
Science of the Total Environment 847 (2022) 157580

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Autophagy and lipid droplets are a defense mechanism against toxic copper
oxide nanotubes in the eukaryotic microbial model Tetrahymena thermophila
Álvaro Morón, Ana Martín-González, Silvia Díaz, Juan Carlos Gutiérrez, Francisco Amaro ⁎
Department of Genetics, Physiology and Microbiology, Faculty of Biology, Complutense University of Madrid, 28040 Madrid, Spain
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author.
E-mail address: famaroto@ucm.es (F. Amaro).

http://dx.doi.org/10.1016/j.scitotenv.2022.157580
Received 3 June 2022; Received in revised form 12 J
Available online 23 July 2022
0048-9697/© 2022 The Authors. Published by Elsevi
• A wide variety of defense systems were
rapidly activated following copper oxide
nanotubes (CuONT) in T. thermophila.

• Autophagy appeared as the main mecha-
nism to isolate and expel internalized
CuONT and CuONT-damaged organelles
in Tetrahymena.

• The dramatic increase in lipid droplet pro-
duction suggests a protective role against
CuONT-imposed stress in this ciliate.
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The widespread use of inorganic nanomaterials of anthropogenic origin has significantly increased in the last decade,
being now considered as emerging pollutants. This makes it necessary to carry out studies to further understand their
toxicity and interactions with cells. In the present workwe analyzed the toxicity of CuO nanotubes (CuONT) in the cil-
iate Tetrahymena thermophila, a eukaryotic unicellular model with animal biology. CuONT exposure rapidly induced
ROS generation in the cell leading to oxidative stress and upregulation of genes encoding antioxidant enzymes (cata-
lase, superoxide dismutase, glutathione peroxidase), metal-chelating metallothioneins and cytochrome P450
monooxygenases. Comet assays and overexpression of genes involved inDNA repair confirmed oxidative DNAdamage
in CuONT-treated cells. Remarkably, both electron and fluorescent microscopy revealed numerous lipid droplets and
autophagosomes containing CuONT aggregates and damagedmitochondria, indicating activation ofmacroautophagy,
which was further confirmed by a dramatic upregulation of ATG (AuTophaGy related) genes. Treatment with autoph-
agy inhibitors significantly increased CuONT toxicity, evidencing the protective role of autophagy towards CuONT-
induced damage. Moreover, increased formation of lipid droplets appears as an additional mechanism of CuONT
detoxification. Based on these results, we present a hypothetical scenario summarizing how T. thermophila responds
to CuONT toxicity. This study corroborates the use of this ciliate as an excellent eukaryotic microbial model for ana-
lyzing the cellular response to stress caused by toxic metal nanoparticles.
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1. Introduction

In the current era of nanotechnology, the highly versatile metallic nano-
particles (NPs) are attracting great attention and are being widely used in a
variety of applications ranging from industrial and biomedical tools to per-
sonal care products. As a result, exposure to these nanomaterials is increas-
ing, thus raising concerns about their adverse effects on non-target
organisms upon their release into the natural environment (Colvin, 2003;
Keller et al., 2017). In recent years, nanoecotoxicology has emerged
as a specialized area to study the potential toxic effects of NPs and other
nanomaterials on living beings inhabiting different ecosystems. Hence,
deciphering nanomaterial toxicity mechanisms and choosing proper
model organisms to study their adverse effects on cells is needed to ensure
proper design and risk assessment of NPs. Inorganic engineered NPs,
mainly those composed of metals or metal oxides, are quite persistent in
the environment since they are not biodegradable (Baun et al., 2008).
Therefore, NPs can be considered as emerging environmental pollutants
of anthropogenic origin.

Copper and silver-based NPs are among the most highly manufactured
NPs and are rapidly integrated into everyday life. Among the least studied
metal oxide-based nanomaterials are the non-spherical nanoparticles
(e.g., nanotubes and nanowires) made from copper (Karlsson et al., 2008;
Sengul and Asmatulu, 2020). They can potentially be used in catalysis, en-
ergy conversion, chemical and biosensors and various electronic devices
(Kim and Lee, 2015). Likewise, their antimicrobial activity has been consid-
ered as possible tools in chemotherapy (Qamar et al., 2020). In the industry,
copper NTs mainly serve as scaffold for CuO NPs encapsulation allowing
the development of high-performance batteries (Zhao et al., 2016). In addi-
tion to NP shape and size, NP toxicity is also influenced by a large number
of factors; intrinsic such as their surface area, solubility, charge, and ability
to adsorb diverse substances including metals and organic molecules; and
extrinsic such as pH, ionic strength and the presence of organic matter
(Horie et al., 2013; Pérez et al., 2009). Among them, three main factors re-
lated to the biological effects of NPs have been reported: their ability to dis-
solve (inverse to aggregation), the cellular uptake of NPs, and their ability
to induce oxidative stress with consequent cellular damage (Slaveykova
et al., 2016). Like metal(loid)s, the general toxicity mechanisms of metal-
based NM seem to be oxidative stress (Amaro et al., 2021; von Moos and
Slaveykova, 2014; J. Zhang et al., 2016), lipid peroxidation (Mortimer
et al., 2011), genotoxicity (Karlsson et al., 2008; Kinaret et al., 2021),
proteotoxicity (Juganson et al., 2017a) and epigenome changes (Sierra
et al., 2016). Although toxicity of metal-based NP has been extensively ex-
plored in the last decade (Sengul and Asmatulu, 2020), studies focusing on
non-spherical metallic nanoparticles are still scarce. Because some of their
effects on cells remain to be uncovered, it is thus necessary to analyze in
depth their physiological and genetic aspects.

In addition to generating oxidative stress, growing evidence indicates
that metallic NPs can trigger autophagy and apoptosis in human cell lines
(Li et al., 2020; Mohammadinejad et al., 2019; Nakashima et al., 2019a;
Sun et al., 2012; Villeret et al., 2018), but whether this is a general phenom-
enon is currently unknown. Autophagy is an evolutionarily conserved pro-
cess among eukaryotes in which damaged organelles, misfolded proteins,
cytoplasmic material, or even intracellular pathogens are eliminated from
the cell in a selective or non-selective manner. This process is characterised
by the formation of double-membrane vesicles, the so-called autophago-
somes, in a process conducted by ATG (AuTophaGy related) proteins,
which are involved in autophagosome formation and elongation, fusion
with lysosomes and degradation of the inner autophagosomal membrane
(Galluzzi et al., 2017; Mizushima et al., 2011; Nguyen et al., 2016;
Tsuboyama et al., 2016). In T. thermophila autophagy has been reported
in programmed macronuclear degradation during conjugation (Akematsu
et al., 2010, 2014; Liu and Yao, 2012), long-term starvation and oxidative
stress (Wang et al., 2008), and under selenite or selenate stress where dam-
aged mitochondria are eliminated by mitophagy or macroautophagy
(Romero et al., 2019). Furthermore, autophagy has also been observed dur-
ing encystment in protozoa (Gutiérrez et al., 2001; Moon et al., 2015), but
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whether it is involved in other defense cellular responses in protists remains
unknown.

One of the most universal cellular responses to stress is the increase in
lipid droplet (LD) formation (Henne et al., 2018). LDs exhibit diverse func-
tions, such as being energy stores under starvation (Barbosa et al., 2015), as
cytoplasmic chaperones for toxic proteins and lipids (Nguyen et al., 2017;
Singh and Cuervo, 2012), and as signaling platforms in the regulation of
host response to infection caused by bacteria (Cocchiaro et al., 2008), vi-
ruses (Cheung et al., 2010), or protozoa (Hu et al., 2017). Furthermore,
cells respond to both the harmful intracellular accumulation of fats and
the formation of toxic lipids by means of so-called lipophagy (a type of se-
lective autophagy) (Singh and Cuervo, 2012).

