercial interest [73].

Among the numerous NPs currently produced, titanium dioxide
(TiO2) NPs are emerging for their broad range of applications, including
biomedical and healthcare (e.g. drug delivery, sensors/probes, antimi-
crobials, tissue engineering), industrial and agricultural (e.g.: compo-
nent in p-n heterojunction for solar energy conversion, pigments,
preservatives), and domestic products such as personal care products
(PCPs) (e.g. creams, sunscreens/ultraviolet radiation blockers, tooth-
paste) [1,3,5,46,51,98,99]. Titanium and titania are relevant for
biomedical applications based on their low biological interaction (e.g.:
prosthodontics and orthopaedics for dental and medical implants).
Indeed, titania microparticles are considered less toxic than NPs, inde-
pendently of the means of exposure [89]. Millions of tons of TiO, NPs are
produced per year from inexpensive and highly abundant titanium
minerals [77]. As a result of their use in PCPs, high concentrations of
these NPs and their core elements have been found in sediment slides to
wastewater outlets, as well as near popular tourist areas, such as the
Mediterranean beaches [124,13,130,49]. In addition to waterborne and
trophic exposure, cutaneous contact with NPs can make benthic aquatic
species, including flatfish, more vulnerable to exposure than pelagic
organisms [122,142]. Aquaculture species may potentially be exposed
to NPs via water filtering/purification devices, feed additives, and other
sources [73].

In line with research found in the literature [119,143,25,39,91], our
previous work reported bioaccumulation of titanium in turbot liver after
feeding exposure to TiOy NPs with a primary size of 25 nm and the
resultant alterations in the proteins related to energy and lipid meta-
bolism [10]. Nevertheless, there is still a paucity of knowledge on how
exposure conditions affect the molecular pathways associated with TiOq
NPs exposure in fish. In particular, the exposure duration, the average
size within the nanometre range, the coating and functionalization
strategy, and the structural and surface properties of NPs are highlighted
among the parameters that can affect NPs toxicity (e.g.: [11,29,32,59,
71,72,111,120]). In fact, studies considering simultaneously more than
one NPs size, the contribution of coating and the effect of exposure on

the expression of genes involved in different biological processes over
time have been neglected.

Therefore, this work aims to study the histological and molecular
effects induced by the ingestion of TiO2 NPs with two different primary
sizes in the liver of one Southern European Atlantic saltwater flatfish
species of commercial and aquaculture interest, the turbot, Scophthalmus
maximus (Linnaeus, 1758). In order to comprehend the impact of two
TiO2 NPs with the primary size of 5 and 25 nm, liver status was analysed
at the cellular level. Bioaccumulation (determination of total titanium
and TiO NPs levels in the liver and faeces), hepatic histology, and
relative expression of genes related to oxidative stress and inflammation
and immune responses, endocrine system, and lipid metabolism were
studied at two-time points after continuous exposure through the supply
of contaminated feed.

2. Materials and Methods

2.1. Nanoparticles characterization

TiO9 NPs powder used in this work was supplied by Nanostructured
& Amorphous Materials, Inc. (Katy, TX, USA; code 5421ZH, anatase,
99%, 5 nm) and Sigma-Aldrich (Merk Life science, code 718467; 99.5%
purity, mixture of rutile and anatase, 99.5%, 25 nm). The stock solutions
of NPs were prepared as reported previously [10]. The weight ratio of
TiOy NP:trisodium citrate dihydrate (HOC(COONa)(CH,COONa), 2
H,0) was 1:1.5 for 5 nm TiO5 NPs and 1:0.83 for 25 nm TiOy NPs.
Briefly, the mixture of trisodium citrate dihydrate and TiOy NPs was
dispersed in ultrapure water and artificial seawater to reach a concen-
tration of 15 g/L and subsequently sonicated using an ultrasonic probe
at 50% amplitude and cycles of 30 s pulse on/15 s pulse off for 30 min.
The final dispersion was stored at 4 °C until further use.

Dispersed TiO2 NPs were characterized by X-Ray diffraction (XRD),
Raman spectroscopy, transmission electron microscopy (TEM), dynamic
light scattering (DLS) and zeta potential. XRD characterization was
performed using a X'Pert PRO diffractometer (Malver Panalytical, Lis-
boa, Portugal) at 45 KV and 40 mA with a PIXcel detector and Cu Ko
radiation (A = 1.541874 [o\). The data for phase composition identifi-
cation were acquired using the Bragg-Brentano configuration in the 20
range from 20 to 70 ° with a scan speed of 0.01 °/s and a time per step of
298 s. The crystalline size was calculated using the Scherrer equation
(D=(k4/p cos9)) where D is the crystalline size, k is Scherer’s constant (k
= 0.94), A is the X-ray wavelength, p is the full width at half maximum
(FWHM) of the XRD peak and 6 is the Bragg angle [60]. The crystal
phase was also analysed by Raman spectroscopy using an Alpha 300 R
Witec miniconfocal Raman microscope (300 line mm™ grating and a
CCD camera). Raman spectra were acquired for 5 s and 20 accumula-
tions using a 785 nm excitation laser line and a 50x objective. TEM
images were acquired using JEOL 2100 TEM operating at 200 kV (Izasa
Scientific, Carnaxide, Portugal) for 25 nm TiO5 NPs and FEI Titan Cubed
Themis 60-300 kV operating at 200 kV (Thermo Fisher Scientific,
Portugal) for 5 nm TiOy NPs. The samples for TEM analysis were pre-
pared by dropping 5 pL of 20 mg/L of NPs dispersion on a carbon-coated
400 mesh copper grid and dried at room temperature. DLS and zeta
potential analyses were performed using a SZ-100 device (Horiba, ABX
SAS, Amadora, Portugal) to estimate the hydrodynamic size and surface
charge, respectively, of TiO, NPs dispersed in both ultrapure water and
artificial seawater at a concentration of 50 mg/L.
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2.2. Biological material and experimental design

Two independent experimental trials were performed to study two
citrate-coated TiO, NPs with primary sizes of 5 nm and 25 nm. These
trials were carried out at the facilities of the Centro Tecnoldgico del
Cluster de la Acuicultura (CETGA, Spain). Juvenile turbots (Scoph-
thalmus maximus) were allowed to acclimate for one week before each
trial. During the trials, turbots were kept in open flow systems composed
of 1 m® indoor tanks (50 fish per tank at the beginning of the trials, three
tanks per treatment group) with constantly running pre-filtered
seawater (50 um), 35%o salinity and a photoperiod of 14 h:10 h (light:
dark). In the 5 nm TiO; NPs trial, the mean water temperature was 14.0
+ 1.2 °C and the initial average weight of fish was 73.0 + 0.5 g. with a
daily feeding rate of 1.5% and 1.1% of their body weight (Table 3). In
the 25 nm TiO; NPs trial, the mean water temperature was 13.6 + 1.2°C
and the initial average weight of fish was 45.0 + 1.0 g with a daily
feeding rate of 2% and 1.5% of their body weight (Table 3). All fish were
fed four times per day by hand and feeds were fortnightly adjusted
within all treatments during the experiments. Observations of fish
death, health and behaviour were performed daily. TiO, NPs were
incorporated in commercial pellets (Biomar Iberia, S.A.) previously
coated with micronized calcium carbonate (5% CaCOs, C.T.S. Espana S.
L.). The concentrations of TiO, NPs were prepared to complete O or 1.5
mg of NPs per kg of fish per day for each NPs size.

