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ABSTRACT

Thirty-eight years after its discovery, the safety of [60]fullerene (C60), the most abundant fullerene with many
potential applications, particularly in oxidative stress-related medicine, remains controversial. This is mainly due
to the alleged dangers of C60 nanomaterial, which are regularly supported by some publications. While several
academic studies have confirmed the safety of C60 in various experimental models, it is well known that C60
aggregates can carry toxic elements. Meanwhile, countless websites offer C60-oily solutions to consumers, with-
out any regulatory consideration. Therefore, an officially certified toxicity study is urgently needed to avoid any
public health problems. In this context, we report on the first certified short-term oral toxicity study of soluble
C60, designed according to the guidelines of the Organization for Economic Cooperation and Development, with
a deviation in the duration (2 weeks instead of 4 weeks) accepted by the U.S. Food and Drug Administration. The
results of this study, conducted in an independent accredited European Laboratory, clearly show that C60 in solu-
ble form (0.8 mg/ml of extra virgin olive oil), administered at the highest possible dose of 3.8 mg/kg body
weight/day, did not cause any adverse effects in rats after 14 days of daily oral administration. This report should
settle the debate on the acute oral toxicity of C60 and pave the way for further preclinical studies. The study is
accompanied by a comprehensive report that includes documentation of the raw data.
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INTRODUCTION spherical shape and size (Haddon, 1993;
Friedman et al., 1993; Cagle et al., 1999), its
ability to sensitize singlet oxygen formation
under light exposure (Arbogast et al., 1991;
Tokuyama et al., 1993), and its unmatched af-
finity for free radicals, thanks to its 30 double
bonds (Krusic et al., 1991).

Since its discovery in 1985, [60]Fullerene
(or C60) (Figure 1), the most abundant fuller-
ene (Kroto et al., 1985), has offered great po-
tential for numerous applications in several
fields including the biomedical field (Jensen
et al., 1996). This potential is based on the
unique physicochemical properties of this
pure carbon-based molecule, including its
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Figure 1: [60]Fullerene or C60

Despite its insolubility in water, the rapid
progress in C60 chemistry (Diederich and
Thilgen, 1996) allowed for dozens of well-
characterized water-soluble C60-derivatives
intended for many biomedical applications
(Jensen et al., 1996). The earliest review on
this topic published 26 years ago described all
potential biomedical applications of C60 thus
predicting a large panel of fullerene-based
drug candidates (Friedman et al.,1993; Jensen
et al., 1996; Dugan et al., 1997). Since then,
most publications and general reviews pub-
lished to date, including the most recent
(Geng et al., 2017; Kerna et al., 2020;
Nozdrenko et al., 2021; Stetska et al., 2021;
Ye et al., 2021; Chen et al., 2021; Martinez-
Herrera et al., 2022; Grebinyk et al., 2023;
Sinegubova et al., 2023; Li et al., 2023; Beyaz
et al., 2023; Heflich, 2023), have only re-
peated these predictions.

To date, countless publications have re-
ported on the beneficial effects of C60 and its
derivatives on health. To cite only the earliest
publications, these beneficial effects range
from anti-allergic and anti-inflammatory ef-
fects (Ryan et al., 2007; Shershakova et al.,
2016) to life extension (Quick et al., 2008;
Gao et al., 2011; Baati et al., 2012; Galvan et
al., 2017), theranostic (Kawasaki et al., 2022),
protection of the nervous system (Dugan et

al., 1997; Stetska et al., 2021; Martinez-Her-
rera et al., 2022) and liver (Gharbi et al.,
2005), protection against ionizing radiation
(Andrievsky et al., 2009), and even preven-
tion of acne vulgaris (Inui et al., 2011) and
hair growth potentiation (Zhou et al., 2009).
However, none of these promising applica-
tions have materialized and there are no full-
erene-based medicines on the legal market
(Kepley, 2012). The main obstacle is related
to the alleged danger of C60 nanoparticles
raised by some studies since the advent of the
US national nanotechnology initiative (US
NNI, 2003; Kipen and Laskin, 2005).