The ciliateT. thermophila is a eukaryotic microbial model widely used in
ecotoxicology due to its ubiquitous distribution in fresh-water environ-
ments, fast response to environmental stresses, quick growth (< 3 h gener-
ation time) and easy handling. Moreover, T. thermophila is amenable to
genetic engineering and exhibits strong physiological similarities with ani-
mal cells as well (Gutiérrez et al., 2008; Maurya and Pandey, 2020). Be-
sides, being a phagotrophic microorganism, T. thermophila is exposed to
NPs not only through cell surface interactions, but also after NP internaliza-
tion via phagocytosis (Kahru et al., 2008), thus facilitating their potential
interactions with intracellular components as well. While some studies on
the toxicity of CuO NPs (Mortimer et al., 2010) or carbon nanotubes
(Mortimer et al., 2016) have been carried out on T. thermophila, there are
no studies on the toxicity of CuO nanotubes (CuONT) and cell responses to-
wards them in this ciliate or other eukaryoticmicroorganism.With growing
production of metallic NP of diverse shapes and thus features, it is of inter-
est to explore how different NPs impair cell physiology. Until now,
nanotube-related studies have mainly focused on those composed of car-
bon, and little is known about the toxic effects of metallic nanotubes.
Since copper is well known to trigger ROS generation in cells, we hypothe-
sized that NP-induced oxidative stress might perturb several cellular pro-
cesses in T. thermophila in addition to those previously reported
(Mortimer et al., 2010, 2011). Expression profiles of genes encoding differ-
ent defense systems (metallothioneins, antioxidant systems, ATG proteins,
DNA repair enzymes) were measured to characterize the cell response to
stress imposed by CuONTs. DNA damage and ROS levels upon exposure
to CuONT were quantified to confirm NP-triggered oxidative stress. Be-
sides, by taking advantage of different microscopic and genetic approaches
we investigated the role of autophagy as amechanism for CuONT clearance
in T. thermophila, and explored whether formation of lipid droplets is
a common cellular response to stress induced by NPs. Importantly, treat-
ment with autophagy inhibitors significantly increased CuONT toxicity in
T. thermophila, supporting the protective role of autophagy towards
CuONT-induced damage.

2. Materials and methods

2.1. Characterization of CuO nanotubes (CuONT)

Copper (II) oxide nanotubes (CAS number 1317-38-0) (CuONT) of
10–12 nm diameter and 75–100 nm length (catalog number 792004)
were purchased from Sigma Aldrich. The morphology and size of CuONT
were analyzed by transmission electronmicroscopy (TEM), after depositing
a sample (~ 2 μL) of the nanotubes in 0.01 M Tris-HCl buffer pH 7.5 on a
TEM grid, and observed in a JEM300 (Jeol) transmission electron micro-
scope at 80 kV. Zetasizer Nano ZS (Malvern Instruments) was employed
to measure the Z potential of CuONT (50 mg/L) suspended in 0.01 M
Tris-HCl buffer pH 7.5. These analyses were carried out at the Spanish
National Centre for Electron Microscopy (ICTS).

2.2. Strain and culture conditions

T. thermophila strains SB1969, kindly supplied by Dr. E. Orias (Univer-
sity of California, USA), and GFPMTT5 were cultured in PP210 medium
(2 % proteose-peptone, Pronadisa) supplemented with 10 μM FeCl3 and
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250 μg/ml of streptomycin sulfate and penicillin G (Sigma Aldrich) for 24 h
at 30 ± 1 °C under agitation conditions. Culture media and all reagents
were made in Milli-Q (Millipore) grade water. The strain GFPMTT5 con-
tains multicopy plasmids bearing the construct PMTT1::GFP::MTT5,
which overexpress the GFP (Green Fluorescent Protein) reporter gene
fused to the MTT5 gene, both under the control of the promoter of the
Cd-metallothioneinMTT1 gene (Amaro et al., 2014).

2.3. Exposure to CuO nanotubes

A 250 mg/L stock solution was freshly prepared in 0.01 M Tris-HCl
buffer pH 7.5. Before treatment, the stock solution was sonicated for
30 min (Branson 2800 ultrasonic bath model CPX2800-E). Log phase cul-
tures of T. thermophila were harvested by centrifugation at 700 ×g for 2
min. Cells were washed and suspended in 0.01 M Tris-HCl buffer pH 7.5.
Then, cell density was adjusted to 3 × 105 cells/mL by counting with a
Neubauer chamber. The cell suspension was divided into two groups; one
exposed to different concentrations of CuONT, and the control group incu-
bated in 0.01MTris-HCl buffer pH 7.5. Cells were exposed for 1, 4 and 24 h
at 30 ± 1 °C in darkness under agitation conditions.

2.4. Cytotoxicity and growth inhibition assays

Cell viability and reactive oxygen species (ROS) generation upon CuONT
exposure were measured by flow cytometry with the CytoFLEX flow
cytometer (Beckman Coulter) at the Margarita Salas Center for Biological
Research (CIB-CSIC). Cell viability was assessed by staining cells with
2.5 μg/mL propidium iodide (PI) (Sigma Aldrich) after exposure to
CuONT. PI only penetrates and stains cells with damaged membranes
(Krämer et al., 2016). Thus, non-viable cells can be identified as PI-
positive cells by collecting PI-fluorescence at 670 nm LP (long pass) (FL3
channel). Cells fixed with a 4 % paraformaldehyde (PFA) solution were
used as a positive control for dead or PI-positive cells. The Lethal concentra-
tion of CuONT that causes death of 50 % of the cell population (LC50) was
estimated as by using Probit analysis with Statgraphics Centurion XVI and
STATA 9 (confidence 95 %, p < 0.05) as described in (Rodríguez-Martín
et al., 2022).

ROS generation upon CuONT exposure was addressed by incubating the
cells with the ROS indicators 2′, 7′-Dichlorofluorescin diacetate (DCFH-DA)
and Dihydroethidium (DHE) (Sigma Aldrich). DCFH-DA is cell-permeable
widely used probe for detection of intracellular ROS. After cell uptake
DCFH-DA is deacetylated by cytosolic esterases to the non-fluorescent
DCFH carboxylate anion, which is retained in the cytosol. DCFH is later ox-
idized by intracellular ROS turning into the fluorescent product 2′-7′-
dichorofluorescein (DCF) that can be quantified by fluorescencemicroscopy
and flow cytometry (Eruslanov and Kusmartsev, 2010). DHE is a widely
used superoxide indicator which is oxidized by O2

.- to form the fluorescent
compound 2-hydroxyethidium (2-OH-E+) (excitation at 500–530 nm/emis-
sion at 590–620 nm) (Robinson et al., 2006). After exposure to CuONT,
T. thermophila cells were incubated with either 40 μM DCFH-DA or 10 μM
DHE for 30 min and then washed with 0.01 M Tris-HCl buffer pH 7.5.
Then, cells stained with DCF or DHE were observed with an Olympus
CX41fluorescencemicroscopy using 470–490 nmexcitation/515–565 emis-
sion and 500–530 nm excitation/590–620 nm emission filter sets, respec-
tively. Menadione (2-methyl-1,4-naphthoquinone) (2 mM) an oxidative
stress inducer, and CCCP (carbonyl cyanide m-chlorophenyl hydrazine)
(10 μM), an inducer of mitochondrial dysfunction and oxidative stress,
were used as positive controls for DCFH-DA and DHE staining, respectively
(Forkink et al., 2010). The percentage of DCF+ and DHE+ cells was deter-
mined by flow cytometry (CytoFLEX, BD) after collecting DCF and DHE
fluorescence by the FL1 (530/30 nm BP, band pass) and FL2 channels
(585/45 nm), respectively. For growth inhibition assays, log phase cultures
were exposed to selected concentrations of CuONT in PP210 culture me-
dium. Cell density was measured by counting cells in a Neubauer chamber
every 24 h. T. thermophila growth rate and generation time under CuONT
exposure was estimated using the DMFit software (Baranyi et al., 1993).
3

Cu2+ ions release from ingested CuONTs was investigated by incubat-
ing the cell biosensor T. thermophila strain GFPMTT5 (Amaro et al., 2014)
with 35 mg/L CuONT in 0.01 M Tris-HCl buffer pH 7.5 for 1 h. Cells were
then washed twice in 0.01 M Tris-HCl buffer pH 7.5 and examined for
GFP expression with an Olympus CX41 fluorescence microscopy using the
470–490/515–565 nm filter sets.