The effects on growth were determined by evaluating weight gain
(WG), specific growth rate (SGR) and food conversion ratio (FCR) ac-
cording to the following formulas: WG = final body weight - initial body
weight; SGR = 100 x [In (final body weight) - In (initial body weight)]/n
days; FCR = feed intake/weight gain. Statistical analysis was performed to
compare fish weights using Statgraphics Centurion XVI (Statpoint
Technologies Inc., The Plains, VA). A one-way analysis of variance
(ANOVA) was calculated to detect significant differences between con-
trol and treated groups at each sampling time, followed by Fisher’s Least
Significant Difference for multiple range test analysis (p < 0.05).

For further analyses, fish were weighed and killed by overexposure
to MS-222 (Sigma-Aldrich) after 14, 15, 28, and 30 days. All experi-
mental procedures were carried out under European Union and Spanish
regulations [R.D. 53/2013 (BOE, 2013), and Council Directive 2010/
63/EU (EU, 2010)] for the protection of animals used for experimental
purposes by personnel qualified in animal experimentation in autho-
rized facilities by competent Spanish authority (REGA
ES150730055401).

2.3. Transmission electron microscopy imaging of turbot liver

Liver samples from two fish (each individual fish taken from two
tanks per treatment group, n = 2) were collected on days 15 and 30 and
fixed overnight at 4°C wusing Karnovsky’s fixative (2% para-
formaldehyde, 2.5% glutaraldehyde, 0.1 M sodium cacodylate buffer)
and stored at 4°C under shaking until further use. Liver fragments were
post-fixed in a 1% osmium tetroxide solution, dehydrated with
increasing ethanol concentration (50-100%) and with a final emersion
on propylene oxide. The infiltration was made in mixtures of propylene
oxide:epoxy resin (EMBed-812 kit) at different proportions, increasing
the amount of resin until 100% epoxy resin was achieved. The cure of
the blocks was at 60 °C for three days.

Ultrathin sections (~80 nm thick) were made in a PowerTome PC
ultramicrotome (RMC Boeckeler, USA), with a diamond knife (Diatome)
and placed on formvar/carbon 200 mesh copper grids. TEM micro-
graphs of the sections were taken with a JEOL JEM 1010 transmission
electron microscope (Izasa Scientific, Madrid, Spain) operating at 100
kv.

2.4. Determination of total titanium and TiO2 NPs levels in turbot liver, and
faeces

Liver samples from two fish (each individual fish taken from two
tanks per treatment group, n = 2) were collected on days 15 and 30 and
stored at -20 °C. Faeces samples were collected from the bottom of tanks
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before and after feeding (separate pooled samples with at least 0.250 g).
Total titanium and TiO, NPs levels were determined in turbot liver and
faeces as previously stated in [10] and described in detail in the Sup-
plementary Material. Briefly, total titanium was determined by Induc-
tively Coupled Plasma-Mass Spectrometer (ICP-MS). Determination of
TiO9 NPs in the liver was also performed by the ICP-MS in single-particle
mode. TiO5 NPs could not be determined in faecal samples due to limited
sample availability.

2.5. Relative gene expression

Liver samples were collected on days 14 and 28 (pools of three fish
per tank from each treatment group, n = 3) and stored in RNAlater
(Sigma-Aldrich) at -20 °C until further use. The total RNA of liver sam-
ples was extracted and purified using RNeasy Mini Kit (Qiagen) with a
step of on-column DNasel digestion and eluted with RNase-free water.
The quantification and integrity of RNA were assessed by spectropho-
tometry (Denovix) and electrophoresis (2% agarose gel). The First-
strand cDNA Synthesis Kit (NZYTech) was used following the manu-
facturer’s recommendations to synthesize cDNA from 2500 ng of the
total RNA previously purified.

The nucleotide sequences of the selected genes (nrf2, nfxbl, grl,
thrab, pparab, Ixra, fasn, elovl5, cptla, acox1 and hadh) and reference
genes (18 s and efla) were recovered from GenBank [19]. Primers for
reference genes were based on a previous study [38] and the remaining
primers were designed manually out-flanking one intron to obtain
products around 112-242 bp (Table 1). Primers’ specificity was tested
with a gradient polymerase chain reaction (PCR) and confirmed by
visualization of the PCR products in a 2% agarose gel.

Quantitative PCR (qPCR) was performed to analyse the expression
levels of genes related to oxidative stress, immunologic response,
endocrine system regulation, and lipid metabolism, using PowerUp
SYBR Green PCR Master Mix (Applied Biosystems) on Step One Plus
Real-Time PCR system (Applied Biosystems). Liver cDNA samples were
amplified in triplicates or duplicates, with 5 pL of PowerUp SYBR Green
PCR Master Mix (2x), 0.5 pL of each primer at 10 pM, 2 pL of cDNA at 50
ng and RNase-free water was added to a reaction volume of 10 pL. A two-
step reverse-transcription PCR program was performed: UDG activation
at 50 °C for 2 min and DNA polymerase activation at 95 °C for 2 min,
followed by 40 cycles of denaturation at 95 °C for 3 s and combined
annealing and extension between 58 °C and 60 °C for 30 s (Table 1). At
the end of each run, a dissociation step was performed to generate a
melting curve to confirm the specificity of the reactions. Serial dilutions
of a cDNA pool with all samples (15.6-500 ng) were used to produce
standard curves and calculate the efficiency of each pair of primers
(Table 1). Changes in target gene expression levels were estimated for
two housekeeping genes (I8s and efla) and normalized to control
groups (0.0 mg/Kg) using the Pfaffl method [109]. The means of the
fold-change in relative gene expression and the bars with standard error
of the mean (SEM) from the three pools were computed for graphical
representation. The statistical analysis was performed with R-Studio
v2022.07.2. A two-way factorial analysis of variance (ANOVA) was
calculated for each independent assay to compare the differences be-
tween the gene expression average of groups treated for 14 or 28 days
with TiO, NPs (1.5 mg/Kg), followed by pairwise multiple comparisons
with the Bonferroni correction. The statistical assumptions for all
factorial ANOVAs have been met, including homogeneity of variances
(Levene’s test with p-value > 0.05) and residuals normally distributed
(Shapiro test with p-value > 0.05), except ANOVAs for genes Ixra (5 nm
TiO5 NPs trial) and thrab (25 nm TiO5 NPs trial), for which residuals
were not normally distributed. However, the variables for these two
genes were not transformed, as ANOVA is commonly robust to violations
of normality [22,116]. The differences with a p-value less than 0.05
were considered statistically significant.
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Table 1

