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Since ancient times, Artemisia annua (A. annua) has been used as a medicinal plant in Traditional Chinese
Medicine. In addition, recent studies have investigated the cytotoxic effects of A. annua extracts towards cancer
cells. The leading aim of the present research is to evaluate the cytotoxic effects of an hydroalcoholic extract of
A. annua on two canine osteosarcoma (OSA) cell lines, OSCA-8 and OSCA-40, focusing on the possible
involvement of ferroptosis.

The quantitative determination of artemisinin concentration in the extract, culture medium and OSA cells was
carried out through the use of an instrumental analytical method based on liquid chromatography coupled with
spectrophotometric detection and tandem mass spectrometry (LC-DAD-MS/MS). OSCA-8 and OSCA-40 were
exposed to different dilutions of the extract for the ECsq calculation then the uptake of artemisinin by the cells,
the effects on the cell cycle, the intracellular iron level, the cellular morphology and the lipid oxidation state
were evaluated. A concentration of artemisinin of 63.8 + 3.4 ug/mL was detected in the extract. A dose-
dependent cytotoxic effect was evidenced. In OSCA-40 alterations of the cell cycle and a significantly higher
intracellular iron content were observed. In both cell lines the treatment with the extract was associated with
lipid peroxidation and with the appearance of a “ballooning” phenotype suggesting the activation of ferroptosis.
In conclusion the A. annua idroalcoholic extract utilized in this study showed anticancer activity on canine OSA
cell lines that could be useful in treating drug resistant canine OSAs.

1. Introduction sustain increased proliferation, tumour cells have high iron require-

ment, a phenomenon also known as “iron addiction” and are charac-

Extracts of Artemisia annua L. are well-known remedies in Chinese
Traditional Medicine and have been used to treat malaria and fever in
Asia and Africa (Tu, 2011). A. annua is characterized by the unique
presence of artemisinin, a sesquiterpene trioxane lactone, which con-
tains an endoperoxide bridge essential for its bioactivity. Artemisinin
and its derivatives demonstrated also anticancer activity in different
human and animal cancer cell lines (Efferth, 2017), targeting different
pathways, including inhibition of cell proliferation, induction of
apoptosis, and inhibition of angiogenesis and metastasis (Ho et al.,
2014). In addition, artemisinin reveals an additional anticancer mech-
anism through induction of ferroptotic cell death (Zhu et al., 2021). To

terized by high intracellular iron content (Torti and Torti, 2013). The
endoperoxide bridge of artemisinin is strategic for its pharmacological
activity, in fact its cleavage leads to the formation of radical species and
induces oxidative stress (Krishna et al., 2004). In addition, in the pres-
ence of reduced ferrous ions or heme iron, artemisinin can become a
potent alkylating agent, capable of inducing direct oxidative damage.
Consequently, an iron-mediated lethal lipid peroxidation called ferrop-
tosis can occur in cancer cells leading to cell death (Farcas et al., 2014;
Chen et al., 2020). Thus, iron plays an important role in the selective
toxicity of artemisinin towards cancer cells.

Osteosarcoma (OSA) is the most common primary bone tumour in
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dogs and humans (Gola et al., 2021; Massimini et al., 2021; Sanchez-
Céspedes et al., 2020). In veterinary medicine, OSA accounts for 2-5% of
all canine neoplasms (Farcas et al., 2014) and 80-85% of all bone tu-
mours (Morello et al., 2011). A study on 162 dogs with appendicular
osteosarcoma reported a median survival of 19.2 weeks. The one-year
and two-year survival rates are 11.5% and 2%, respectively. Many
dogs die or are suppressed due to the presence of pulmonary metastases
(Meuten, 2016). Current treatment for canine OSA (cOSA) involves
surgery to remove primary tumours; however, dogs treated with surgery
alone have a short survival time. Surgery combined with chemotherapy
can increase the survival of dogs with OSA, and protocols include
doxorubicin, cisplatin, and carboplatin used alone or in combination
(Morello et al., 2011). However, drug resistance is a critical issue
determining the failure of therapy in many cases. Therefore, it would be
of paramount importance implement the choice of possible drugs to be
used in chemotherapy and also to provide low-cost treatment for those
animals that do not have access to chemotherapy for economic reasons.
Two previous in vitro studies have demonstrated the cytotoxicity of
dihydroartemisinin on different cOSA cell lines (Hosoya et al., 2008)
and of an hydroalcoholic extract and pure artemisinin on cOSA D-17 cell
line (Isani et al., 2019; Culurciello et al., 2021).