2.5. RNA isolation and quantitative RT-PCR

Total RNA was isolated from control and CuONT-treated cells by using
the TRIzol Reagent TR118 (Molecular Research Center). RNA sampleswere
treated with DNase I (Roche) at 37 °C for 30 min. Then 3 μg of each RNA
sample was retrotranscribed to cDNA with the Maxima Reverse Transcrip-
tase (Thermo Scientific) by following the manufacturer's directions. cDNA
samples were amplified in duplicate in 96 microtiter plates (4titude®).
Real time PCR was carried out in 20 μl reaction mixtures containing
1× TB Green Premix Ex Taq (Takara), 1× ROX reference dye (Takara),
300 nM of each forward and reverse primer and 2 μl of the template
cDNA. PCR primers (Table S1) were designed using the PrimerQuest soft-
ware from IDT (Integrated DNA Technologies). β-actin gene (ACT) was
used as an endogenous control or housekeeping gene. Samples were ampli-
fied in a iQ5 real-time PCR (Bio-Rad) using the following thermal cycling
protocol: 5 min at 95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s at
55 °C and 20 s at 72 °C; and a final step of 1 min at 95 °C and 1 min at
55 °C. The specificity of each primer pair was confirmed by melting curve
analysis. Quantification of relative gene expression was carried out accord-
ing the delta-delta Ct method (Livak and Schmittgen, 2001). Quantification
was done relative to the reference gene (β-actin) respective to each treat-
ment (CuONT-treated or control) by subtracting the cycle threshold (Ct)
of the reference gene from the Ct of the gene of interest. All non-template
controls (NTC) and RT minus control were negative. Amplification
efficiency (E) was measured by using 10-fold serial dilutions of a positive
control PCR template. Efficiency parameters were met for each gene
(Table S2).

2.6. Transmission electron microscopy (TEM)

Cells were fixed with 2.5 % glutaraldehyde (Sigma Aldrich) in 100 mM
sodium cacodylate buffer pH 7.2 during 1 h under darkness conditions.
Then cells were washed three times in cacodylate buffer (TAAB Laborato-
ries Equipment Ltd) and fixed with 0.5 % OsO4 (TAAB Laboratories
Equipment Ltd) in cacodylate buffer for 45 min on ice. Fixed cells were
stained with 1 % uranyl acetate (TAAB Laboratories Equipment Ltd) for
1 h. Dehydration of cells was carried out by an acetone series of increasing
concentration (25 %, 50 %, 75 %, 100 %), and then the samples were em-
bedded in Embed 812 (TAAB Laboratories Equipment Ltd) resin, according
to the commercial supplied protocol. Ultrathin sections were obtained by
microtome Ultracut (Reichert-Jung), stained with 2 % uranyl acetate and
lead citrate, and observed in a JEM1010 (Jeol) transmission electronmicro-
scope at 80 kV at the Spanish National Centre for Electron Microscopy
(ICTS).

2.7. Treatment with autophagy inhibitors, autophagosomes and lipid droplets
labelling

Wortmannin (Sigma Aldrich) and MRT68921 (Selleck) were used as in-
hibitors of autophagy. The optimal inhibitor concentrations and incubation
times which inhibited autophagy while exerting no toxic effect on the
ciliates were determined in preliminary experimentsmonitoring cell viabil-
ity with the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) colorimetric assay as described in (Zilberg and Sinai, 2006).
The effect of autophagy inhibition on CuONT toxicity was assessed bymon-
itoring cell viability after PI staining with a flow cytometer. Log phase
T. thermophila cultures were harvested and suspended in fresh PP210 me-
dium at a cell density of 3× 105 cells/mL in cell culture plates. Prior to ex-
posure to CuONT, cells were treated with 500 nM wortmannin or 2.5 μM
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MRT68921 for 2 h at 30 °C. Then, cells were washed with 0.01 M Tris-HCl
buffer pH 7.5 and exposed to sublethal concentrations of CuONT for 24 h at
30 °C. Cell viability was determined by quantifying the percentage of PI-
positive cells by flow cytometry as described above. Autophagosomes
were labeled by staining cells with 30 μM monodansylcadaverine (MDC,
Sigma Aldrich) for 30 min at 30 °C. Then, cells were washed with 0.01 M
Tris-HCl buffer pH 7.5 and observed with an Olympus CX41 fluorescence
microscopy using 360–370 nm excitation/470–495 nm emission filter
sets. One hundred randomly selected images at 400× magnification were
acquired and fluorescence intensity of MDC-stained autophagosomes was
quantified by employing the ImageJ software (Schneider et al., 2012).

Lipid droplets were labeled by using the fluorophore BODYPI493/503
(Cayman Chemical). T. thermophila cultures, control or treated with
CuONT (35 mg/L in 0.01 M Tris-HCl buffer or 200 mg/L in PP210) for 4
or 24 h, were stained with 10 μM BODYPI493/503 for 30 min. Cells were
then washed with 0.01 M Tris-HCl buffer pH 7.5 and observed under an
Olympus CX41 fluorescence microscopy using the 470–490/515–565 nm
filter sets.

2.8. Comet assay

DNA strand breaks in T. thermophila cells exposed to CuONT were
assessed by performing the comet assay under alkaline conditions. Micro-
scope slides for comet assays were prepared as follows. Slides were incu-
bated in a 1:2 mixture of diethyl ether and methanol at −20 °C
overnight. Then, slideswere dried and placed in 70%ethanol for 2 h. Slides
were then dried again and coated with 1 % normal melting point agarose
(NMA). T. thermophila cells (3 × 105 cells/mL) were exposed to CuONT
for 4 h and 24 h in 0.01 M TrisHCl buffer pH 7.5. Cells treated with mena-
dione (Sigma Aldrich) were used as positive controls. Cells were harvested,
washed and suspended in 0.01 M TrisHCl buffer pH 7.5. Then 20 μL of the
cell suspension (4× 104 cells) weremixedwith 80 μL of 0.9 % lowmelting
point agarose (Condalab) at 38 °C. This mixture was spread over precoated
slides. A coverslip was immediately added, and the slides were incubated at
4 °C until the agarose solidified. The coverslip was removed and a second
layer of 0.9 % LMAwas spread on top of the solidified agarose and allowed
to solidify at 4 °C. Cells embedded in agarose were lysed overnight under
dark conditions at 4 °C by immersing the slides in alkaline lysis buffer as de-
scribed by (Rajapakse et al., 2013). Slides were then rinsed in cold (4 °C)
electrophoretic buffer (30 mM NaOH, 10 mM EDTA, pH 12.4) three times
in darkness for 20 min and electrophoresis was carried out for 60 min at
0.8 V/cm, 300mA. After electrophoresis samples were neutralized by incu-
bating the slides twice in 0.4 M Tris-HCl buffer pH 7.5 for 10 min in dark-
ness. Cell nuclei were stained with 2 μg/mL DAPI (Sigma Aldrich) for
30 min at room temperature in the dark and washed with PBS. Slides
were observed with a fluorescence microscope (Olympus CX41) and 100
randomly selected images at 400× magnification were acquired using a
Fig. 1. (A): Transmission electron microscopy (TEM) image of an aggregate of CuO nano
the manufacturer and confirmed by TEM. 2According to the manufacturer. 3Measured at
section, values shown correspond to the average of three samples.
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365 nm excitation/420–450 nm emission filter set. For each treatment,
six slides from each sample were analyzed by visual scoring of 70 comets
per gel. Comets were analyzed with OpenComet v1.3.1 (Gyori et al.,
2014) and its Olive Tail Moment (OTM) was automatically calculated by
the software. The OTM was calculated as described earlier (Olive et al.,
1990) and is defined as the product of the percentage of DNA in the tail
multiplied by the displacement between the means of the head and tail
distribution (OTM = tail mean-head mean x relative amount of DNA in
the tail).

2.9. Statistical analysis

Significant differences between control and treated cells were evaluated
in GraphPad Prism 8 software using a one-way analysis of variance
(ANOVA). Statistical differences in gene expression between treated and
untreated samples measured in qRT-PCR experiments were assessed using
a one-way ANOVA followed by Dunnett's post-hoc test performed with
GrapPad Prism 8.

3. Results

3.1. Characterization of copper oxide nanotubes (CuONT)

TEM analysis confirmed than CuONT were tubular or rod-shaped parti-
cles with estimated average size of 73.9 ± 20.7 nm in length and 14.7 ±
3.9 nm in width, forming aggregates (Fig. 1). The Zeta potential of the
CuONT dispersed (by sonication) in a buffer solution (0.01 M Tris-HCl pH
7.5 buffer) was measured as −30.6 ± 2.6 mV, indicating a good degree
of stability. However, after 24 h the Zeta potential was found to change
from −30.6 to−1.2 mV suggesting NP aggregation (Fig. 1).