Sequences of primer used for qPCR analyses and PCR efficiency.
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Gene Gene name Endpoint Accession Sequence 5" — 3’ Tm (°C), Product size (bp),
acronym number Average efficiency (%)
nrf2 nuclear factor erythroid 2-related Antioxidant response AWP13156.1 F: CTCGACGAGGAGACGGGA 60, 242, 95
factor 2 R: ATCATGTTGCCGCTGCTGG
nfib1 nuclear factor kappa b subunit 1 Inflammation, immunity AWP11578.1 F: AGGAAGACCTACCCCACC 60, 113, 98
R: ACCAGACTGTGAGCGTGAAG
grl glucocorticoid receptor 1 Hormone signalling, AWP12225.1 F: GTGTCCAAACTGTGTCTCC 60, 231, 98
inflammation R: AGCCTCGTCCGAACACAC
Thrab thyroid hormone receptor alpha b Hormone signalling AWP18067.1 F: CGCCATCTTCGACCTGGG 58, 194, 127
R: AAGTGGGGAACGTTGTGC
pparab peroxisome proliferator-activated Lipid metabolism, JX975469.1 F: CTCGAACCATTCTCACCG 60, 174, 101
receptor alpha b inflammation R: CCACCGATGTGCACTGGC
Lxra liver x receptor alpha Lipid homeostasis, AWP01219.1 F: 60, 195, 105
inflammation GGCTTCAGTTTGAGTTCATCAAC
R: TCATGATGTAGGAGCGCAGC
Fasn fatty acid synthase Lipid metabolism AWP17114.1 F: GGCAACAACACGGATGGATAC 60, 205, 97
(biosynthesis) R: CTCGCTTTGATTGACAGAACAC
elovl5 elongation of very long chain fatty Lipid metabolism AF465520.2 F: CCTACTATGGCCTGTCAGC 60, 192, 109
acids 5 (biosynthesis) R:
AAAGGATAATCAGCGTGACCAC
cptla carnitine palmitoyltransferase 1 a Lipid metabolism XP_035499111.2 F: CTGAGCCATGGAGACTGTC 60, 186, 115
(B-oxidation) R: AGTGTTTGCTGGAGATGTGG
acox1 acyl-CoA oxidase 1 Lipid metabolism AWP05881.1 F: CGTGTCATACCTGAGTGAAGC 60, 215, 104
(p-oxidation) R: GGTCGATAGCACTGTTGTTCC
Hadh hydroxyacyl-CoA dehydrogenase Lipid metabolism AWP05488.1 F: CATTGTGAACCGCCTGCTTG 60, 154, 106
(p-oxidation) R: GTCTAGTCCCACATAGTCCG
18s 18S rRNA Housekeeping gene EF126038.1 F: CTCAACACGGGAAACCTCAC 60, 112, 96
R: ATCGCTCCACCAACTAAGAAC
efla eukaryotic translation elongation Housekeeping gene AF467776.1 F: TATTAACATCGTGGTCATTGG 60, 153, 97
factor 1 alpha 1 R: CAGGCGTACTTGAAGGAG
3. Results narrower FWHM of 13 em™. These differences can be attributed to the

3.1. Characterization of nanoparticles

TiOz NPs were characterized by XRD, Raman spectroscopy, TEM,
DLS and zeta potential. The crystalline phase analysis of 5 nm TiO NPs
displayed an XRD pattern with diffraction peaks related to the anatase
phase (Fig. 1A purple spectrum), as stated by the supplier. The bicrys-
talline structure expected for 25 nm TiOy NPs, which are typically
composed of 80% anatase and 20% rutile, was confirmed by the XRD
pattern with peaks corresponding to anatase and rutile crystalline phase
and a majority of NPs with single anatase or rutile phases (Fig. 1A green
spectrum) [66]. The diffraction peaks are broader for 5 nm TiO, NPs
than for 25 nm TiOy NPs due to the NP size effect on the XRD pattern.
The broadness increment is more pronounced for sizes smaller than 10
nm [14]. This size dependence offers the possibility to estimate the size
of NP crystallite with XRD spectra by applying the Scherrer equation.
Hence, we obtained Scherrer’s crystallite sizes of 8.6 nm for the anatase
phase in 5 nm TiO; NPs, whereas in 25 nm TiO; NPs, we calculated sizes
of 18.1 nm and 23.9 nm for the anatase and rutile phases, respectively.
Larger crystallite sizes for the rutile phase than for the anatase phase
were previously reported [18] and were consistent with the size distri-
bution of 29 + 10 nm estimated by TEM [10].

In concordance with the XRD results, the anatase phases were also
detected in the Raman spectra (Fig. 1B). The E; mode centred at
145-151, 197, and 640 cm™! represent the symmetric stretching vibra-
tion of O-Ti-O in TiO,. Similarly, the B; ¢ mode centred at 399 em’! and
the A; ; mode centred at 519 em™! correspond to the symmetric and
antisymmetric bending vibration of O-Ti-O, respectively. Furthermore, a
weak peak centred at 455 cm! is assigned to the Eg mode of the rutile
phase in 25 nm TiO3 NPs (Fig. 1B, green spectrum). The relatively low
intensity of this peak is attributed to the fact that the rutile crystalline
phase constitutes only a minor fraction (< 20%) of the overall compo-
sition of 25 nm TiOz NPs. Additionally, in the Raman spectrum of 5 nm
TiO2 NPs (Fig. 1B, purple spectrum), the Eg peak of anatase exhibited a
redshift centred at 151 cm™ and a broader profile, with a Full Width at
Half Maximum (FWHM) of 47.6 cm’! in comparison with the corre-
sponding peak for 25 nm TiO, NPs which appeared at 145 cm™ with a

size effect, wherein larger redshifts and broadening occur as the size of
TiO9 NPs decreases, as previously reported [31].

The shape and primary size distribution of TiO; NPs were deter-
mined using TEM. This analysis showed that most TiO2 NPs have an
elliptical shape and form aggregates (Fig. 1C-F). However, 25 nm TiO,
NPs exhibited some anisotropic NPs, such as cubes (Fig. 1E-F). The
primary size of 5 nm TiO2 NPs could not be accurately calculated due to
the overlap of primary NPs (Fig. 1D-F) even by employing an aberration-
corrected TEM, which offers atomic resolution [80]. Despite the chal-
lenge of clearly identifying the boundaries of many single particles, the
size distribution of these NPs was estimated to be under 10 nm.

The colloidal stability of 50 mg/L TiOy NPs in ultrapure water and
artificial seawater was characterized by DLS and zeta potential to assess
the behaviour of the NPs that may be released from the pellets during the
feeding. In ultrapure water, the hydrodynamic size of both 5 nm and
25 nm TiO, NPs (53 nm and 166 nm, respectively) was higher than the
size estimated by TEM and XRD, confirming the formation of aggregates
(Table 2). The polydispersity index (PDI) suggested a more homoge-
neous size distribution for 25 nm TiO, NPs compared to 5 nm TiO3 NPs,
and the zeta potential values indicated that both NPs had a negative
surface charge (Table 2). In contrast, larger hydrodynamic sizes and
PDIs were observed for both NPs in artificial seawater, suggesting the
formation of larger and more heterogeneous aggregates compared to
ultrapure water (Table 2). This behaviour can be attributed to the
destabilizing effect of the high concentration of salts in seawater,
aligning with the zeta-potential values close to zero [96].