Since 1995, pioneering works have shown
that pure micro- and nano-crystals of C60 can
cross the cell membranes (Moussa et al.,
1995) and when administered to mice at doses
up to 5 g/kg body weight (bw) had no acute or
subacute toxic effects in this rodent species
(Moussa et al., 1996). The safety of pure C60
has since been confirmed by numerous inde-
pendent international teams in various exper-
imental models encompassing different
clades, as previously detailed in a general re-
view (Kolosnjaj et al., 2007). Nonetheless,
some papers continue to propagate doubt by
claiming that this fullerene is harmful
(Purasevi¢ et al., 2020; Masyutin et al., 2020;
Grohn et al., 2021; Malhotra et al., 2021; Ren
et al., 2022), thus fueling the distrust of public
health institutions (SCCS, 2023) as well as the
disinterest of the pharmaceutical industry.
Yet, it has been clearly established that toxic
effects observed for some C60 preparations
are exclusively due to impurities or light ex-
posure (Henry et al., 2007; Kolosnjaj et al.,
2007; Spohn et al., 2009). The main problem
is that under certain conditions, linked to the
presence of impurities or to light exposure,
certain C60-based preparations and some
C60-derivatives can be highly toxic (Kolos-
njaj et al.,, 2007). In fact, any time C60 is
tested for toxicity without checking its purity
and the purity of the solvent or adjuvant used,
while avoiding light exposure, deleterious ef-
fects are usually observed (Henry et al., 2007;
Kolosnjaj et al., 2007; Spohn et al., 2009;
Grohn et al., 2021). But, as expected,
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reporting toxic effects for a new material like
C60, often erroneously referred to as C60 na-
noparticles, has much more impact than the
absence of toxicity, notably because of certain
fears related to the development of nanotech-
nology (Kipen and Laskin, 2005; Key-
khosravi et al., 2019). In a recent report, the
experts of the Scientific Committee on Con-
sumer Safety (SCCS, 2023) of the European
Commission wrote the following: “Having
assessed the information provided by the no-
tifiers, and the information available from the
published literature, the SCCS cannot con-
clude on the safety of fullerenes and (hy-
drated) hydroxylated forms of fullerenes due
to a number of uncertainties and data gaps in
regard to physicochemical, toxicokinetic and
toxicological aspects”.

Meanwhile, since the publication of a pa-
per in 2012 reporting on the effects of re-
peated administration of C60 on the lifespan
of rats (Baati et al., 2012), myriad startups
have started selling this product online as a di-
etary supplement without any toxicity test
(Keykhosravi et al., 2019; Kerna et al., 2020).
Alas, C60 consumption without regulation
could cause a major public health issue. Ob-
viously, this would be detrimental to the
health of consumers, but such an issue could
also compromise a product that seems so
promising for health. Hence, in order to avoid
any public health issue and in order to provide
a clear answer to the suspicions of toxicity,
preclinical studies are urgently needed. In any
case, in order to give C60 a chance to fulfill
the hopes and expectations it raises in the bi-
omedical field, it is mandatory to first carry
out certified toxicity studies (Keykhosravi et
al., 2019; Kerna et al., 2020).

Here we report on the first certified 14-
day repeated-dose oral (by gavage) toxicity
study in rats of C60 dissolved in extra-virgin
olive oil (EVO). The aim of this study was to
obtain first-hand information on the potential
toxicity of C60 in soluble form.

MATERIALS AND METHODS

All experimental protocols were approved
by the Hungarian Good Laboratory Practice

Regulation: 42/2014 (VIIL. 19.) EMMI decree
of the Minister of Human Capacities which
corresponds to the OECD  GLP,
ENV/MC/CHEM(98)17) [OECD Principles
of GLP as revised in 1997, published in
ENV/MC/CHEM (98)17); OECD, Paris,
1998] (supplementary information, Appendix
16). The study was performed according to
GLP at the Sponsor’s request because of au-
thority purposes. The Principles of Good La-
boratory Practice as specified by Hungarian
and international legislations were followed
(except for formulation analysis).