The aim of this research is to deepen the knowledge on the cytotoxic
and anti-proliferative effects of an hydroalcoholic commercial extract of
A. annua on two additional canine osteosarcoma cell lines, OSCA-8 and
OSCA-40, focusing on the possible involvement of ferroptosis. In detail,
to provide more specific therapeutical indications, the aims of the work
were to determine: i) the concentration of artemisinin in the phytoex-
tract and in the culture media and cells after the treatment; ii) the
cytotoxicity and the anti-proliferative effects of the extract; iii) the
intracellular iron content alteration following the treatment. All tests
have been performed for comparison also with the primary compound
artemisinin.

2. Materials and methods
2.1. Cells, chemicals and reagents

Canine osteosarcoma cell lines OSCA-8 and OSCA-40 were purchased
from Kerafast, Inc. (Boston, MA, USA). Minimum Essential Medium
(MEM) with GlutaMAX, Foetal Bovine Serum (FBS), Antibiotic-
Antimycotic solution, Dulbecco Phosphate Buffered Saline (DPBS),
DPBS without calcium and magnesium (PBS w/o Ca% and Mg?"),
RNaseA/T1 were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Dimethyl Sulfoxide (DMSO), Fluoroshield™ histology
mounting medium and erastin were purchased from Merck (Darmstadt,
Germany). Propidium iodide (PI) and Hoechst 33342 staining solution
were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany).
Lipid Peroxidation Assay Kit was purchased from Abcam (Cambridge,
UK). All plastic supports for cell culture and 8-well slide chambers were
purchased from Corning-Beckton-Dickinson (Franklin Lakes, NJ, USA).
Artemisinin (CAS number: 63968-64-9), acetonitrile, methanol, formic
acid (all mass spectrometry-grade) were obtained from Sigma Aldrich
(St. Louis, MO, USA). Artemisinin-D3 pure powder, used as the internal
standard (IS), was provided by Biosynth (St. Gallen, Switzerland). All
solutions used for LC-DAD-MS/MS analysis were stored protected from
light in amber glass vials certified for mass spectrometry from Waters
Corporation (Milford, MA, USA). A commercial hydroalcoholic extract
obtained from aerial parts of A. annua and composed by 65% ethanol,
20% of aerial parts and water was used (Artemisia annua hydroalcoholic
solution, Sarandrea Marco & C. Srl, FR, Italy).

2.2. MEPS-LC-DAD-MS/MS determination of artemisinin
Quali-quantitative analytical determinations were carried out

exploiting a previously developed and fully validated methodology
based on microextraction by packed sorbent (MEPS) coupled to liquid
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chromatography with diode array detection and tandem mass spec-
trometry (LC-DAD-MS/MS) for the determination of artemisinin in ex-
tracts and commercial products (Protti et al., 2019). Briefly, LC-DAD-
MS/MS analysis was performed using a Waters (Milford, MA, USA)
Alliance e2695 chromatographic system equipped with autosampler
coupled to a Waters 2998 photodiode array detector and a Waters
Micromass Quattro Micro triple-quadrupole mass spectrometer, inter-
faced with an electrospray ion source working in positive ionisation
mode (ESI+). Chromatography was obtained a Restek (Bellefonte, PA,
US) Ultra AQ reverse-phase C18 column (50 x 2.1 mm L.D., 3 pm), kept
at room temperature and equipped with a C18 guard column (10 x 2.1
mm LD., 3 pm), while injection volume was 10 pL. An automated
composition gradient program managed a 2-component mobile phase
composed of 0.25% formic acid in water (component A) and 0.25%
formic acid in acetonitrile (component B), flowing at a constant rate of
0.2 mL/min: T = 0 min, A:B 70:30; T = 2 min, A:B 10:90; T = 5 min, A:B
10:90; T = 6 min, A:B 70:30; T = 8 min, A:B 70:30. To detect artemi-
sinin, DAD was set at 232 nm, while for MS/MS analysis, multiple re-
action monitoring (MRM) was used exploiting two different exclusive
m/z transitions (one for quantitative purposes, one for qualitative
confirmation) for both artemisinin (283.24 — 209.45; 283.24 — 265.36)
and IS (286.31 — 212.38; 286.31 — 268.34). For sample pretreatment,
all the samples involved in this study (hydroalcoholic extract, cell pellets
and cell culture supernatant) were subjected to MEPS pretreatment
before LC-DAD-MS/MS analysis. Cell pellets from 1 x 10° cells were
preliminarily homogenized in 0.1 M, pH 5.5 sodium phosphate buffer (1
mL/sample). The mixtures were centrifuged at 4000 rpm for 10 min
(4 °C) and the supernatants were collected. 100-puL aliquots of the
hydroalcoholic extract/cell pellet extract/cell culture supernatant were
then subjected to a MEPS following a protocol developed ad-hoc for
artemisinin analysis and involving a miniaturised apparatus based on C8
sorbent (Protti et al., 2019).