3.2. Mortality, feeding, and fish behaviour

No external injuries or mortality were recorded in fish during the
tests, and no behavioural alterations were observed in fish exposed to
5 nm TiOy NPs (Table 3). Food leftovers were observed in the 25 nm
TiO5 NPs treatment tanks, while all the food was consumed in the
control tanks. On day 14, a decrease in weight gain was registered in the
TiO9 NPs treated group compared to the control group (Table 3). The
properties of TiO5 as a food additive may alter food palatability and fish
appetite [97,138]. From day 14 onward, the daily feeding rate was
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Fig. 1. Physicochemical characterizations of citrate-coated TiO, NPs. Crystalline phase characterization by XRD (A) and Raman spectroscopy (B) and TEM images of
5 nm (G, D) and 25 nm (E, F) TiO, NP aggregates. The identified crystalline phases are indicated by * for anatase and “ for rutile; XDR and Raman spectra of 5 nm and
25 nm TiO, NPs are represented in purple and green, respectively. TiO, NPs were placed on glass slides upon excitation at 785 nm. The inset in each Raman spectra
indicates zooming in the spectral window from 350 to 700 cm™.
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Table 2
Physicochemical characterization of selected TiO, NPs before exposure by DLS
(n = 5) and zeta potential (n = 5).

5 nm TiO, NPs 25 nm TiO, NPs

Ultrapure Artificial Ultrapure Artificial
water seawater water seawater
Hydrodynamic 532 6969 + 408 166 £ 3 7589
diameter” (nm) + 2291
Polydispersity 0.47 + 0.06 5.13 £ 0.53 0.19 +£ 0.03 2.11 £ 0.99
index”
Z potential® (mV) -61+14 -2+3 -79+2 -2+1

# Mean hydrodynamic diameter.

b polydispersity index obtained by DLS at a scattering angle of 173° and 25 °C.
Five DLS measurements were acquired: mean =+ standard deviation (SD).

¢ Zeta potentials were measured in 5 runs (mean = SD).

Table 3
Fish’s weight and feeding features on the 5 nm and 25 nm TiO, NPs trials. The
values with * are statistically significant (p-value < 0.05).

5 nm TiO, NPs trial

Period time (day) 0-14 14-28

Daily feeding rate (%) 1.5 1.1

NPs dose (mg/Kg) 0.0 1.5 0.0 1.5

Initial weight (g) + SD 72.7 £ 0.2 733+1.0 97.9+24 96.1 +£2.2

Average weight (g) = SD 979 £ 2.4 96.1 £2.2 115.7 118.5

+5.2 +5.9

Weight gain (g) + SD 25.2+ 0.6 22.8 £ 0.5 17.8+08 224+1.1

Specific growth rate (%) 21+0.1 1.9+ 0.0 1.2+0.1 1.5+0.1
+ SD

Feed conversion rate (%) 0.6 + 0.02 0.7 +0.02 0.8 +0.04 0.7 +0.03
+ SD

25 nm TiO, NPs trial

Period time (day) 0-14 14-28

Daily feeding rate (%) 2.0 1.5

NPs dose (mg/Kg) 0.0 1.5 0 1.5

Initial weight & SD 45.0 £ 1.0 45.0 £ 1.1 66.6 55.8

+9.5* +6.0*
Average weight (g) £+ SD  66.6 55.8 86.0 79.5
+9.5%* +6.0* +15.4 +12.7

Weight gain (g) &+ SD 21.6 + 3.1 10.8 £1.2 19.4+35 237+38

Specific growth rate (%) 2.61 £ 0.4 1.44 £ 0.2 1.96 + 0.4 2.72 +£ 0.4
+ SD

Feed conversion rate (%) 0.6 + 0.09 1.2+0.13 0.7 +£0.12 0.5+ 0.07
+ SD

reduced from 2% to 1.5%, and no leftovers were observed in any of the
tanks. At the end of the trial, no significant changes were observed in fish
weight (Table 3), possibly due to fish adaptation to organoleptic char-
acteristics of the NP-containing diet or adjustment in the daily feeding
rate. The differences observed between the two trials may be attributed
to an insufficient concentration of NPs [84] or variations in NPs size and
TiO5 NPs:citrate ratio. Moreover, the absence of mortality is consistent
with previous results [42,93] and supports the view that fish are less
sensitive to TiO5 NPs than other marine organisms, such as cladocerans
or algae in chronic toxicity tests [53].

3.3. Detection of titanium in the liver and faeces

Total titanium and TiO, NPs levels were determined in the liver and
faeces of turbots after 15 and 30 days of exposure to 5 nm and 25 nm
TiOg NPs (Supplementary Table S1). No traces of TiO, NPs were found in
the liver (Limit of Detection, LODpymper = 2.52 X 10* NPs g'l, LODgje =
42 nm), and the limited amount of faecal samples hindered the deter-
mination of TiOy NPs. In general, titanium was detected in the control
and exposed fish, and the highest levels of titanium were measured in
the 5 nm TiOg NPs trial. Furthermore, higher concentrations of titanium
were detected in the liver of fish exposed to both TiO5 NPs after 15 days
compared to 30 days (Supplementary Table S2). Nevertheless, the
accumulation of titanium was higher in fish exposed to 25 nm TiO; NPs
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than in fish exposed to 5 nm TiO5 NPs. Additionally, the faecal titanium
levels of fish exposed to 5 nm and 25 nm TiO2 NPs were approximately
13- and 7-fold greater, respectively, than in the faeces of the control fish
(Supplementary Table S2). These results indicated that TiO NPs and
titanium have a low potential to bioaccumulate in the liver of turbots,
being excreted in the faeces.

3.4. Cellular ultrastructure

No TiOz NPs, nor any significant disruption in the ultrastructure of
the tissues or cells, were observed in any of the conditions. However, as
can be observed in Fig. 2, control hepatocytes contain several lipid
droplets (LDs). These LDs seem to be slightly higher in size and number
over time, which is expected as turbot juveniles are growing and rapidly
gaining weight (control group). However, when exposed to TiOy NPs
through feed intake, larger LDs, reaching the size of giant LDs (>
10 um), were observed [48]. In our previous work, we postulated that
the observation of larger but fewer LDs when fish were exposed to 25 nm
TiO9 NPs during 14 days could be due to the process of LDs coalescence
perhaps due to insufficient phosphatidylcholine to cover the LD surface
and lower surface tension to maintain a metastable state or to accu-
mulate fatty acids derived from oxidative stress [10]. After 30 days of
exposure, the trend seems to change, with smaller LDs observed in the
hepatocytes. However, in the case of the 5 nm TiO5 NPs, the size of LDs
tends to increase over time without an apparent decrease in number.