The study followed the procedures indi-
cated by the following internationally ac-
cepted guidelines and recommendations: —
OECD Guidelines for Testing of Chemicals,
Section 4 Health Effects; No. 407, “Repeated
Dose 28-Day Oral Toxicity Study in Rodents”
(adopted 03 October 2008), and — US FDA
Toxicological Principles for the Safety As-
sessment of Food Ingredients, Redbook 2000,
IV.C. 3.a. Short-Term Toxicity Studies with
Rodents (2007). All methods are reported in
accordance with ARRIVE guidelines.

All procedures described in the study plan
are based on Standard Operating Procedures
(SOPs) detailed in the SOP manuals of the op-
erational departments of Toxi-Coop Zrt. QA
has reviewed the study plan, the various
phases of the study, and certain recurring ac-
tivities, and the report has been reviewed in
accordance with internal SOPs.

Institutional Animal Care and Use Com-
mittee (IACUC) of Toxi-Coop Zrt. Permitted
the conduct of the study by signature on the
Study Plan. (SOP: ALT 023 — Instructions for
animal protection). The study was conducted
in accordance with the National Research
Council Guide for the Care and Use of Labor-
atory Animals and in compliance with the
principles of Hungarian Act 2011 CLVIII
(amendment of Hungarian Act 1998 XXVIII)
and Government Decree 40/2013 on the Pro-
tection of Animals.

The study documents and samples are ar-
chived according to the OECD GLP and to the
Toxi-Coop Zrt.’s SOP-s in the archives of
Toxi-Coop Zrt. Berlini utca 47-49. H-1045
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Budapest, Hungary: — the Study Plan for 15
years, — one original Final Report for 15
years, — one sample of the test item for 5
years, — all raw data for 15 years, — biological
samples for 5 or 12 years, - organs and tissues
preserved in 4 % buffered formaldehyde so-
lution for 5 years, — blocks and slides of or-
gans and tissues for 12 years, — correspond-
ence for 15 years.

Raw data, and legal attestations related to
the study are included in the additional infor-
mation (supplementary information, Appen-
dices 9 — 16). In fact, the supplementary in-
formation only consists of the original report
as provided by the accredited European La-
boratory who performed the entire study.

EXPERIMENTAL DESIGN

Test system

Extra-virgin olive oil (EVO) and C60 (pu-
rity 99.98 %) were obtained from SES Re-
search Inc. (USA) (SI, Appendix 1, Certifi-
cates of analysis, in the copy of the study plan,
Appendix 9). We have previously detailed the
physicochemical properties of the C60 used
(purity: 99.98 %) by using various analytical
methods, both in the solid state and in solution
(Keykhosravi et al., 2019).

EVO was chosen as the solvent because of
its nutritional properties and especially the
solubility of C60, which is extremely hydro-
phobic, in this oil (Baati et al., 2012). In addi-
tion, the Olive 0il-C60 product is offered
online for human consumption in several
countries, including the U.S. (Keykhosravi et
al., 2019; Kerna et al., 2020).

The solution of EVO-C60 was prepared as
previously described (Baati et al., 2012) with
minor modification. Briefly, 0.09 g of C60
was dissolved in 100 ml of olive oil with stir-
ring for 2 weeks in the dark at room tempera-
ture. The resulting mixture was then centri-
fuged at 5,000 g for 60 min and the superna-
tant was filtered through a Millipore 0.25 pm
pore size filter. The resulting solution is a
transparent reddish-brown liquid with a faint
oily odor containing 800 — 870 mg C60 per kg
EVO as determined by liquid chromato-

graphy (supplementary information, Appen-
dix 9, Certificate of Analysis).

Test animals

We chose the rat for this study because it
is the preferred rodent species for this type of
study according to OECD guidelines (2008).
In addition, basic data on the absorption,
pharmacokinetics, and biodistribution of the
test substance in the rat are already available
in the scientific literature (Kubota et al., 2011;
Baati et al., 2012) whereas that data remain
unknown in other animals including mice
(Grohn et al., 2021; Shytikov et al., 2021).