3.2. CuONT induces oxidative stress in T. thermophila that results in DNA
damage

Viability of T. thermophila cells exposed to CuONT was assessed by flow
cytometry using PI as indicator of cell membrane damage. In these assays
exposure to CuONTwas performed in 0.01MTris-HCl pH7.5 buffer tomin-
imize interactions of culture media components with dissolved Cu2+ ions
released from the nanotubes or the CuONT themselves. As shown in
Fig. 2A, CuONT reduced cell viability in a dose and time dependent fashion.
No significant effect on cell viability was observed after 1 h of exposure
(data not shown). Fewer than 20 % cells exhibited membrane damage
(PI+ signal) after 4 h exposure to CuONT for all the tested concentrations
(25–200 mg/L). However, after 24 h the percentage of dead cells exceeded
50 % at concentrations above 50 mg/L. Therefore, the LC50 (lethal concen-
tration that kills 50 % of the population) was estimated as 82.43 mg/L
CuONT at 24 h of treatment. Additionally, cytotoxicity of CuONT towards
tubes (CuONT). (B): Main characteristics of CuONT used in this study. 1According to
50 mg/L in 0.01M TrisHCl buffer pH 7.5 as described in the Materials and Methods



Fig. 2. Cytotoxicity of CuONT. (A): Cell viability of T. thermophila cells exposed to CuONT for 4 and 24 h. The percentage of dead cells was estimated as PI-positive cells by
flow cytometry after PI staining in 0.01 M TrisHCl pH 7.5 buffer. The stars denote significant differences (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001) when
compared to the control group (untreated cells). (B): Release of Cu2+ ions from ingested CuONT as detected by the metal biosensor T. thermophila strain GFPMTT5. Cells
were exposed to either TrisHCl pH 7.5 buffer (B1, B2) or 35 mg/L CuONT (B3, B4) for 1 h and observed under a fluorescence microscope. Expression of GFP is induced
by Cu2+ ions released from ingested CuONT.
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T. thermophilawas confirmed by growth inhibition assays in PP210 culture
medium, where CuONT significantly slowed down cell growth in a dose-
dependent manner, the generation time during the exponential phase
increased up to 3-fold under CuONT exposure (Fig. S1). Since metal leakage
from NP significantly contributes to NP cytotoxicity, we investigated Cu2+

release from ingested CuONT by adding them to the metal cell biosensor
T. thermophila strain GFPMTT5 (Amaro et al., 2014). As shown in Fig. 2B,
ingested CuONT dramatically induced the production of GFP fluorescence
by strain GFPMTT5, confirming Cu2+ ions release from internalized CuONT.

Copper and metallic NPs are known to induce oxidative stress in cells
(C. Zhang et al., 2016). Thus, we investigated ROS generation in CuONT-
exposed cells by flow cytometry using two different ROS fluorescent
probes: DCFH-DA (a general ROS indicator) and DHE (a specific O2

.-

probe) (Forkink et al., 2010). Interesting, we observed a different staining
pattern depending on the exposure time to CuONT (Fig. 3). A higher num-
ber of cells exhibited both DHE+ (630 nm) and DCF+ (530 nm) fluores-
cence at 1 h (Fig. 3A, C), whereas only DCF+ fluorescence was detected
24 h after exposure to CuONT (Fig. 3B, D). CuONT concentrations above
35 mg/L decreased fluorescence signal most likely due to their toxicity
(>20 % mortality rate. Fig. 2A).

To corroborate oxidative stress generation by CuONT,we quantified the
expression levels of genes encoding different antioxidant enzymes by qRT-
PCR (Fig. 4A). As shown in Fig. 4A and Table S3, a dramatic overexpression
of catalase gene (CAT1) (10-fold) and glutathione peroxidase isoform 10
(GPx10) (16-fold), two well-known enzymes involved in H2O2 detoxifica-
tion, was detected in cells exposed to CuONT for 24 h (Fig. 4A), in agree-
ment with flow cytometry results. However, the other two paralogous
genes (GPx1 and GPx9) did not show any significant induction (in all
cases they were <2-fold) (Fig. 4A and Table S3). Likewise, the two genes
encoding superoxide dismutase enzymes (Cu/Zn-SOD1b and Fe-SOD)
were lightly induced (2.5 or 2.2-fold) at 1 h, in agreement with the highest
superoxide levels reported by DHE at 1 h (Fig. 3A).

Within the category of genes involved in oxidative stress and detoxifica-
tion of organic xenobiotics are those encoding the cytochrome P450
monooxygenases. In this study, the expression of two genes of the cyto-
chrome P450 family (CYP500C1 and CYP5010A4) was also analyzed. As
can be seen in Fig. 4A and Table S3, both genes were induced (about 10
and 6-fold, respectively) after 1 h of exposure to CuONT andwere no longer
expressed after 4 and 24 h.

Since increased ROS levels in cells can result in DNA oxidation, we in-
vestigated DNA damage in CuONT-treated cells by performing the comet
assay, which is a standard method to evaluate DNA damage in cells
(Azqueta et al., 2014). Exposure to CuONT for 1 and 4 h did not cause
5

any DNA damage as measured by olive tail moment (OTM) in comet assays
(data not shown). However, extensive DNA damage was observed in
T. thermophila cells exposed to CuONT for 24 h (Fig. S2), supporting the
oxidative stress scenario under these conditions. In addition, upregulation
of genes encoding DNA repair enzymes OGG1 (8-oxoguanine DNA
glycosylase, involved in nucleotide-excision repair) and RAD51 (involved
in homologous recombination and repair of double-stranded DNA breaks)
upon CuONT exposure was detected by qRT-PCR. As shown in Fig. 4B
and Table S3, the OGG1 gene was overexpressed about 28-fold while
RAD51 was only upregulated 2.6-fold, both after 1 h of exposure. At later
times (4 and 24 h) OGG1 and RAD51 expression returned to basal levels.

Lastly, besides the aforementioned upregulation of antioxidant
enzymes, we also observed a dramatic overexpression of genes involved
in metal detoxification such as metallothioneins. The paralogous
gene encoding the MTT3 isoform showed the highest expression level
(2 × 105-fold at 1 h and about 935-fold at 4 h of exposure) (Fig. 4C and
Table S3). Secondly, the identical MTT2/4 isoforms reached induction
values up to 129-fold (1 h), 77-fold (4 h) and 54-fold (24 h). The MTT1 iso-
form maintained similar expression levels over time (1–24 h), while the
MTT5 gene was induced about 16-fold and 23-fold at 1 and 24 h, respec-
tively (Fig. 4C, Table S3).

3.3. CuONT induces autophagy and a notable increase of lipid droplets as a
cellular defense mechanism

TEM was used to study the intracellular location of CuONT in
T. thermophila cultures exposed for 4 or 24 h (Fig. 5). CuONTwere found in-
side food vacuoles andmitochondria (Fig. 5B, C). Regardless of whether the
cells were treated for 4 or 24 h with CuONT, vacuoles with different con-
tents of electrodense material (CuONT aggregates) were detected. Remark-
ably, double membrane enclosed autophagosomes containing degrading
mitochondria together with a variable content of CuONT aggregates were
observed as well (Fig. 5D, F-H). Interestingly, the contents (including
CuONT aggregates) of vacuoles were released outside the cell (Fig. 5E).
These CuONT aggregates could also be easily observed as bright brown
spots within cells under light microscopy (Fig. 5L). However, control cells
exhibited all intact mitochondria and none or very few autophagosomes
(Fig. 5A), suggesting that T. thermophila might activate autophagy in re-
sponse to CuONT exposure. Induction of autophagy in CuONT-treated
cells was confirmed by quantification of MDC-labeled autophagosomes in
cells exposed to 35 mg/L CuONT (Fig. 5I). As expected, CuONT-exposed
cells exhibited higher number MDC-labeled autophagosomes when com-
pared to non-exposed cells (Fig. 5J-L). Notably, some CuONT aggregates



Fig. 3. ROS production in T. thermophila cells exposed to CuONT. (A-B): Flow cytometry quantification of DCF+ and DHE+ cells after exposure to 25–100 mg/L CuONT for 1
or 24 h. Data correspond at the average of two independent experiments in which each sample was performed in duplicate. Error bars indicate standard deviation. The stars
denote significant differences (* P < 0.05, ** P < 0.01) when compared to the control group (untreated cells). (C-D): Representative fluorescence micrographs of
T. thermophila cells exposed to 35 mg/L CuONT for 1 or 24 h after incubation with DHE (C) or DCFH-DA (D). 2 mM Menadione (MD) (C5, C10) and 10 μM CCCP (D5,
D10) treated cells were used as positive controls for DCFH-DA and DHE staining, respectively.
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(bright brown spots) co-localized with MDC-positive vacuoles, suggesting
that they were sequestered within autophagosomes (Fig. 5L).