3.5. Relative gene expression

The effects of exposure to different sizes of TiOy NPs were studied in
terms of lipid metabolism, hormone signalling (endocrine system), im-
munity, inflammation, and oxidative stress (Table 1) through alterations
in the expression of a set of 11 genes in two periods of time (14 and 28
days) (Fig. 3).

The exposure of juvenile turbots to 5 nm TiOy NPs led to a significant
change in the expression of cptla in the liver after 28 days of exposure
(p = 0.026; Table 4), an effect dependent on the dose of TiOy NPs
(p =0.028; Table 4). The difference in the expression of cptla was
confirmed in the follow-up analysis using the Bonferroni correction
(p =0.031; Fig. 3A). Additionally, we have found some potential
changes in gene expression, although these changes were not statisti-
cally significant (p > 0.05, Table 4 and Fig. 3A). The expression of grl,
pparab, and Ixra tendentially increased after 28 days of exposure as well
as hadh after 14 and 28 days of exposure to 5 nm TiO NPs. There was
also a tendency for a decrease in the expression of nrf2, thrab, and elovl5
in the 5 nm TiO2 NPs exposed group. No significant changes in gene
expression levels were detected for the remaining genes included in our
study (p > 0.05, Table 4 and Fig. 3A).

The treatment of juvenile turbots with 25 nm TiO, NPs also led to a
significant alteration in cptla expression affected by the dose of NPs and
the time of exposure (p = 0.029 and p = 0.018, respectively, Table 4).
However, the effects of exposure time do not seem to be dependent on
the ingestion of 25 nm TiOy NPs (p = 0.056, Table 4). The Bonferroni
correction confirmed the increased expression of cptla in the livers after
14 days of exposure to 25 nm TiO5 NPs compared to the control group
(p = 0.038, Fig. 3B). The ingestion of 25 nm TiO; NPs and the treatment
duration significantly affected the expression of nfxkbI (p < 0.001 and
p = 0.046, respectively, Table 4) with a significant dependence between
the dose and the time of exposure (p = 0.038, Table 4). The follow-up
analysis supported the significant increase of nfkb1 after 28 days of
exposure to 25 nm TiO5 NPs (p = 0.002, Fig. 3B). Both nrf2 and acox1
expression levels were affected by the presence of 25 nm TiO NPs
(p < 0.039 and p < 0.022, respectively, Table 4) despite the significant
differences among groups not being corroborated by the Bonferroni
correction (p > 0.05). Among the genes with no significant differences
in their expression levels (p < 0.05, Table 4 and Fig. 3B), thrab and grl
tended to increase after 14 days of treatment. As was observed in the
5 nm TiO, NP treatments, the expression of hadh slightly increased when
turbots were treated with 25 nm TiO, NPs, contrasting with the
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30 days

5 nm TiO, NPs

25 nm TiO, NPs

Fig. 2. Transmission electron microscopy images of liver sections from control and exposed turbots (n = 2) showing hepatocytes filled with lipid droplets (LDs).
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Fig. 3. Effects of exposure to citrate-coated TiO, NPs on expression levels of genes related to oxidative stress response, inflammation, endocrine system, and lipid
metabolism in the liver of juvenile turbots. Statistically significant changes in gene expression (n = 3) were confirmed with the Bonferroni correlation (* p < 0.05;

** p < 0.01).

decreased expression of pparab.

4. Discussion

The toxicity of TiO; is controversial since it has been considered
“biologically” inert [54] and has been widely used as a food additive
(E171) to enhance the flavour, whiteness, and brightness of a variety of

food products [108]. However, recent studies have drawn attention to
the hazardous effects of nanomaterials, including TiO2 NPs, on a wide
variety of organisms, such as soil microbes, human gut microbiota, fish,
molluscs, crustaceans [79,84,86,123]. Consequently, there are
increasing concerns regarding the potential risks associated with human
consumption [15,21,45,62,8].

Currently, several mechanisms involved in the cytotoxicity of
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Table 4

Statistical significance of TiO, NPs on relative gene expression: dependence on
the presence of NPs and duration of the exposure for each NPs. Two-way ANOVA
followed by Bonferroni correction; statistically significant values (p-value <
0.05) are shown in bold.

5 nm TiO, NPs 25 nm TiO, NPs

Genes Factors F 18 p-value F s p-value
nrf2 Time 0.086 0.777 0.525 0.489
Dose 1.527 0.252 6.045 0.039
Time x Dose 0.016 0.903 0.554 0.478
nfxb1 Time 0.658 0.441 5.567 0.046
Dose 0.439 0.526 36.613 < 0.001
Time x Dose 0.601 0.461 6.137 0.038
thrab Time 1.052 0.335 2.182 0.178
Dose 4.711 0.062 2.053 0.190
Time x Dose 1.799 0.217 2.511 0.152
grl Time 3.732 0.089 3.729 0.090
Dose 1.852 0.211 4.897 0.058
Time x Dose 3.019 0.120 3.558 0.096
pparab Time 4.455 0.068 0.076 0.790
Dose 1.671 0.232 1.983 0.197
Time x Dose 4.989 0.056 0.181 0.682
Ixra Time 3.952 0.082 0.220 0.652
Dose 1.819 0.214 2.001 0.195
Time x Dose 3.673 0.092 0.028 0.872
fasn Time 0.735 0.416 0.341 0.576
Dose 0.062 0.810 0.007 0.937
Time x Dose 0.083 0.781 0.914 0.367
elovl5 Time 0.465 0.515 0.024 0.881
Dose 2.525 0.151 0.030 0.868
Time x Dose 0.059 0.814 0.196 0.670
cptla Time 7.410 0.026 7.042 0.029
Dose 2.146 0.181 8.756 0.018
Time x Dose 7.151 0.028 4.976 0.056
acox1 Time 0.134 0.724 0.340 0.576
Dose 0.765 0.407 7.951 0.022
Time x Dose 0.223 0.649 0.396 0.547
hadh Time 0.056 0.818 0.009 0.928
Dose 2.163 0.180 3.870 0.085
Time x Dose 0.085 0.778 0.001 0.975

nanomaterials are known and summarised as follows:

1) Cell membrane damage by the direct physical interaction of sharp-
edged nanomaterials with the cell wall membrane [4,33]. In the
case of TiO NPs, the anatase crystallite induces more damage due to
its greater abrasiveness compared to rutile crystallite [2,141].
Limitation of cell mobility and impairment of cellular function (cell-
cell communication, nutrient exchange, and waste removal) by
trapping cells within aggregated nanomaterials [57,63]. TiOy NPs
can peroxidize lipids in cell membranes and consequently enter and
accumulate inside cells, leading to an increase in reactive oxygen
species (ROS), alteration in the molecular pattern of several bio-
molecules, DNA damage and tubulin depolymerization [113].

3) ROS generation and oxidative stress since nanomaterials have high
oxidative potential. The increased ROS production disrupts the
cellular redox balance causing oxidative stress [2,148]. In fish, the
excessive production of ROS induced by TiOy NPs exposure impairs
hepatic antioxidant mechanisms and the endocrine system [127,41,
55].