Number and groups. Twenty specific
pathogen-free Wistar rats (Han:WIST rat of
Wistar origin, from Toxi-Coop Zrt, Budapest,
Hungary), including ten males (42 — 45 days
old, weighing 170 — 184 g) and ten nullipa-
rous, non-pregnant females (41 — 43 days old,
weighing 124 — 140 g) were used in the study,
in accordance with OECD guidelines (2008).

Animals were selected for this study on
the basis of adequate body weight, a body
weight within &+ 20 % of the mean within a sex
and free from clinical signs of disease or in-
jury (OECD, 2008). Selected rats were ran-
domly divided into two groups (1 test item
treated group + 1 control group) of 10 indi-
viduals (5 males and 5 females) per group ac-
cording to body weight stratification such that
there was no statistically significant differ-
ence between group body weight means
within a sex. Grouping was controlled by the
SPSS/PC+ computer program on the basis of
actual body weight, checking for homogene-
ity and differences between groups.

Animals were identified by unique num-
bers. Individual identification was done with
a marker pen on the tail. Identification num-
bers were assigned to each animal based on
Toxi-Coop Zrt.’s master file, and numbers
were re-marked as necessary to ensure correct
identification.

Husbandry. Rats were housed in individ-
ual polypropylene/polycarbonate type III
cages and maintained in an air-conditioned
room where temperature (22 = 3 °C) and rel-
ative humidity (30 to 70 %) were controlled
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and recorded daily during the study, on a 12-
hour artificial light/dark cycle (6 am to 6 pm,
except on days of ophthalmic examinations).
Cages were labeled with identification cards
containing the study number, control or test
name, group number, test serial number, sex,
cage number and individual animal numbers,
treatment start date, and necropsy date. Cages
were arranged to minimize potential effects of
cage placement.

Rats were given ad libitum access to tap
water and food (ssniff® SM R/M-Z+H com-
plete diet for rats and mice, from ssniff Spezi-
aldidten GmbH, D-59494 Soest, Germany),
except for overnight food deprivation prior to
blood collection and they were acclimated for
5 days prior to treatment. The diets were con-
sidered to be free of contaminants that could
reasonably be expected to interfere with the
purpose or integrity of the study (supplemen-
tary information, Appendix 11). The Govern-
ment Office of the Capital City of Budapest,
Department of Public Health and Medical
Service (Budapest, H-1138 Hungary) controls
the water quality every six months. The re-
sults of the quality control are recorded in the
archives of Toxi-Coop Zrt. (supplementary
information, Appendix 12).

Test details

Rationale for route of administration and
dose levels. The oral route of administration
is the intended route of human exposure. The
test substance is already offered online for hu-
man consumption as a dietary supplement
(Keykhosravi et al., 2019; Kerna et al., 2020).

The OECD (2008) and US FDA (2007)
guidelines recommend using a minimum of
three dose levels of the test substance and a
concurrent control group in toxicity studies.
These test guidelines suggest that the highest
dose level should be carefully selected to in-
duce toxic responses in test animals without
leading to fatalities or severe suffering. How-
ever, the OECD guidelines (2008) specify
that: “Generally, at least three test groups and
a control group should be used, but if from as-
sessment of other data, no effects would be

expected at a dose of 1000 mg/kg bw/day, a
limit test may be performed.”

In fact, it has been demonstrated for a
number of years that doses in excess of 1000
mg/kg bw do not result in toxic effects in ro-
dents (Moussa et al., 1996; Gharbi et al.,
2005). These results have since been con-
firmed by other independent laboratories (Ko-
losnjaj et al., 2007), notably in Japan (Mori et
al., 2006) and Switzerland (Spohn et al.,
2009). Therefore, in this case, it was logical
and obvious to choose a single dose limit test
(OECD, 2008).

The objective of this study was to obtain
preliminary information on the toxic potential
of C60 dissolved in EVO in groups of male
and female rats, likely to result from repeated
exposure. In this case, since it was not possi-
ble to select the highest dose level to induce
toxic responses in test animals without caus-
ing death or severe suffering, as suggested by
OECD guidelines (2008), we selected the
highest dose level that could be administered
to rodents for oily solutions. The highest dose
level of EVO-C60 that can be administered to
rodents is 3.8 mg/kg bw/day. This dose level
is based on the solubility of C60 in olive oil
(Baati et al., 2012) and the maximum volume
to be administered to rodents according to the
official recommendations (US FDA, 2007).
This dose level was previously used in a phar-
macokinetic study and showed effective ab-
sorption and good biodistribution (Baati et al.,
2012).