Additionally, our qRT-PCR analysis revealed a significant overexpres-
sion of all selected ATG (AuTophaGy-related) genes upon CuONT exposure
(for 1, 4 or 24 h) either in TrisHCl buffer (Fig. 4D) or PP210 medium
(Fig. S5). In PP210 medium (rich growth medium) the CuONT concentra-
tion was increased (200 mg/L) above the LC50, because the organic me-
dium can chelate part of the metal nanotubes. From the 82 isoforms of
ATG-type genes found in the genome of T. thermophila, we selected the sin-
gle ortholog of ATG5 (with only one isoform) and the three paralogs of
ATG8 (ATG8–65,ATG8–2 andATG8–66) forATG gene expression analysis.
Both types of genes are essential in the formation of autophagosomal vesi-
cles. BothATG8–65 andATG8–2 geneswere themost highly induced under
CuONT stress in both TrisHCl (about 72- and 90-fold, respectively)
(Fig. 4D) and PP210 growth medium (about 2.3- and 1.6-fold) (Fig. S5).
They exhibited the following gene expression induction ranking: ATG8-2
> ATG8-65 ≫ ATG8-66 > ATG5 in TrisHCl buffer, whereas in PP210 me-
dium it was:ATG8-65≫ATG8-2>ATG8-66≈ATG5. Rankings are some-
what similar, but the expression induction values and the patterns are
different. In TrisHCl buffer, under CuONT exposure, these ATG genes
were induced at 1 h (early induction) and returned to basal levels at 4
and 24 h (Fig. 4D), while in PP210 medium the expression of these genes
is late (after 24 h of CuONT exposure) (Fig. S5).

To further clarify the role of autophagy as a potential protective mech-
anism against CuONT toxicity in T. thermophila, we measured cell viability
of cultures exposed to CuONT in presence of two different autophagy inhib-
itors: wortmannin and MRT68921. Wortmannin is a well-known inhibitor
of the phosphatidylinositol 3-phosphate kinase (PI3K), which is essential
for autophagosome nucleation. Whereas MRT68921 is considered a potent
inhibitor of unc-51 like autophagy activating kinase 1/2 (ULK1/2),
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necessary in the early stages of autophagosome biogenesis (Pasquier,
2016). Cells were pretreated with each of the autophagy inhibitors for 2 h
and then exposed to CuONT for 24 h. As shown in Fig. 6, addition of
wortmannin (500 nM) (Fig. 6A) or MRT68921 (2.5 μM) (Fig. 6B) signifi-
cantly increased themortality of CuONT exposed cells by≈ 10 or 15%, re-
spectively, when compared to non-pretreated cells exposed to CuONT.

Furthermore, both electron microscopy (TEM) and fluorescence
microscopy analysis revealed that CuONT-treated cells (for either 4 or
24 h) exhibited a remarkable abundance of lipid droplets (LD), when com-
pared to control cells (Fig. 5G, Figs. 7, 8). As shown in Fig. 7, BODYPI493/
503-labeled LDs were more abundant and prominent in cells exposed to
35 mg/L CuONT with regard to control cells (Fig. 7A). Whereas, treatment
with higher CuONT concentrations (50 mg/L) did not further increase the
number and size of LDs (Fig. 7C), longer exposure time (24 h) did rise the
number of LDs located at one cell end (ciliate oral zone) (Figs. 7E and 8F).
As an additional control experiment, T. thermophila cells growing in rich me-
dium (PP210) with and without CuONT were subjected to LD labelling as
well. As can be seen in Fig. S4, only cells growing in PP210 treated with
CuONT (200 mg/L, for 4 or 24 h) (Figs. S4B and D) displayed a remarkable
abundance of small LDs. These localized near the oral region of the ciliate, in
contrast to those treated with CuONT in Tris-HCl whose LDs were larger or
fused together forming aggregates located either the oral region and cellular
periphery. Transmission electron microscopy images corroborated the abun-
dance of LDs in CuONT-treated cells, as well (Fig. 8). The number of LDs can
be very high, as observed in cells exposed to CuONT for 24 h, where>30 LDs
were observed in a cell cross section (Fig. 8B). Remarkably, some of these LDs
contained electrodense material (CuONT) that was both irregularly (Fig. 8C)
or ellipsoidally arranged (Fig. 8D-F). This ellipsoidal arrange could probably
be a consequence of an internalization process from a CuONT layer disposed
on the lipid droplet membrane (Fig. 8E).



Fig. 4. Expression profile of stress-related genes in T. thermophila cells exposed to 35 mg/L of CuONT in 0.1 M TrisHCl pH 7.5 buffer for 1, 4 and 24 h. (A): oxidative stress
genes. (B): DNA repair genes. (C): metal stress genes. (D): autophagy related genes. Expression levels were quantified by qRT-PCR and correspond at the average of two
independent experiments. Error bars indicate standard deviation. The stars denote significant differences (* P < 0.05, ** P < 0.01, **** P < 0.0001) when compared to
the control group (untreated cells).
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Fig. S3B shows the formation of a digestive vacuole (dV) at the ciliate
oral apparatus (OA) (phagotrophy), filled with numerous particulate ele-
ments, part of whichmay be CuONT, and LDs in the vicinity of the digestive
vacuole. In contrast, control cells incubated in TrisHCl buffer for 24 h
(Fig. S3A), exhibited digestive vacuoles with no particulate elements. This
could corroborate what was observed in the LD-labeled images Figs. 7E
and 8F. In addition, Fig. S3D shows a vacuole filled with CuONT that ap-
pears to be merging with LDs. We also noted small electrolucent vesicles
(presumably future LDs) emerging from the ER in cells exposed to 35
mg/L CuONT (Fig. 8A) and a possible cytosolic stress granule (Sg) (dense
aggregations composed of proteins and RNAs) in a cell exposed to CuONT
for 4 h, which has never been described in T. thermophila so far.

4. Discussion

Nanoparticles (NPs) based on transition metal oxides (such as CuO) ex-
hibit unique characteristics depending on their size and morphology.
Among the cupric oxide (CuO) nanostructures, nanotubes combine unique
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characteristics of being hollow and one-dimensional, whichmake themdif-
ferent to their solid counterparts, due to the higher surface area to volume
ratio that may affect its toxicity capacity and interaction with biological
molecules (Kim and Lee, 2015). Aggregation of NP is a ubiquitous phenom-
enon, and appears to influence cellular toxicity (Albanese and Chan, 2011;
Murugadoss et al., 2020; Tripathy et al., 2014). Ciliates are phagotrophic
microorganisms that can ingest bacteria and food particulate of a wide
range of sizes. This represents the most likely pathway for incorporating
NP aggregates inside the cell. Our study was carried out with commercial
CuONT, which, after visualization by TEM, were found to have an esti-
mated size within the range indicated by the commercial company and
were easily aggregated, as confirmed by the change in the Zeta potential
value after 24 h in aqueous suspension.