2.3. Cell culture and treatments

OSCA-8 and OSCA-40 were cultured in MEM with GlutaMAX, 5%
foetal bovine serum (FBS) and 1% antibiotic/antimycotic solution and
expanded in T-25 or T-75 culture flasks at 2.5 x 10* cells/cm? seeding
density, at 37 °C and 5% COs. The commercial extract was directly
diluted in the culture medium to obtain the required artemisinin con-
centrations, based on the artemisinin concentration determined in the
phytoextract as previously described. Artemisinin powder was firstly
dissolved in DMSO and then diluited in the culture medium. Control
cells were treated with equivalent amount of ethanol (ranging dilution
0.3-10%) or DMSO (0.05-3%) used as specific vehicles.

2.4. Cytotoxicity and ECs¢ determination

The two cell lines were seeded in 96-well plates (1 x 10* cells/well)
and exposed, for 24 h, to increasing doses of A. annua hydroalcoholic
extract corresponding to artemisinin concentrations of 0, 0.22, 0.44, 1.1,
2.2, 4.4, and 35.2 pM, calculated on the measured concentration of
artemisinin in the hydroalcoholic extract or with increasing concentra-
tions of pure artemisinin (0, 50, 100, 500, 1000, 2000, 3000 pM).
Cytotoxicity was measured using tetrazolium salt (In Vitro Toxicology
Assay Kit, MTT-based). Briefly, the MTT substrate was added to the
culture medium and incubated for 3 h, then the MTT solubilization so-
lution was added to the cells to dissolve the formazan crystals. The
formazan absorbance was measured at a wavelength of 570 nm, using
Infinite® F50/Robotic Absorbance microplate readers (TECAN, Life-
Science). The background absorbance of multiwell plates at 690 nm was
also measured and subtracted from the 570 nm measurements. ECgg
values were calculated from dose-response curves using nonlinear
regression analysis tool in GraphPad Prism 7 software [log(agonist) vs.
normalized response - Variable slope] (GraphPad San Diego, CA, USA).
Each assay was performed thrice independently, with seven replicates



R. Salaroli et al.

each.
2.5. Cell cycle analysis

OSCA-8 and OSCA-40 cells were seeded (2.5 x 10®) in 6-wells plates
in complete medium and, when confluence reached round about 70%,
cells were treated with A. annua hydroalcoholic extract and with arte-
misinin ECsy doses for 24 h in a humidified CO5 incubator. EtOH and
DMSO exposed cells were considered as controls as described above.
After 24 h of treatment, cells were harvested, counted, washed twice in
5 mL of DPBS w/0 Ca2* and Mg?™ then fixed overnight in 70% ice-cold
EtOH (1 mL/1 x 108 cells) added drop-by-drop under continuous vortex
mixing. After fixation, the cells were washed with 10 mL DPBS w/o Ca%*
and Mg?* and cellular pellet was incubated with 1 mL/10° cells of
staining solution [50 pg/mL PI +100 pg/mL RNaseA/T1 in DPBS w/o
Ca®* and Mg2+] for 30 min in the dark at room temperature (RT). The
DNA contents 2 N (GO/G1 phase), 2- 4 N (S phase), and 4 N (G2/M
phase) were evaluated by MACSQuant® Analyzer10 (Miltenyi Biotec,
Bergisch Gladbach, Germany) and Flow Logic software (Inivai Tech-
nologies, Australia) as previously described (Levi et al., 2021). Dean-
Jett-Fox Univariate Model was used to determine the percentage of
the cell population in the distinct phases of the cell cycle (Fox, 1980).
The experiment was repeated three times.

2.6. Iron quantification in OSCA-8 and OSCA-40

For the quantification of intracellular iron, cells were seeded and
grown in wells as previously described. Then, cells were treated with
A. annua hydroalcoholic extract or artemisinin at the respective ECsg
doses, for 24 h. After the treatment cells were harvested and centrifuged
at 800 xg for 10 min. The pellet was washed twice with DPBS, and then 1
x 10° cells were resuspended in 1 mL of a solution of 1 M HNOs,
digested at room temperature until completely dissolved, and finally
used for iron quantification using a Spectra AA-20 atomic absorption
spectrometer (Varian) equipped with a GTA-96 graphite tube atomizer
and a sample dispenser. Final data were expressed as pg Fe/cell.