Duration. While OECD guidelines (2008)
suggest 28 days for short-term acute toxicity
studies, FDA guidelines (2007) suggest 2 to 4
weeks. After discussion and agreement with
the FDA staff responsible for this guidance, it
was deemed sufficient to conduct this prelim-
inary repeated oral dose study for only 2
weeks. In fact, this study was conducted as
part of an FDA submission process.

EXPERIMENTAL PROCEDURE

After 5 days of acclimatization, the test
substance (EVO-C60) and the vehicle (EVO)
were administered orally by gavage at ap-
proximately the same time each morning
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within 2-3 hours from day 0 to day 13 (14
days). Animals were not treated on the day of
gross pathology. The first treatment day was
study day 0, and necropsy was performed on
day 14.

The control group (group 1) received
EVO only at a dose of 5 ml/kg bw/day, and
the experimental group (group 2) received 5
ml/kg bw/day of EVO-C60, equivalent to 4
(3.8) mg C60/kg bw/day. Actual treatment
volume was calculated based on final body
weight.

Mortality and clinical observations

Animals were examined twice daily, at
the beginning and end of each working day,
for signs of morbidity and mortality. At ap-
proximately the same time after treatment,
clinical observations were made once daily in
the cage. On the day before the first treatment
and then once a week, on days when the ani-
mals were weighed and food consumption
was measured, detailed observations were
made during handling.

The signs that are examined and recorded
focus on the condition of the skin and coat,
eyes and mucous membranes; the presence of
secretions and excretions; autonomic activity
(lacrimation, piloerection, pupil condition,
unusual respiratory rhythm, etc.). Changes in
gait, posture, and response to handling, as
well as the presence of abnormal movements,
stereotyped activities (e.g., excessive groom-
ing, repetitive turning), or bizarre behaviors
(e.g., self-mutilation, walking upside down)
are also considered.

Body weight and body weight gain

Animals were weighed twice during the
acclimation period. Body weight was meas-
ured to the nearest 1 g on day O (before the
start of the study) and twice weekly (i.e., on
days 0, 3, 7, 10, and 13). Animals were also
weighed immediately before sacrifice to cal-
culate organ-to-body weight ratios. Individual
changes in body weight were calculated ac-
cording to the days of measurement and for
the study as a whole.

Food consumption measurement and feed
efficiency

Food consumption was determined by
measuring food consumed and food not con-
sumed to an accuracy of 1 g once a week to
coincide with body weight measurements
(days 0, 7, and 13). Food consumption was
evaluated and reported by weekly interval for
each group. Feed efficiency was calculated
based on weekly body weight gain and food
consumption. All animals were fasted over-
night (approximately 16 hours) before blood
sampling.

Clinical pathology examinations

Clinical pathology, including hematol-
ogy, coagulation, and clinical chemistry, was
performed one day after the last treatment
(day 14). After isoflurane CP® anesthesia,
three blood samples were collected from the
retro-orbital venous plexus of each animal for
hematology, clotting times, and clinical
chemistry.

Hematology. Blood samples were col-
lected in tubes containing K3EDTA (Mini-
Collect® 0.5 ml, Greiner Bio-One Interna-
tional AG, Kremsmiinster, Austria) to the in-
dicated final volume. Analysis was performed
immediately after sampling. The parameters
studied and the methods used, as measured by
a Siemens ADVIA120 hematology system,
are summarized in Table 1.

Blood coagulation. For clotting times
(APTT: activated partial thromboplastin time
and PT: prothrombin time), blood samples
were collected in tubes containing 9NC Coag-
ulation 3.8 % (MiniCollect® 1 mL; Greiner
Bio-One International AG, Kremsmiinster,
Austria). After centrifugation at 2500 rpm for
15 minutes (within 20-30 minutes after col-
lection), the plasma supernatants were meas-
ured (optical method) immediately by an
AMAX Destiny Plus Coagulation Analyzer
(Trinity Biotech PLC).