4.1. Toxicity of CuO nanotubes

CuONT displayed a significant cytotoxic effect on T. thermophila cells ei-
ther in TrisHCl buffer or rich culture medium, resulting in delayed cell



Fig. 5.Autophagy activity in cells exposed to 35mg/LCuONT. (A): TEMmicrograph of a non-treated cell (control). (B): Vacuole with CuONT inside (arrows) in a cell exposed
to CuONT for 4 h. (C): Mitochondria with CuONT inside (arrow) in a cell treated for 24 h. (D): Vacuoles with a high content of CuONT in a cell exposed for 4 h. (E): Cell
expelling CuONT-rich vacuolar contents after 4 h treatment. (F): Early phase of a forming autophagosome containing mitochondria and CuONT (arrow) in a cell treated
for 24 h. (G): Autophagosome with high CuONT content, together with a large amount of lipid droplets in a cell treated for 4 h. (H): Detailed view of the autophagosome
from the image G, with a high CuONT content (electrodense material) (arrows). Ma: macronucleus, Vac: vacuole, Mit: mitochondria, Aut: autophagosome. LD: lipid
droplet. (I): Fluorescence quantification of MDC-labeled autophagosomes in control and CuONT-exposed cells. The star (*) indicates significant differences (P < 0.05)
between control and CuONT-treated cells. (J-L): Representative micrographs of MDC-labeled autophagosomes in control (J) and CuONT-exposed cells (K,L). (L):
Colocalization of CuONT with MDC-labeled autophagosomes (withe arrows). White bar: 10 μm.
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growth and cell mortality. Our results are in agreement with those of
Mortimer and coworkerswho reported a LC50=98–100mg/L for CuOnano-
particles in T. thermophila strain BIII (Mortimer et al., 2010). In a previous
study, we reported a LC50 = 0.47 mg/L for copper in T. thermophila cells ex-
posed to CuSO4 in TrisHCl buffer for 24 h (Gallego et al., 2007). Thus, as ex-
pected, the cupric sulphate is significantly more toxic than cupric oxide
nanotubes. This considerable difference in the toxicity level of the same cu-
pric ion (Cu2+)would rely on its different level of solubility, being highly sol-
uble in the form of cupric salt and much less soluble in the nanotube form.
The toxicity of CuONT was also evidenced by its dramatic effect on ciliate
growth in culture medium (PP210), as seen in Fig. S1. The use of strain
GFPMTT5, which has previously been used as a cellular biosensor for metals
in solution (including Cu2+) (Amaro et al., 2014), confirmed Cu2+ ions re-
lease from ingested CuONT. In agreement with these results, release of
Cu2+ ions from CuO NPs has been previously described (Heinlaan et al.,
2008; Mortimer et al., 2010). Major toxicity of metallic NPs is likely due to
ROS generated by the released metal ions (indirect effect) and the NPs them-
selves (direct effect) (Amaro et al., 2021; Karlsson et al., 2008; vonMoos and
Slaveykova, 2014). Release of Cu2+ ions from ingested NTwas confirmed by
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exposing the metal whole cell biosensor T. thermophila strain GFPMTT5 to
CuONT. Overall, our results suggest that CuONT dramatically induced ROS
production which exceeded the cellular ROS scavenging systems, leading to
oxidative stress in T. thermophila. Our data revealed that CuONT rapidly pro-
moted generation of O2

.- and H2O2, which in turn induced a variety of cell de-
fense systems in T. thermophila.

4.2. Induction of antioxidant enzyme genes

Genes encoding antioxidant enzymatic systems were upregulated early
upon CuONT exposure. SOD, catalase and GPx enzymes form a ROS scav-
enging system that is conserved among aerobic organisms. SOD catalyze
the dismutation of superoxide radicals (O2

−) into hydrogen peroxide
(H2O2), which is then converted into water and oxygen by catalase and
GPx (Ighodaro and Akinloye, 2018). Two SOD genes (CuZnSOD1, FeSOD)
were slightly inducedwithin 1 h,whereasCAT1 andGPx10 geneswere dra-
matically overexpressed (10 and 16-fold, respectively) upon 24 h exposure.
Accordingly, intracellular O2

− was only detected within 1 h of exposure,
whereas production of H2O2 was detected at 1, 4 and 24 h, when



Fig. 6. Cell viability of CuONT-exposed cells in presence of autophagy inhibitors wortmaninn (A) and MRT68921 (B). Cells were pretreated with wortmannin or MRT68921
for 2 h before exposure to CuONT. The percentage of dead cells was estimated as PI-positive cells by flow cytometry after PI staining in 0.01 M TrisHCl pH 7.5 buffer. Cells
treated with 4 % paraformaldehyde were used as positive control of PI-positive cells. Data correspond at the average of two independent experiments in which each sample
was performed in duplicate. Error bars indicate standard deviation. The stars denote significant differences (* P < 0.05, ** P < 0.01).

Fig. 7. Fluorescence micrographs of T. thermophila labeled with BODYPI493/503 (lipid droplets). (A): Control cells incubated in Tris-HCl for 4 h. (B): Cells treated with
35 mg/L CuONT for 4 h in Tris-HCl, an increased accumulation of LDs was detected (arrows). (C): Cells treated with 50 mg/L CuONT for 4 h in Tris-HCl. (D): Control
cells incubated in Tris-HCl for 24 h. (E): Cells treated with 35 mg/L CuONT for 24 h in Tris-HCl, a large accumulation of LDs was detected near the ciliate oral region
(arrow). (F): Cells treated with 50 mg/L CuONT for 24 h in Tris-HCl, a cluster of LDs was observed near the ciliate oral region (arrow). Bar: 10 μm.
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Fig. 8. Transmission electronmicroscopymicrographs of cells treatedwith CuONT (35mg/L). (A): Micrograph showing endoplasmic reticulum fromwhich numerous small lipid
droplets (arrows) emerge (4 h CuONT treatment) (20,000×). (B): Cell showing a large number of lipid droplets (arrows), around two autophagosomes. (C): Lipid droplet with an
electrodense content (CuONT) (arrow). (D and F): Lipid droplet with an ellipsoidal electrodense content inside (arrows). (E): Lipid droplet with ellipsoidal electrodense content
inside and deposited in the LD monolayer membrane (arrows). (B-F): 24 h CuONT exposure. ER: endoplasmic reticulum. Aut: autophagosome. LD: lipid droplet.
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intracellular H2O2 reached the maximum levels as measured by flow cy-
tometry. These data suggest that H2O2 was the major ROS produced
under these circumstances and that O2

.- and OH− radicals were quickly
and efficiently converted into H2O2 by T. thermophila SODs. According to
the results from our qRT-PCR analysis, high overexpression of SOD genes
was not required to convert superoxide ions to hydrogen peroxides, but,
on the contrary, strong induction of genes encoding catalase and GPx iso-
form 10 was needed to detoxify H2O2. In line with our results, Juganson
and collaborators reported that T. thermophila catalase gene is also overex-
pressed in the presence of silver nanoparticles (AgNPs), this response being
strain-specific (Juganson et al., 2017). Similarly, in the small dipteran
Chironomus riparius, catalase levels are also increased in the presence of
AgNP (Nair et al., 2013).

Supporting our results, a similar expression profile for Cu/Zn-SOD (in-
duction upon 1 h exposure and repression after 24 h) was reported in
other T. thermophila strains exposed to silver nanoparticles (Juganson
et al., 2017) and copper salts (Ferro et al., 2015), suggesting, likewise,
that the observed pattern could be attributed to Cu2+ ions released
from CuONT. This could also explain the dramatic upregulation of
GPx10 by CuONT, since copper salts are the main inducer of GPx10 in
T. thermophila as we previously reported (Cubas-Gaona et al., 2020).
Among the three paralogous GPx genes analyzed (GPx1, GPx9 and
GPx10), we observed a differential expression pattern in their response to
CuONT treatment, as both GPx1 and GPx9 were not expressed unlike
GPx10. These results are also in agreement with a previous study where
the GPx9 exhibited lower induction levels (at 1 and 24 h) than the GPx10
in T. thermophila exposed to CuSO4 salt (Cubas-Gaona et al., 2020).

Cytochrome P450 (CYP450) monooxygenases are enzymes involved in
xenobiotic detoxification conserved among eukaryotes. They contribute to
cellular oxidation-reduction (redox) balance, the intracellular formation of
ROS, and are also enzymes that play a crucial role in cellular metabolism.
ROS generated by CYP450 can protect the cell from hyperoxic insults,
oxidative toxicity and formation of DNA adducts by lipid peroxidation
products (Veith and Moorthy, 2018). Our study revealed that the two
10
T. thermophila CYP450 genes were also upregulated by CuONT (at 1 h).
Due to the still largely unknown functions of these enzymes in cellular me-
tabolism, it is difficult to ascribe a specific role to the early upregulation in
the expression of these genes under CuONT exposure. However, the overex-
pression of these CYP450 genes triggered by CuONTmight suggest thatme-
tallic NPs could activate xenobiotic degradation mechanisms via CYP450
enzymes. In line with this hypothesis, Hu and coworkers recently reported
that ZnONPs induced the expression of CYP450 isoforms in mouse liver
cells (Hu et al., 2020).