The optimization of the analytical method was obtained following
Tiizen (Tiizen, 2003) with minor changes. The graphite tubes employed
were coated GTA tubes (Agilent Technologies, Germany), the hollow
cathode lamp current was 7 mA and measurements were performed at
248.3 nm resonance lines using a spectral slit width of 0.2 nm. During
spectrophotometer readings, internal argon flow rate in the partition
graphite tubes was maintained at 300 mL/min and was interrupted in
the atomization phase. Ramp and hold times for drying, pyrolysis, at-
omization and cleaning temperatures were optimized to obtain
maximum absorbance without significant background absorption,
therefore, background correction was not necessary.

The calibration curve was obtained by diluting 1 mg/mL standard
stock solution of iron (Iron Standard for AAS, Sigma-Aldrich, St Louis,
Missouri, USA) with Suprapur water (Supelco, St Louis, Missouri, USA)
to obtain working standards containing 0, 20, 40 and 60 ng/mL of iron
and by plotting the absorbance at 248.3 nm against iron concentrations.
The equation of the curve was y = 0.0121x and the calculated regres-
sion coefficient (r) was 0.996. The method was validated with standard
reference material (ERM® - BB422) and the accuracy of the method,
calculated as the percentage of the certified value, resulted of 106%. The
LOD, defined as the concentration corresponding to 3 times the standard
deviation of 6 blanks, was 0.8 ng/mL.

2.7. Light microscopic evaluation

OSCA-8 and OSCA-40 cell lines were treated for 24 h with A. annua
hydroalcoholic extract, artemisinin at the EC5¢ dose or with erastin (10
pM) that triggers ferroptosis (Dixon et al., 2012), an iron-dependent
form of non-apoptotic cell death. The cell death morphology was
observed and acquired using an inverted microscope (Eclipse TS100,

478

Research in Veterinary Science 152 (2022) 476-484

Nikon, Tokyo, Japan) equipped with a digital camera (Digital C-Mount
Camera TP3100, Kowa, Aichi, Japan).

2.8. Lipid peroxidation assay

Lipid peroxidation in OSCA-8 and OSCA-40 treated with A. annua
hydroalcoholic extract or with artemisinin was evaluated by the Lipid
Peroxidation Assay Kit (Abcam, Cambridge, UK) following manufac-
turer’s instructions. The day before the experiment 1 x 10° cells/well
were seeded in 8 well chamber slides and the cells were incubated for 24
h with A. annua hydroalcoholic extract, with artemisinin at the respec-
tive ECsg doses or with vehicle controls. To have positive controls OSCA-
8 and OSCA-40 were treated with erastin (10 pM) for 24 h. Lipid Per-
oxidation Assay Kit uses a sensitive sensor that changes its fluorescence
from red to green upon peroxidation by ROS in cells. The cells were also
stained with Hoechst 33342 during the last 10 min of incubation with
lipid peroxidation sensor. Fluorescence of the cells was monitored with a
fluorescence microscope (Eclipse E600, Nikon) equipped with a digital
camera (RETIGA-2000RV, Surrey, Canada) through FITC/TRITC
channels.

2.9. Statistical analysis

Data for MTT were analysed with one-way analysis of variance
(ANOVA) followed by post hoc Dunnett’s multiple comparison test. Data
of the cell cycle and iron content were analysed by paired Student’s t-
test. p < 0.05 was considered significant.

3. Results and discussion

3.1. Quantification of artemisinin in A. annua extract and artemisinin
cOSA uptake

For this purpose, a very sensitive method was developed, based on
MEPS-LC-DAD-MS/MS. This method was previously validated with
satisfactory results in terms of sensitivity (limit of quantitation, LOQ =5
ng/mL and limit of detection, LOD = 1.5 ng/mL), linearity (r2 > 0.9995
over the 5-1000 ng/mL artemisinin concentration range), extraction
yield (>85%), precision (RSD% < 3.5) and accuracy (88-93% range),
allowing an accurate determination of artemisinin concentrations in
different matrices.

In the hydroalcoholic extract of A. annua considered in this study, a
concentration of artemisinin of 63.8 + 3.4 pg/mlL, corresponding to
0.23 mM, was detected. The value is in accordance with those reported
by Protti et al. (Protti et al., 2019). In that research, extracts prepared ad
hoc from herbal material by the authors were analysed (artemisinin
concentration was 21.40 pg/mL for the hydroalcoholic extract and
109.40 pg/mL for the artemisinin-enriched extract prepared following
Chinese Pharmacopeia), as well as a commercial extract sold as food
supplement (94.79 pg/mL). The results obtained in this study are also
consistent with previously reported data, even if artemisinin concen-
tration shows a pronounced variability depending on the source, ranging
from 60 pg/mL (Bai et al., 2015) to 200-500 pg/mL (Soktoeva et al.,
2013).