Clinical chemistry. Clinical chemistry
samples (a minimum of 1.0 mL) were col-
lected in non-anticoagulant tubes (Vacuette
2.5mL Z Serum Sep C/A, Greiner Bio-One
International AG, Kremsmiinster, Austria).
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After centrifugation (4500 rpm for 15 Table 2 summarizes the parameters meas-
minutes), serum samples were stored and an- ured and methods, using a Cobas C311
alyzed at 2-8 °C. (Roche Diagnostics International Ltd.).

Table 1: Hematology parameters (OECD, 2008)

Hematology parameters

Parameters Unit Methods
WBC White Blood Cell (leukocyte) count 109/L (G/L) Flow cytometry method
RBC Red Blood Cell (erythrocyte) count 10"2/L (T/L) Flow cytometry method
HGB Hemoglobin concentration g/L Cyanide-colorimetriche-
moglobin method
HCT Hematocrit (relative volume of erythrocytes) L/L Computed by equipment
MCV Mean Corpuscular (erythrocyte) Volume fL Flow cytometry method
MCH Mean Corpuscular (erythrocyte) Hemoglobin pg Computed by equipment
lgl:r?ggnl\éls:tr:aig;puscular (erythrocyte) Hemoglo gl Computed by equipment
PLT Platelet (thrombocyte) count 109/L (G/L) Flow cytometry method
RET Reticulocytes % Flow cytometry method

Peroxidase and basophil/
lobularity method

Differential white blood cell countt %

T NEU: Neutrophil granulocytes (%); LYM: Lymphocytes (%);EOS: Eosinophil granulocytes; (%); MONO: Monocytes (%); BASO:
Basophil granulocytes (%)

Table 2: Clinical chemistry parameters (OECD, 2008) and methods

Parameters Unit Methods
ALT: Alanine Aminotransferase activity U/L IFCC recommended (with P-5-P),
3-reagent system
AST: Aspartate Aminotransferase activity U/L IFCC recommended (with P-5-P),
3-reagent system
i(t;yGT: Gamma Glutamyltransferase activ- U/L IFCC recommended enzymatic method
. . . IFCC (AMP)
ALP: Alkaline Phosphatase activity U/L 2-Amino-2-metyl-1-propanol
TBIL: Total Bilirubin concentration pumol/L CoIonmetnc diazo m_ethoq (NBD:
p-nitrobenzene-diazonium)
CREA: Creatinine concentration umol/L Enzymatic method
UREA: Urea concentration mmol/L Urease-GLDH method
GLUC: Glucose concentration mmol/L Hexokinase method
CHOL.: Cholesterol concentration mmol/L Enzymatic CHOD-POD method
Pi: Inorganic phosphate concentration mmol/L Ammonium-molybdate
Ca**: Calcium concentration mmol/L (NM-BAPTA)-EDTA method
Na*: Sodium concentration mmol/L Potentiometric test (Direct ISE)
K+: Potassium concentration mmol/L Potentiometric test (Direct ISE)
ClI-: Chloride concentration mmol/L Potentiometric test (Direct ISE)
ALB: Albumin concentration glL Colorimetric — BCG (Bromocresol green) —
method
TPROT: Total Protein concentration g/L Colorimetric — Biuret —method
AJ/G: Albumin/globulin ratio - Calculated value
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Pathology

Necropsy. Gross pathology was per-
formed on each experimental animal one day
after the last treatment on day 14 of the study.
Animals were anesthetized with Isoflurane
CP® and exsanguinated through the ab-
dominal aorta after confirmation of anesthe-
sia.

After examining the external appearance
(body and orifices) and opening the skull and
the thoracic and abdominal cavities, the ap-
pearance of the tissues and organs was ob-
served and the observations were recorded in
detail (location, color, shape and size).

The organs/tissues listed In Table 3 were
removed and preserved in 4 % formaldehyde
solution, except for testes and epididymides,
which were preserved in modified Davidson’s
solution and then stored in 4 % formaldehyde
solution for histopathological examination.