DNA damage and genotoxicity via oxidative stress induced by ROS
production can lead to genetic mutations, chromosomal aberrations,
and other genotoxic effects [112,135,76]. Genotoxicity is also
dependent on the size and shape of nanomaterials, with smaller TiOy
NPs and TiO5 nanofibers causing more severe damage [118,6,81].
Formation and subsequent explosion of nanobubbles by decompo-
sition of engineered nanocomposite containing Oy in response to
irradiation, and changes in pH or temperature. The generation and
collapse of nanobubbles create strong mechanical forces able to
cause physical damage to cells around the nanocomposite [64,65].
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6) Release of metal ions into the environment or inside organisms in-
duces oxidative stress, disrupts cellular functions, and interferes with
various biochemical processes. TiO, NPs are considered insoluble
and resistant to dissolution. However, the rapid ion release can
produce short-term toxic effects similar to those of dissolved ions,
while the slower ion release can cause long-term adverse effects [90].

7) Cell metabolism impairment by disrupting cellular processes, such as
mitochondrial function, glycolysis, lipid metabolism, and proteins
and RNA degradation pathways, leading to energetic imbalance and
contributing to cell dysfunction or cell death [131]. Such effects also
affect fish, contributing to thyroid endocrine disruption, changes in
circadian rhythm and immune response [27,68,79].

In the current research, we assessed morphophysiological changes in
the liver of turbot after ingestion of different-sized TiOy NPs with a
citrate coating, relating the cellular uptake and accumulation of these
NPs and the expression patterns of genes involved in oxidative stress and
inflammation and immune responses, endocrine system, and lipid
metabolism.

4.1. Accumulation of titanium in the liver and faeces

The cellular mechanisms underlying the uptake of NPs are multi-
faceted and influenced by various physicochemical properties [16].
Briefly, NPs enter the cells mainly through endocytosis, a process more
effective for 50 nm-sized NPs than smaller or larger NPs. Spherical NPs
undergo higher cellular uptake than rod-shaped NPs. However, NPs with
large surface area exhibit heightened internalization, which is believed
to be a consequence of increasing the probability of locating and inter-
acting with cellular receptors for uptake. Surface charge is another
crucial factor influencing cellular uptake, being more efficient the
higher the positive surface charge and the larger the surface-to-volume
ratio of the NPs. Hence, hydrophilic NPs primarily rely on endocytosis,
whereas hydrophobic NPs may associate with and penetrate the cellular
membrane. Furthermore, the formation of a protein corona, resulting
from the adsorption of proteins onto NP surfaces in biological fluids,
significantly influences cellular interactions and is highly dependent on
NP surface properties. The protein corona composition plays a vital role
in modulating the NP recognition by cells, thereby impacting their up-
take and subsequent intracellular fate, such as NP clearance by macro-
phages [12,24].

Our study showed that following dietary exposure to 1.5 mg TiO2
NPs /Kg fish for 15 and 30 days, low levels of titanium were detected in
the liver. Differences in the amount of titanium found in the liver of
turbots exposed to both TiO5 NPs might be related to the cellular uptake
rate for each tested NP. TiO3 NPs are naturally hydrophilic due to their
negative net surface charge [134], and their further functionalization
with citrate coating enhances this property [34]. Furthermore, the
charge density of NPs influences their entry into cells which is negatively
correlated with membrane penetration and positively correlated with
membrane disruption [12]. In this context, 5 nm TiOz NPs can be more
prone to accumulate in the liver as their hydrodynamic size, hydro-
phobicity, and high charge density favour endocytosis mechanisms. Yet,
high concentrations of small TiO, NPs can form aggregates, leading to
their clearance by the immune system. Moreover, the formation and
composition of the protein corona depend on the shape, size, surface
area, and surface charge of NPs [36,104]. Hence, phagocytosis and
protein corona probably contribute to the differential fate of 5 nm and
25 nm TiO5 NPs, explaining the higher hepatic uptake and subsequent
detection of titanium associated with 25 nm TiOy NPs.

Renal excretion was suggested as the preferred mechanism in
freshwater fish when administered through intravenous injection [117].
However, the route of exposure plays a crucial role in the accumulation
and excretion of nanomaterials [43]. Previous studies indicated hepatic
excretion of TiO2 NPs into the bile [56] and detected high levels of ti-
tanium in faeces [10,127], proposing the excretion of accumulated TiO,
NPs through this route as a plausible mechanism in fish. Moreover,



E. Fonseca et al.

analyses of liver and kidney proteomes suggested that the kidney is less
affected by the intake of TiO2 NPs than the liver in turbot [10]. Here, the
substantial amounts of titanium found in the excrements of turbot
exposed to different-sized TiO2 NPs provide evidence supporting faecal
excretion as a prominent route for eliminating these NPs.

4.2. Hepatic lipid droplets

As in mammals, the liver is responsible for basic metabolic functions
in fish, such as nutrient processing and storage, and xenobiotic detoxi-
fication processes [145]. Lipid droplets (LDs) are dynamic organelles
built up of neutral lipids, mainly triacylglycerol and sterol esters, mak-
ing them available for energy production during starvation, phospho-
lipid synthesis, and protect organisms from lipotoxicity and oxidative
stress [102]. The increase of LDs in controls during the experiments is
related to the elevated membrane demands as fish grow and, therefore,
the need for phospholipid synthesis [102]. However, hepatocytes of
turbots exposed to 25 nm TiO, NPs had fewer and smaller LDs with time,
suggesting an increment in lipid catabolism [44]. In contrast, the larger
LDs detected in response to 5 nm TiO2 NPs point to the emergence of
steatosis, hepatocyte size increase and inflammation [48]. The different
gene expression patterns verified in the distinct experiments (described
below) may be linked to the changes observed in the cellular LD content.

4.3. Oxidative stress, inflammation, and immunity

Oxidative stress and inflammatory responses to NP exposure have
been discussed often in the literature (revised in [61,84]). It has been
suggested that TiO5 NPs enter the cells and enhance the generation of
ROS, affecting the oxidative stress response mediated by NRF2 and the
NF«kB1 signalling pathway and damaging DNA, proteins, lipids, and
carbohydrates [83].