To verify the uptake of artemisinin by the cells, artemisinin content
was determined either in the incubation media or in the OSCA-8 and
OSCA-40 cell lines after 24 h of exposure to A. annua extract or arte-
misinin at the ECsy doses (Table 1). Cells actively took up artemisinin,
which reached a concentration of 1.66 pg/cell in OSCA-40 cell line. In
both cell lines, the intracellular concentration of artemisinin is higher in
the case of exposure to pure artemisinin than to the phytoextract, in
agreement with the higher concentrations in the medium and higher
ECsq values.

The innovative analytical method allowed to accurately determine
the concentration of artemisinin taken up by cells and an evidence-based
discussion of the cytotoxic effects of the extracts.
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Table 1

Artemisinin concentration determined in culture medium and in OSCA-8 and
OSCA-40 cell lines after 24 h of exposure to pure artemisinin (A) and A. annua
extract (E) at the ECsq doses.

Medium pg/mL Intracellular artemisinin pg/cell

OSCA-8 (A) 4.05 2.54
OSCA-8 (E) 0.41 1.36
OSCA-40 (A) 3.76 2.42
OSCA-40 (E) 0.38 1.66

3.2. Artemisia annua hydroalcoholic extract is cytotoxic for canine OSA
cell lines

MTT assay was used to determine the effect of an A. annua hydro-
alcoholic extract containing 63.8 pg artemisinin/mL or primary com-
pound artemisinin on the growth of 2 different canine OS cell lines:
OSCA-8 e OSCA-40. The A. annua hydroalcoholic extract showed a
dose-dependent cytotoxic effect inhibiting the proliferation of the two
canine OSA cell lines with ECs of 3.3 and 2.6 pM for OSCA-8 and OSCA-
40 respectively, while artemisinin showed an ECsy of 2548 pM for
OSCA-8 and of 878.3 pM for OSCA-40 (Fig. 1). Accordingly, a similar
toxic effect was previously reported for D-17 canine OSA cell line by
Isani et al., (2019) (Isani et al., 2019) and a marked dose-dependent
toxic effect of an extract of A. annua, obtained by pressurized cyclic
solid-liquid extraction, was reported by Culurciello et al. (2021)
(Culurciello et al., 2021) on a different canine OS cell line (CRL2130).
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The extract presented significantly lower ECs values than artemisinin
(Fig. 1). The ECsq values for artemisinin determined in this study are
one-order magnitude lower than those reported for pure artemisinin in
two other canine tumour cell lines, DH82 and D-GBM, by Saeed et al.
(2020) (Saeed et al., 2020), suggesting a more potent cytotoxic effect of
the phytoextract. Indeed, the extract contains many other cytotoxic
compounds in addition to artemisinin, including polyphenols, flavo-
noids, coumarins, and phytosterols. Important constituents are
camphene, camphor, beta-caryophyllene, pinene, 1,8-cineole, and sco-
poletin (Ferreira et al., 2010). Volatile essential oils are also present at
concentrations of 0.20-0.25%. All these secondary metabolites acting in
a multi-specific manner against tumours can contribute to the toxic ef-
fect of the phytoextract (Efferth et al., 2011). The data reported in the
present research add more evidence on the potency of A. annua extracts,
which inhibit the growth of canine osteosarcoma cells, and might be
considered promising anti-tumour candidate for further development.
The cytotoxic effects of A. annua could be related to DNA damage,
oxidative stress, and alteration of tumour-related signal transduction
pathways (Efferth, 2017; Saeed et al., 2020). The effect of the extract on
cell cycle was evaluated by flow cytometry and data were analysed with
Flow Logic software. The cells grew as asynchronous populations rep-
resented by cells in all stages of the cell cycle. For OSCA-40 cell line
treated with A. annua extract and with artemisinin at the ECsg doses, the
gates were inserted manually because Dean-Jett-Fox Model failed to
distinguish the different phases of the cell cycle. Considering the cells
treated with the vehicles (EtOH or DMSO) as control, it can be observed
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Fig. 1. A. annua hydroalcoholic extract and artemisinin impair cell viability of the canine OSA cell lines OSCA-8 and OSCA-40. The cells were treated with increasing
concentrations of A. annua hydroalcoholic extract, artemisinin or vehicles for 24 h and the cell viability measured by MTT assay. Dose-response curves represent

mean + SD from three independent experiments with seven replicates each(n = 3).
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that A. annua extract and artemisinin treatments impair the cellular
distribution in the different cell cycle phases. Particularly, in OSCA-8
cell line pure artemisinin, but not A. annua extract, determined a sig-
nificant decrease (p < 0.05) of the cells in GO/G1 accompanied by a
significant increase (p < 0.001) of the cells in sub-GO/G1 phase. In
OSCA-40, both treatments strongly influenced the cell distribution with
significant decrease (p < 0.05) of the cells in GO/G1 accompanied by a
significant increase (p < 0.001) of the cells in sub GO/G1 phase
(Figs. 2,3). These data add further evidence to the effects of artemisinin
on the cell cycle.