4.3. Induction of metallothionein genes

Metallothioneins (MTs) are cytosolic proteins with two main cellular
roles; metal(loid) sequestration or detoxification and indirect ROS scaveng-
ing, among others (Gutiérrez et al., 2019). Indeed, MTs respond to a wide va-
riety of abiotic and biotic environmental stressors (de Francisco et al., 2016).
The ciliate T. thermophila has 5 MT isoforms (Diaz et al., 2007), and all genes
encoding themwere induced, with different induction patterns, upon cell ex-
posure to CuONT. The paralogous MTT3 gene was highly overexpressed at
1 h of CuONT exposure, and subsequently this level decreased with pro-
longed exposure time (4 or 24 h). A very similar pattern, althoughwith differ-
ent induction values, was observed with the indistinguishableMTT2/4 gene
pair. These last two genes (MTT2/4) encode Cu-MTs, thus, their upregulation
again supports that CuONT toxicity is due, in part, to released Cu2+ ions.

In a previous study (de Francisco et al., 2017),we proposed that theMTT3
isoform could play a role in the intracellular homeostasis of essential metals
such as Zn2+ and/or Cu2+. The preferential affinity for Cu2+ of these two
types of MT isoforms would explain the elevated overexpression of their
genes under CuONT exposure. MTT5 has been considered an essential
“alarm” gene for any cellular stress, and being an essential gene,MTT5may
be required to induce other MT isoforms (e.g., MTT1 or MTT2/4), which
may be needed depending on the specific stressor and the total available
MT pool (de Francisco et al., 2017). Among the five MT isoforms of
T. thermophila, MTT1 shows the lowest affinity for Cu2+ (Espart et al.,
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2015), which is the weakest inducer of MTT1 expression among different
heavy metals (Diaz et al., 2007). MTT1 is upregulated soon upon exposure
to Cu2+, then decreasing its expression over time (de Francisco et al.,
2017). Therefore, the behavior of MTT1 observed in this study under
CuONT stress is quite like that reported in CuSO4-treated cells. Similarly,
Ag+ cations released from AgNP have been shown to upregulate
T. thermophila MTT1 andMTT5 genes (Juganson et al., 2017) and MT genes
in zebrafish as well (Choi et al., 2010).

4.4. CuONT induce genotoxicity

Oxidative stress cause oxidative damage of lipids, proteins, and nucleic
acids, which might lead to cell death (Pole et al., 2016). Indeed, our comet
assay data confirmed DNA damage in T. thermophila cells exposed to
CuONT for 24 h in a dose-dependent manner. Metallic NPs and other
engineered nanomaterials have been shown to produce genotoxic effects
in microorganisms and metazoans by different mechanisms (Di Giorgio
et al., 2011; Shukla et al., 2011; Triboulet et al., 2015; Wang et al., 2007,
2012). Interestingly, TEM analysis did not reveal the presence of CuONT
in the macronucleus of T. thermophila at either 4 or 24 h after CuONT expo-
sure, suggesting that CuONT-induced oxidative stress was likely responsible
for the observed DNA damage. Therefore, high ROS levels and DNA damage
at 24 hmight indicate that ROS scavenger systems in T. thermophilawere un-
able to neutralize the extensive ROS produced within 24 h of CuONT expo-
sure. Since DNA damage is known to trigger DNA repair systems and
nanomaterials have been reported to affect DNA repair mechanisms (Singh
et al., 2017), we measured the expression levels of genes encoding two
DNA repair enzymes (OGG1 and RAD51) in CuONT-treated T. thermophila
cells. OGG1 (8-oxoguanine DNA glycosylase) is involved in the BER (Base-
excision repair) DNA repair pathway, where it recognises and excises 8-
oxo-7,8-dihydroguanine (8-oxoG), one of the most common mutagenic
bases formed as a result of DNA oxidation (Lindahl and Barnes, 2000). On
the other hand, RAD51 (the eukaryotic homologue of the bacterial RecA),
is implicated, among other functions, in fixing double strand DNA breaks
as part of theHRR (Homologous-recombination repair) DNA repair pathway
(Bhattacharya et al., 2017; Campbell and Romero, 1998). A significant over-
expression of both genes OGG1 (28-fold) and RAD51 (3-fold) upon 1 h
CuONT-exposure was detected, indicating a rapid defensive response
against CuONT-induced DNA damage in T. thermophila. The overexpression
of OGG1 was considerably much higher than that of RAD51, possibly indi-
cating that ROS generated by CuONT exposure mainly caused oxidative le-
sions involving the 8-oxoG formation which must be repaired by the BER
pathway. Supporting our results, upregulation of RAD51 and OGG1 genes
has also been reported in fibroblasts and Caco-2 cell lines exposed to
graphene quantum dots (GphQD) or TiO2NPs (Wang et al., 2015; Zijno
et al., 2015), Daphnia pulex treated with CdTeQD (Tang et al., 2013), and
human lung epithelial cells exposed to CuO salt (Ahamed et al., 2010).

Surprisingly, OGG1 and RAD51 expression was repressed after 24 h
CuONT exposure even though extensive damaged DNA was detected in
T. thermophila cells. In agreement with this result, downregulation of OGG1
has also been described in different metazoans exposed to silver or cobalt
NPs (Alaraby et al., 2020; Chatterjee et al., 2014; Kovvuru et al., 2015;
Nallanthighal et al., 2017; Piao et al., 2011), suggesting that this might be a
general phenomenon likely due to metal ions released from NPs. This is sup-
ported by the fact that cadmium, arsenic, and chromium were shown to re-
duce OGG1 expression in mammalian cell lines (Ebert et al., 2011; Hodges
and Chipman, 2002; Potts et al., 2003). Since CuONT induced oxidative
stress, repression of OGG1 and RAD51 may exacerbate their genotoxic ef-
fects, leading to accumulation of oxidized DNA bases and/or DNA breaks,
thus raising concerns about the potential carcinogenicity of CuONT.

4.5. CuONT exposure induces autophagy in T. thermophila

Over the last decade evidence is accumulating regarding the association
between NPs and autophagy (Peynshaert et al., 2014a, 2014b). Although
there is still some controversy, a plethora of studies have reported autophagy
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activation by metallic NPs in mammals (Hussain et al., 2012; Luo et al.,
2013; Mohammadinejad et al., 2019; Peynshaert et al., 2014a, 2014b).
NP-generated ROS appear to be one of the major inductors of autophagy
in NP-exposed cells (Peynshaert et al., 2014a, 2014b). Indeed, the role of
ROS as autophagy regulators has been evidenced in different processes
such as cancer, aging and diverse human diseases (Wen et al., 2013). Au-
tophagy plays a major role in protecting cells from damaged organelles,
eliminating intracellular pathogens, and maintaining cell stability. The
most common type of autophagy ismacroautophagy (Feng et al., 2014), dur-
ing which the cell forms a double membrane (phagophore), that originates
from the ER, Golgi or cytoplasmic membrane, and sequesters cytoplasm
and organelles (selectively or non-selectively). This phagophore matures
and forms the autophagosome, which then fuses with a vacuole or lysosome.
After degradation the autophagosome content is released into the cytoplasm
for reuse or expelled to the extracellular space. Our TEM analysis revealed
that CuONT were found both inside T. thermophila mitochondria and vacu-
oles. Damaged mitochondria, whose function would be likely impaired by
CuONT,were found being degradedwithin autophagosomes. Vacuolesfilled
with CuONT and cell degraded material were eventually released to the ex-
tracellularmedium as observed in some TEMmicrographs. Furthermore, au-
tophagy induction by CuONT was confirmed by MDC staining of
autophagosomes. Importantly, treatment with two different autophagy in-
hibitors (Wortmannin or MRT68921) increased cell death in presence of
CuONT, suggesting that autophagy serves as a protectivemechanism against
CuONT toxicity in T. thermophila. Both wortmannin and MRT68921 are
early-stage inhibitors of autophagy that target T. thermophila VPS34, the
class III PI3K (phosphatidylinositol 3-kinase) enzyme regulating autophago-
some formation in humans and yeast as well (Akematsu et al., 2014;
Yakisich and Kapler, 2004). Autophagosomes containing CuONT, detected
by both MDC-labeling and TEM, would suggest that T. thermophila might
use autophagy to eliminate CuONT internalizedwithinmitochondria or vac-
uoles andNPs found free in the cytoplasm, similar to how cells destroy intra-
cellular pathogens during xenophagy. In line with this hypothesis, other
authors have recently reported release of NP-filled autophagosomes by
mammalian cells (Nakashima et al., 2019b; Orecna et al., 2014).