NRF2 is a transcription factor that regulates redox homeostasis
inducing the expression of detoxification enzymes and endogenous an-
tioxidants to prevent genome instability caused by oxidative stressors
[28]. Although not statistically significant, our findings suggest a
possible trend towards a decrease in the expression of nrf2 in the liver of
turbots exposed to small TiO; NPs. This decrease can lead to DNA
damage, ultimately to apoptosis, as previously reported in Nrf2
knockout mice [121]. Compared to smaller NPs, exposure to
citrate-coated 25 nm TiO, NPs resulted in a slight increase in nrf2
expression levels, indicating that turbots were able to trigger an anti-
oxidant response under these conditions. A previous study reported no
significant changes in the expression of nrf2 in the rainbow trout liver
cell line RTL-W1 exposed for 24 h up to 100 pg/mL of 25 nm TiOy NPs
stabilized with bovine serum albumin (BSA), having highlighted a pro-
tective effect of BSA against the production of ROS [78]. Conversely, the
exposure of Nile tilapia (Oreochromis niloticus) to 10 mg/L of 25 nm TiO4
NPs for 14 days has significantly decreased the NRF2 protein content in
the liver, as well as the activity of antioxidant enzymes [137]. These
studies provide evidence of the importance of the NP protein corona
influencing physicochemical properties (size, shape, and hydrophobic-
ity), internalization and in vivo fate (stability, targeting capacity, phar-
macokinetics, and toxicity) of NPs [146]. The opposite responses to the
TiOy NPs tested here confirm that NPs with the same coating may
interact with distinct biomolecules and possibly vary in the protein
corona composition and consequently exhibit different mechanisms of
uptake, reactive oxygen species production, and cellular toxicity [52].

The NF«B signalling pathway is crucial for survival and is activated
by ROS, ultraviolet radiations, cytokines [interleukine-1 (IL-1) and
tumour necrosis factor a (TNF-a)], and microbial components. NFkB is a
family of inducible transcription factors, composed of NFkB1, NFkB2,
RelA, RelB and c-Rel, which mediate immune and inflammatory re-
sponses and are also involved in cell proliferation, differentiation,
development, and apoptosis [101]. After its activation, NFkB1 trans-
locates to the nucleus and induces the expression of proinflammatory
genes, such as cytokines (TNF-q, IL-1, IL-6, IL-12), and cyclooxygenase-2
[82]. Previous studies have reported the activation of this pathway as a
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response to TiO2 NPs exposure in mice [125,37,50], rats [94], as well as
in vitro exposures in several cell lines [100,107,114,88]. In this study,
the nfkb1 expression levels significantly increased in the liver of turbots
exposed to the larger TiOy NPs, consistent with previous statements
suggesting that the inflammatory response is NP size-dependent [103].

Kim et al., [75] suggested that the toxicity mechanisms of
citrate-coated TiO NPs in zebrafish embryos depend more on the sur-
face area or particle number than the overall amount of TiO, in sus-
pension. The amounts of citrate used in our study to stabilize these NPs
differed (higher in 5 nm TiO3 NPs than in 25 nm TiO NPs), which may
have influenced the inflammatory response of turbots. In macrophage
mitochondria, citrate can be converted into itaconate by the aconitate
decarboxylase 1 (IRG1), where it inhibits succinate dehydrogenase
(SDH), reducing ROS production (Fig. 4) [92]. In the cytosol, itaconate
promotes the accumulation of NRF2, resulting in the transcription of
antioxidant genes and the inhibition of IL-1f cytokine production
(Fig. 4) [92,106]. On the other hand, itaconate inhibits IxkB{, a member
of the inhibitor of NFkB (IkB) family which associates with NFkB1
homodimers in the IL-6 gene promotor, having in turn a pleiotropic ef-
fect on the expression of NFkB target genes (Fig. 4) [70]. Overall, we
raise the hypothesis that 5 nm TiO2 NPs may induce the production of
itaconate in the liver as a response to increased citrate ions input,
prompting the NRF2 protein accumulation in cells without the need to
increase nrf2 expression. The accumulated NRF2 will trigger the
expression of antioxidant genes, resulting in ROS neutralization, IL-1f
reduction and consequently, a decrease of nfkb1 expression. In contrast,
25 nm TiOy NPs will contribute to mitochondrial ROS production,
increasing the amounts of NFkB1’s stimuli and, therefore, the need to
increase the expression of this gene.

4.4. Endocrine system and hormone signalling pathways

The endocrine system is responsible for the secretion and diffusion of
chemical messengers over large distances and essential to physiological
and biological functions [40]. Nuclear receptors (NRs) are the major
components of this system, acting as receptors for chemical messengers
with endogenous or exogenous sources [23,47]. In this study, we have
investigated whether exposure to NPs promotes different NRs expression
patterns. The different sizes of TiO, NPs induced different expression
patterns of genes related to lipid metabolism, resulting in LD abundance
variability despite the lack of significant changes in the expression of
selected NRs under the test conditions.

The glucocorticoid receptor (GR) participates in glucose homeostasis
and immune response regulation, modulating the expression of thou-
sands of genes [128]. Interestingly, GRs have been described to interact
with NFkB proteins, binding to the NFxB complex in the nucleus,
inhibiting its transcriptional activity and promoting the translocation of
the NFxB complex back to the cytosol, or increasing the binding affinity
of IxB to NFkB complex in the cytosol, [17]. However, GR activity can be
regulated by multiple mechanisms, resulting in the activation or
repression of gene transcription and non-genomic effects, exercising
mutually antagonistic or synergetic effects depending on the combina-
tion of stimuli [17,26]. Fish have two GR receptors, which GR1 responds
to higher cortisol levels and has its expression, apart from il-1f and tnf-a
genes, increased in specific sea bream tissues under stress conditions
[133]. Our results did not show a significant alteration in grl expression.
Nevertheless, the more pronounced increase of grl expression beyond
the itaconate production hypothesis (Fig. 4) may explain the slight
decrease of nfkb1 expression after exposure to the smaller TiO3 NPs. This
finding is further supported by the lower level of grl expression and the
significantly higher level of nfkb1 expression after exposure to the larger
TiO2 NPs.

The thyroid hormone receptors (THRs) are modulated upon binding
to thyroid hormones (TH), regulating biological processes such as
development, differentiation, and metabolism. In fish, THRs have been
implicated in eggs development before hatching, metamorphosis during
the larvae-to-juvenile transition, and organ differentiation during the
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Fig. 4. Crosstalk among lipid metabolism, inflammatory and oxidative stress responses, and endocrine signalling pathways. Citrate-coated TiO, NPs enter the cells
and induce electron-hore pairs, cell membrane damage, and lipid peroxidation, producing Reactive Oxygen Species (ROS). ROS activate the Nuclear Factor Kappa B
Subunit 1 (NFkB1) which translocates to the nucleus to promote the expression of proinflammatory genes. The input of citrate ions leads to itaconate generation,
inhibiting the succinate dehydrogenase (SDH) enzyme and the consequent decrease in mitochondrial ROS production. In the cytosol, itaconate interacts with the
Kelch-like ECH-associated protein 1 (KEAP1), resulting in nuclear factor erythroid 2-related factor 2 (NRF2) accumulation and with the inhibitor of nuclear factor
kappa B zeta (IkB(), inhibiting it. The accumulation of NRF2 promotes the transcription of antioxidant genes, fatty acids (FAs) p-oxidation-related genes and represses
the interleukin-1 beta (IL-1p) gene transcription. The inhibition of IkB{ and IL-1p gene transcription leads to the inactivation of the NFkB signalling pathway. The
endocrine signalling pathways are mediated by nuclear receptors (NRs). Sensing the lipid content and its levels in cells and other small lipophilic signalling mol-
ecules, NRs (GR1, THRa, PPARa, LXRa) regulate the expression of genes related to FAs metabolism, cholesterol homeostasis, and the inflammatory and immune
systems. The synthesis of FAs by FA synthase (FASN) and polyunsaturated FAs (PUFAs) by fatty acid desaturases (FADS1, FADS2), fatty acid elongases (ELOVL2,
ELOVL5) promote the FAs p-oxidation and the consequent lipid droplet (LD) depletion. Green arrows indicate activation or induction; red dashes indicate inhibition;
thick grey arrows indicate translocation; up and down blue arrows indicate increase and decrease, respectively.