As a matter of fact, artemisinin and its derivatives (dihy-
droartemisinin, artesunate, artemether, arteether) are known to affect
the cell cycle of several types of tumour cells in different ways,
depending on specific defects of the machinery regulating the cell cycle
of tumour cell lines (Fenger et al., 2014). In OSCA-8 the exposure to pure
artemisinin but, in OSCA-40, also the exposure to A. annua extract
induced a significant decrease of the cells in GO/G1 accompanied by a
significant increase of the cells in sub GO/G1 phase. The same profile
was also reported for other canine and human OSA cell lines treated with
dihydroartemisinin (Hosoya et al., 2008; Ji et al., 2011). A dose-
dependent accumulation of MDA-MB-468 and SK-BR-3 breast cancer
cells in the sub-G1 fraction following the exposure to artesunate, a semi-
synthetic derivative of artemisinin, has been reported also by Green-
shields et al. (2019) (Greenshields et al., 2019). Sub-G0O/G1 peak is
composed by dead cells (apoptosis, necrosis, oncosis) and by cells that
had already lost their DNA by shedding apoptotic bodies, cellular frag-
ments holding pieces of chromatin, broken nuclei, chromosomes, and
cellular debris (Simpson et al., 2017). It could be hypothesised that
artemisinin in A. annua hydroalcoholic extract extensively impairs DNA
integrity in OSCA-40 cells and an efficient G1 checkpoint machinery
hosted by this canine OSA cell line leads cells to die before replicating
their damaged DNA. The DNA damage response (DDR) is a complex
system, a network of biochemical pathways that detects DNA damage
and decides the cell fate. These pathways include the repair throughout
different phases of proliferation, the delay of cell cycle, and the arrest of
cell cycle to allow for more comprehensive DNA repair (Kuczler et al.,
2021). If the level of DNA damage exceeds the cells repairing ability, cell
death is stimulated. DNA damage is caused by various internal and
extrinsic factors including reactive oxygen species (ROS) and environ-
mental mutagens (Matsui et al., 2020). In OSCA-8 cell line, where only
pure artemisinin is able to impair the cell cycle, the DNA damage
induced by A. annua might be less extensive and unable to lead to a
significant cell cycle impairment or the cellular repair machinery could
be so efficient to allow a complete repair. This hypothesis is supported
by the lower intracellular concentration of artemisinin measured in
OSCA-8 (Table 1).

3.3. Artemisia annua hydroalcoholic extract modifies intracellular iron
content in canine OSA cell line

Tumours are characterized by high iron content, to satisfy their
increased metabolic demand (Torti and Torti, 2013). This is achieved
through some crucial changes in iron metabolism, including the
increased expression of transferrin receptor-1 (TfR1) in many tumours
(Brown et al., 2020), including cOSA (De Vico et al., 2020). The intra-
cellular iron content influences the sensitivity of cells to ferroptosis. As a
result, to study the iron involvement in the cytotoxicity of A. annua
extract the need arose to measure the iron content in OSCA-8 and OSCA-
40 cell lines with a sensitive and accurate method. This is a challenging
task, due to the very small amount of the biological samples; conse-
quently, a specific elemental detector with low detection limit is needed.
Complex analytical methods with different degree of accuracy and
sensitivity are currently available to measure iron in cells, including
FAAS, ICP-MS and TXRF (Cerchiaro et al., 2013). The analytical FAAS
method used in this research with a detection limit of 0.8 ng/mL was
able to detect iron in all the samples analysed. Iron content in cells is
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reported in Fig. 4. The variety of analytical methods and the related
different units of measurement to express the intracellular iron content
hamper the comparison with the data in the literature. Iron content in
control untreated cells is like the value reported in canine D-17 OSA cells
(Isani et al., 2019), if expressed as ng/1 x 10° cells. OSCA-40 cells
treated with A. annua extract at the ECso dose had a significantly (p <
0.05) higher iron content than those treated with the vehicle, while no
significant difference was detected for OSCA-8. An increase of intra-
cellular iron content, though measured with a less accurate and specific
colorimetric method, was also reported in Saos-2 and U20s human OSA
cell lines treated with EF24, a synthetic analogue of curcumin (Lin et al.,
2021). In both cell lines, no significant effect of artemisinin was detected
in comparison with the vehicle (Fig. 4).