Among the many genes regulating the autophagy process, the four genes
selected in this study (ATG5 and threeATG8 paralogs) are involved in the ini-
tial stages of autophagosome formation (nucleation, elongation, and closure
steps), and are part of the two ubiquitin-like conjugation systems (ATG12 and
ATG8) (Feng et al., 2014). The ATG8-65 isoform has been proposed to act as
ATG12 in T. thermophila, being a ubiquitin-like protein (like ATG8) that gen-
erates the ATG12-ATG5 conjugation product, andwhich together with ATG8
is involved in the phagophore elongation process. Current experimental evi-
dences indicate thatT. thermophilaATG8 proteins are recruited to autophago-
some, after elongation and closure steps (Akematsu et al., 2014). All the ATG
genes analyzed here were upregulated early (1 h) in cells exposed to CuONT
in Tris-HCl buffer, showing very high induction values (ATG8-2 > ATG8-65
(ATG12) ≫ ATG8-66 > ATG5). However, in cells exposed to CuONT in
PP210 medium, ATG genes were induced later (24 h) and exhibited a differ-
ent overexpression ranking (ATG8-65 (ATG12) ≫ ATG8-2 > ATG8-66 ≈
ATG5). In agreement with these results, in a previous study we observed a
similar ranking (ATG8-65 (ATG12) > ATG8-2 >ATG5 >ATG8-66), although
with lower induction values (< 5-fold), in T. thermophila cells treated with
CuSO4 in PP210 medium (unpublished results). The greater effect on ATG
upregulation by CuONT when compared to CuSO4 exposure (Table S3)
would suggest that it was caused not by released Cu2+ ions but by damage
and stress imposed by internalized CuONT. Likewise, the dramatic expression
of ATG genes, crucial in the early stages of autophagy, would explain the in-
tense process of macroautophagy observed, necessary to engulf ingested
CuONT and non-functional mitochondria. These would subsequently fuse
with vacuoles that expel the toxic contents out of the cell.

4.6. Stress granules and lipid droplets as an additional response to stress by CuONT

Two types of general stress hallmarks in eukaryotic cells are stress gran-
ules (Sg) formation and an increase in lipid droplets (LDs) formation. Both



Fig. 9. Possible scenario integrating the main processes and T. thermophila cellular elements against stress originating from exposure to CuONT (see text for further
explanation). ER: endoplasmic reticulum, LS: lysosomes, dV: digestive vacuole, LD: lipid droplets, ROS: reactive oxygen species.
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were observed in T. thermophila cells treated with CuONT. Sg are ribonu-
cleoprotein complexes consisting of fibrous-granular aggregates
(100–200 nm in size) of moderate electro-density and formed by mRNA
molecules blocked at the initiation of translation and diverse proteins,
and whose function is still debated (Protter and Parker, 2016). They are
formed when translation is inhibited by drugs or various types of stressors,
including oxidative stress (arsenic trioxide), heat, cold, UV-radiation,
hyperosmotic stress, etc. (Mahboubi and Stochaj, 2017). The dynamics
and formation of Sg can affectmRNA localization, translation, and degrada-
tion, as well as signaling pathways and antiviral response (Protter and
Parker, 2016). Among the proteins that have been localized in the
Sg-proteome is ATG3 (Markmiller et al., 2018), which carries out the
conjugation of ATG8-2 to phosphatidylethanolamine (PE), facilitating
ATG8-2 anchoring to the autophagosomemembrane during the elongation
phase. Since T. thermophila has two ATG3 paralogous genes, it might be
possible that one ATG3 isoforms would be involved in ATG8-2-PE
conjugation, while the other would bind ATG12 (ATG8-65) to ATG5, but
this is currently unknown. Among other proteins associated to stress im-
posed by CuONT, ATG3 transcripts could be, among other ATG mRNAs,
translationally blocked in Sg until further utilization or degradation.

LDs are specialized spherical or ellipsoidal organelles of variable size
(0.1–10 μm) consisting of a phospholipid monolayer with associated pro-
teins, containing neutral lipids (triglycerides, cholesterol ester, among
others), and highly conserved from bacteria to humans (Petan et al.,
2018). They originate from the ER by biosynthesis and accumulation of
neutral lipids (Henne et al., 2018). LDs are multifunctional organelles
mainly involved in cellular lipid homeostasis (storage, transport, synthesis,
and hydrolysis of lipids), that also play a role in membrane trafficking, pro-
tein storage, cellular detoxification, and viral replication (Boucher et al.,
2021; Cui and Liu, 2020). In addition, LDs interact with other organelles
such as mitochondria, early endosomes, ER, vacuoles, lysosomes, auto-
phagosomes and peroxisomes (Cui and Liu, 2020). LD biogenesis is induced
by various types of abiotic or biotic stressors, such as starvation, oxidative
stress, ER stress, autophagy activation, hypoxia, acidic pH, mitochondrial
dysfunction, cell death and infection (Henne et al., 2018; Petan et al.,
12
2018). The presence of multiple LDs in T. thermophila cytoplasm under
CuONT stress, detected by both fluorescence and electron microscopy,
can be interpreted in several ways. On one hand, LDs could aid in sequester-
ing ingested CuONT (as evidenced by electron micrographs) and
subsequently accumulate in autophagosomes and vacuoles that are ex-
pelled out of the cell. It has been shown that misfolded proteins and virus
can be sequestered by LDs that then fuse with autophagosomes as a defense
mechanism in cells (Singh et al., 2009; Singh and Cuervo, 2012). One
the other hand, it has been reported that complexed Cu, as opposed to
Cu2+ ions, induces a rapid and dramatic increase in the cellular formation
of LDs (Kennedy et al., 2009), and high Cu intake triggers an increase in
cholesterol, lipid hydroperoxide (LHP) and LDL (low density lipoprotein)-
cholesterol in mammalian cells (Galhardi et al., 2004). Therefore, both
the Cu complexed in CuONT and the Cu2+ ions released from them could
alter cellular lipid metabolism by increasing toxic lipid elements, which
would accumulate in LDs for subsequent degradation (lipophagy or
lipomacroautophagy) (Singh and Cuervo, 2012).

4.7. A cellular response integrated model to stress caused by CuONT

Finally, taking into account the results of this study, in Fig. 9we propose
a model or possible scenario that summarizes the main events occurring in
T. thermophila upon exposure to CuONT. Phagotrophy represents the major
pathway for CuONT uptake in the ciliate T. thermophila. Digestive vacuoles
containing ingested CuONT can fuse with lysosomes or be expelled out of
the cell. CuONT might reach the cytoplasm by escaping digestive vacuoles
before being expelled or by other currently unknownmechanism. Internal-
ized CuONT and released Cu2+ ions generate ROS leading to oxidative
damage of DNA and mitochondria. In response, the cell activates a variety
of ROS scavenging systems, autophagy, DNA repair enzymes and the
metal-chelating metallothioneins. Additionally, the increase of lipid drop-
lets might reflect a defense mechanism against CuONT to expel CuONT-
filled autophagosomes and vacuoles out of the cell, or might be a result of
copper toxicity on lipid metabolism originating toxic lipid forms that will
be degraded later after LDs fuse with autophagosomes (lipophagy).
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5. Conclusions

In summary, our study shows that different defense systems are rapidly
activated (most within 1 h) following CuONT exposure in T. thermophila;
namely a variety of antioxidant enzymes, metallothioneins, DNA repair
mechanisms and autophagy. Autophagy appears as an important cell de-
fense mechanism to isolate and remove internalized CuONT aggregates
and CuONT-damaged organelles such as mitochondria, since treatment
with autophagy inhibitors significantly increase cell mortality. Further-
more, as occurs in animal cells under various stress conditions, overproduc-
tion of lipid droplets may act as an additional mechanism of CuONT
detoxification in T. thermophila. Overall, our study supports that
T. thermophila is a suitable model for assessing NP toxicity and characteriz-
ing cellular responses to stress imposed by NPs.
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