juvenile-to-adult transition [9,110]. A previous study from our labora- homeostasis, in de novo fatty acid and polyunsaturated fatty acids
tory found that the amount of SERPINA7 (thyroxine and 3,5,3’-triio- (PUFASs) biosynthesis, and in the immune response [20,140]. The in-
dothyronine blood carrier) is higher in turbots exposed to 25 nm TiO, crease of PUFAs inhibits the NFkB activity, and their incorporation in
NPs for 14 days [10], which may explain the increase of thrab expression phospholipids decreases membrane saturation, reducing the endo-
reported here to respond to THs circulating in the blood. In the liver, THs plasmic reticulum stress caused by fatty acid synthesis, [20,140]. The
induce lipophagy releasing fatty acids for mitochondrial lipid oxidation expression of Ixra tended to increase with long-term exposure to the
[30]. We have observed a decrease in LDs after 30 days of exposure to smaller TiOy NPs, which can induce fatty acids biosynthesis and block
25 nm TiO4 NPs that can be a consequence of lipophagy induced by THR the immune response by the increasing PUFAs. On the other hand, TiO,
activation on the day14 (Fig. 4), which is corroborated by the decrease NPs are described to cause membrane damage due to ROS production
in thrab expression and the increase in the number and size of LDs after and cholesterol is known to provide a stabilising effect [87]. In this
exposure to 5 nm TiOy NPs. context, boosting demand for LXRa may be necessary to regulate
The peroxisome proliferator-activated receptors (PPARs) are crucial cholesterol homeostasis under 5 nm TiOy NPs exposure. Such hypothe-
for energy metabolism and immunity and are modulated by lipid deri- ses remain unclear, and there is a paucity in the literature on the role of
vates [132]. In vertebrates, including fish, three paralogs are described LXRa under TiOy NP stress, unveiling the need for future research.

as having different functions, including activation of mitochondrial and
peroxisomal fatty acids p-oxidation (PPAR«), glucose and fatty acids 4.5. Fatty acids metabolism

metabolism (PPARf/8), adipocyte differentiation energy storage Lipids, particularly fatty acids, are a crucial source of energy for the
(PPARy), and inhibition of inflammatory mediators [105,126]. The growth and health of flatfish [85]. The de novo biosynthesis of fatty acids
expression of pparab in the liver tended to increase over time in the in cytosol involves the rate-limiting enzyme fatty acid synthase (FASN)
presence of 5 nm TiOy NPs, which we suggest activates the p-oxidation that produces long-chain fatty acids from acetyl-CoA and the synthesis
of fatty acids in mitochondria to overcome the observed accumulation of of PUFAs in the endoplasmic reticulum that requires fatty acid desa-
lipids in LDs and protect against steatosis [126] (Fig. 4). turases (FADS1, FADS2), fatty acid elongases (ELOVL2, ELOVL5) and

The liver X receptor (LXR) is a pivotal player in cholesterol ultimately, peroxisomal p-oxidation [69]. In our study, the expression of
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fasn and elovl5 genes was not significantly affected by TiO, NPs expo-
sure. Nevertheless, the expression of elovl5 tended to decrease in turbots
exposed to 5 nm TiO5 NPs, which could lead to the alteration of the lipid
content and the accumulation of LDs [67,74,95] (Fig. 4).

The catabolism of fatty acids takes place in both mitochondria (short-
, medium-, and long-chain fatty acids) and peroxisome (very-long-chain
fatty acids) [35]. Carnitine palmitoyl transferases (CPT1 and CPT2) are
responsible for the transport of long-chain fatty acids (acyl-CoA) into the
mitochondria. Acyl-coenzyme A oxidase 1 (ACOX1; peroxisomal and
mitochondrial isoforms are encoded by the same gene), the first
limiting-rate enzyme of this pathway, and hydroxyacyl-Coenzyme A
dehydrogenase (HADH), the enzyme responsible for the oxidation of
fatty acids, are then required to undergo the process of fatty acids
B-oxidation [129,139] (Fig. 4). Additionally, citrate intake was reported
to inhibit CPT1 [144], which is in line with our observations when
turbots were exposed to higher amounts of citrate ions (5 nm TiO2 NPs).
After long-term exposure to these NPs, PPARab mediated significant
upregulation of cptla to defeat LD accumulation [129]. When exposed to
25 nm TiOy NPs, lipophagy was activated initially by THRa [115],
resulting in a significant increase in cptla expression. Since the LD
content was reduced over time, cptla expression returned to normal. The
slightly high expression of acox1 observed in the presence of TiOy NPs
was expected since fatty acids p-oxidation was activated. Our results do
not allow us to distinguish whether these increments affect mitochon-
dria or peroxisome activity. We then propose that in the presence of
25 nm TiO3 NPs, the changes in acox1 expression levels primarily affect
the mitochondrial isoform rather than the peroxisomal isoform, pro-
moting lipophagy and mitochondrial fatty acid p-oxidation, ultimately
leading to LDs depletion [58].

5. Conclusion

In summary, we presented additional evidence of lipid metabolism
impairment in the liver of juvenile turbot Scophthalmus maximus caused
by exposure to citrate-coated TiOy NPs. The ingestion of the examined
NPs had a specific impact on the hepatic LD content and gene expression
patterns related to lipid catabolism. While smaller NPs contributed to
the accumulation of LDs in hepatocytes and subsequent steatosis, larger
NPs led to the depletion of LDs in hepatocytes by lipophagy and fatty
acids p-oxidation activation with a consequent increase in oxidative
stress and immune responses. Our findings brought to discussion the role
of the citrate coating as the mediator of such effects, highlighting the
need to extend the knowledge about the risks associated with exposure
to NPs with different physicochemical properties in aquatic organisms.
Further studies are needed to validate these hypotheses and understand
whether either different available citrate levels or corona protein
composition contribute to these findings.

Environmental Implications

A comprehensive examination reveals increasing amounts of tita-
nium dioxide nanoparticles (TiOy NPs) in the environment. TiOy NPs
can cause oxidative stress, histopathological alterations, immune system
disturbance, and other harmful effects. We employed molecular and
histological methods to understand how different sizes of TiO, NPs
affect the liver of turbots over time via feeding exposure to disclose the
impact of NPs in aquatic environments. Our results suggested that the
severity of lipid metabolism impairment, evidenced by changes in he-
patic lipid droplet size and number and altered expression of related
genes, can be influenced by the citrate used as a coating agent.
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