3.4. Artemisia annua hydroalcoholic extract induces “ballooning”
phenotype in canine OSA cell lines

Cells were exposed for 24 h to A. annua hydroalcoholic extract or to
artemisinin at the ECsg doses and to 10 pM erastin to investigate the
possible involvement of ferroptosis. Erastin, a well-known inducer of
ferroptosis, inhibits cystine uptake by the cystine/glutamate antiporter
(system xc —), decreasing the antioxidant defences of the cell, and ul-
timately leading to oxidative cell death (Dixon et al., 2012). Ferroptosis
is dependent upon intracellular iron and is morphologically, biochemi-
cally, and genetically distinct from apoptosis, necrosis, and autophagy
(Dixon et al., 2012). It is known that, following the treatment with a pro-
ferroptotic agent such as erastin, an initial cell shrinking is followed by
condensation of cytoplasmic constituents and a “ballooning” phenotype,
which involves the formation of a clear, rounded morphology consisting
mainly of empty cytosol. The exact mechanisms underlying the pheno-
typic changes that occur during ferroptosis remain unclear (Dodson
et al., 2019). In both cell lines treated with A. annua hydroalcoholic
extract or with 10 pM erastin, and in OSCA-40 cells treated with pure
artemisinin, the microscopic examination revealed loss of attachment to
the culture plate and dead cells showed a clear “ballooning” phenotype
suggesting that not only erastin but also A. annua could trigger ferrop-
tosis in canine OS cell lines (Fig. 5b, ¢, f, g and h). In contrast, the cells
treated with the vehicle (EtOH) had no evidence of cytotoxicity nor of
such specific phenotype (Fig. 5a, €). On the other hand, the OSCA-8 cells
treated with pure artemisinin showed evidence of cytotoxicity, but not a
clear “ballooning” phenotype (Fig. 5d).

3.5. Artemisia annua hydroalcoholic extract induces lipid peroxidation in
canine OSA cell lines

In OSCA-8 and OSCA-40 canine OSA cell lines, the treatment with
A. annua hydroalcoholic extract and with pure artemisinin at the ECsg
doses for 24 h leads to extensive lipid peroxidation as indicated by a
clear shift from red to green of the Lipid Peroxidation Sensor (Fig. 6).
Lipid peroxidation is an oxidative degradation and ROS play a dual role,
beneficial and/or deleterious. Indeed, a growing body of evidence shows
that within cells ROS act as secondary messengers in intracellular sig-
nalling cascades, inducing and maintaining the oncogenic phenotype of
cancer cells both in humans and dogs (Valko et al., 2007; Macotpet et al.,
2013). However, ROS can also induce cellular senescence, apoptosis,
ferroptosis and can therefore function as anti-tumourigenic species
(Valko et al., 2007). Artemisinin and its derivatives induce ROS over-
production, triggering peroxidation of membrane lipids and cell death in
a wide range of cellular types, including plants, and mammalian cancer
cells (Chen et al., 2020; Yan et al., 2015). The increase of ROS produc-
tion in a dose-dependent manner was also reported by Hosoya et al.
(2008) (Hosoya et al., 2008) in D-17 cOSA cell line treated with dihy-
droartemisinin. Since ferroptosis is associated with accumulation of
lipid peroxides (Dixon et al., 2012; Dodson et al., 2019) it could be
further speculated that the cytotoxicity of A. annua involves ferroptotic
cell death.
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Paired Student’s t-test, (*p < 0.05, **p < 0.01; ***p < 0.001) was performed between controls and treated cells (n = 3).
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Fig. 4. Intracellular iron content in OSCA-8 and OSCA-40. The vehicles (DMSO
for artemisinin and 65% EtOH for extract) were used as control. Data are
expressed as pg Fe/cell and are reported as mean + SD from three independent
experiments (n = 3), each performed in duplicate. Paired Student’s t-test, (*p <
0.05) was performed between control and treated cells.

3.6. Involvement of ferroptosis

Three main traits define ferroptotic cell death, namely the increase of
free iron, the accumulation of lipid peroxides, and a “ballooning” death
phenotype that is morphologically distinct from autophagic, apoptotic,
or necrotic cell death phenotypes (Dixon et al., 2012). In both cell lines,
A. annua hydroalcoholic extract at the ECsy doses triggered the
appearance of a “ballooning” phenotype as well as extensive lipid per-
oxidation, while the iron content increased in OSCA-40, but not in
OSCA-8. Alteration of iron metabolism is recognized as central mediator
of ferroptosis. Ferric ions bound to transferrin are imported into cells
using the transferrin receptor 1 (TFR1) and then included in the endo-
some. In the endosome, ferric ions are reduced to ferrous ions and finally
transported into the cytoplasm through the divalent metal transporter 1
(DMT1). In the cell cytoplasm a dynamic and controlled labile iron pool
(LIP) is present and serves as a crossroad of intracellular iron meta-
bolism (Kakhlon and Cabantchik, 2002). In normal cells, this pool is
maintained within a narrow range of concentration, while in cancer
cells, a reduction of ferritin iron storage can increase the LIP and the risk
of oxidative stress, which in turn is able to determine a massive lipid
peroxidation. In different human tumour cell lines, including OSA,
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exposed to dihydroartemisinin an increase of LIP has been reported, due
to the increased lysosome-mediated ferritin degradation (Chen et al.,
2020). However, despite an increasing number of studies, the role of
iron in ferroptotic cell death is still to be completely understood, due to
the complexity of iron metabolism and homeostasis. OSCA-40 cell line is
more sensitive to the cytotoxic effect of the extract, has a lower ECsq
value for A. annua extract and or pure artemisinin, a higher intracellular
artemisinin and iron content, and extensive lipid peroxidation associ-
ated with a “ballooning” phenotype appeared following the exposure to
A. annua extract and to pure artemisinin for 24 h. This experimental
evidence argues in favour of the activation of ferroptosis. Although the
method for iron analysis used in this research allows the quantification
of total intracellular iron, an imbalance of its metabolism can be
hypothesised, leading to an increased ferritin degradation and finally to
increased LIP. In OSCA-8 treated with A. annua extract, even in the
presence of the “ballooning” phenotype and lipid peroxidation, no in-
crease in total iron content and no impairment of cell cycle were
observed. However, it cannot be excluded an increase of LIP without
modifying the intracellular content of iron as well as a different kinetics
in DNA damage response mechanisms in the two cell lines.

The high chemoresistance is a negative trait of most OS (Hattinger
et al., 2021) and ferroptosis is considered as an interesting therapeutic
strategy to overcome multidrug resistance. Recently, it has been re-
ported that ferroptosis makes OSA cells more susceptible to doxorubicin,
collaboratively strengthening the apoptosis-based doxorubicin chemo-
therapy (Fu et al., 2021). Therefore A. annua may be especially effective
in treating drug resistant osteosarcomas. Considering the similarities
between many human and canine tumours, advances in deepening
knowledge and improving therapeutic protocols may be relevant for
both species, in a model of mutual translational medicine. The relevance
of A. annua as anticancer compound is enhanced by the fact that it is
cheap, as compared to other pharmacological interventions available on
the market. This could be an advantage for low-income countries
(Waseem et al., 2018) or contexts such as for the dog owners’ reluctance
to choose chemotherapy treatments.

4. Conclusions

The idroalcoholic extract of A. annua showed cytotoxicity on two
canine OSA cell lines with increase of total iron, accumulation of lipid
peroxides and a “ballooning” death phenotype, suggesting the activation
of ferroptosis. However, it should be emphasized that any conclusions
from this study must necessarily be confirmed on more cell lines.



R. Salaroli et al. Research in Veterinary Science 152 (2022) 476-484

= ¥ G \ & (3 ; oA

b‘,%\’%{ {%‘?".‘Q&* NGNS
o) m\\} N\t
HANNNS e

Fig. 5. A. annua hydroalcoholic extract induces “ballooning” phenotype in canine OSA cell lines OSCA-8 and OSCA-40. Representative images of OSCA-8 (a, b, ¢, d)
and OSCA-40 (e, f, g, h) treated with A. annua hydroalcoholic extract at the ECso dose (b, f), Artemisinin at the ECso dose (d, h), erastin 10 pM (c, g) or EtOH (a, e).
Following the treatment with A. annua hydroalcoholic extract or erastin 10 pM bothcell lines showed a “ballooning” phenotype which involves the formation of a
clear, rounded morphology consisting mainly of empty cytosol (see in the boxes in b, c, f, g). In OSCA-40, pure artemisinin treatment induced a “ballooning”
phenotype (h). Scale bar: 100 pm.

Fig. 6. A. annua hydroalcoholic extract induces Lipid Peroxidation in canine OSA cell lines OSCA-8 and OSCA-40. Representative images of OSC-8 (a, b, ¢) and
OSCA-40 (d,e,f) treated with A. annua hydroalcoholic extract at the ECso dose (b, e), with pure artemisinin at the ECso dose (c,f) and controls (untreated cells, a, d).
The cells were stained with 1x Lipid Peroxidation Sensor for 30 min in complete growth medium at 37 °C and stained with Hoechst 33342 during the last 10 min of
incubation. In b, ¢, e and f a clear shift from red to green was observed. Scale bar: 100 pm.
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