Thyroid and parathyroid glands were pre-
served with the larynx, but the larynx was not
processed for histology.

After excision, the organs and tissues
were cleaned of any adherent tissue, weighed,
and stored as described above.

Table 3: List of organs and tissues according to OECD guidelines (2008)

Adrenal glands

Aorta (thoracic and abdominal)

Bone with joint and marrow (femur)

Brain (representative regions: cerebrum, cerebellum and pons and medulla oblongata)

Esophagus

Eyes (lachrymal gland with Harderian glands)

Heart

Kidneys

Large intestines (caecum, colon, rectum)

Liver

Lungs (with main stem bronchi; inflation with fixative and then immersion)

Lymph nodes (submandibular, mesenteric)

Mammary gland

Muscle (quadriceps)

Nasal turbinates

Pancreas

Pituitary

Salivary glands (submandibular)

Sciatic nerve

uterus with cervix and oviduct, vagina)

Sexual organs (testes, epididymides, prostate, seminal vesicle with coagulating gland, ovaries,

Skin

Small intestines (duodenum, ileum, jejunum; including Peyer’s patches)

Spinal cord (at three levels: cervical, mid-thoracic and lumbar)

Spleen

Sternum

Stomach

Thymus

Thyroid + parathyroid

Trachea

Urinary bladder
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Organ weight. The following organs were
weighed and recorded with an accuracy of
0.01 g for liver, kidneys, testes, epididymides,
prostate, seminal vesicles with coagulation
glands as a whole, uterus and fallopian tubes,
thymus, spleen, brain and heart, and with an
accuracy of 0.001 g for adrenals, ovaries.
Paired organs were weighed together.

Histopathology. Preserved organs and tis-
sues from each animal were subjected to com-
plete histologic examination.

After paraffin embedding, the fixed tis-
sues were sectioned using a 2-4 pm micro-
tome. After mounting on glass slides, the sec-
tions were stained with hematoxylin and eosin
and examined by light microscopy.

STATISTICS AND DATA
EVALUATION

SPSS PC+ software was used for statisti-
cal analysis of all data collected.

Bartlett’s test was used to test for hetero-
geneity of variance between groups. If posi-
tive, Duncan’s multiple range test was used to
assess the significance of the differences be-
tween groups. If no significant heterogeneity
was found, a one-way analysis of variance
was performed.

The Kolmogorov-Smirnov test was used
to check the normal distribution of the data, in
case of significant heterogeneity. The Krus-
kal-Wallis method was used in case of non-
normal distribution. Finally, the Mann-Whit-
ney U test was used to compare groups, for
any positive results.

The frequencies of clinical signs, patho-
logical and histopathological findings by sex
and dose were calculated.

RESULTS

Mortality, clinical signs and growth

No mortality was observed in any of the
tested groups during the entire observation
period. Likewise, throughout the observation
period, no clinical signs related to the test
item were observed and the behavior and
physical state of all animals remained normal

(supplementary information, Appendices 1.1,
1.2, 1.3, and 1.4).

The bw development was undisturbed In
male and female animals of OO-C60 treated
group as compared to the control group dur-
ing the entire study (Figure 2, and supplemen-
tary information, Appendices 1). Also, the
main food consumption and the feed effi-
ciency were comparable in female and male
animals in all groups during the entire study
(supplementary information, Appendices 2
and 3).

Hematology, blood coagulation, and
clinical chemistry data.

Test items related adverse effects were not
identified in the examined hematological or
blood coagulation parameters in the male or
female animals in the EVO-C60 treated group
as compared to the control group (supplemen-
tary information, Appendices 4.1 and 4.2).

Specific pathologic changes were not de-
tected in the examined clinical chemistry pa-
rameters (supplementary information, Ap-
pendices 5.1 and 5.2). Statistically significant
mean concentration of glucose (GLU) was de-
tected in male animals in the EVO-C60
treated group. However, these statistically
significant differences with respect to the con-
trol in glucose (supplementary information,
Appendices 5.1 and 5.2) were probably not
related to the test item. The glucose levels of
male animals remained well within the histor-
ical control range (supplementary infor-
mation, Appendix 14). Therefore, these minor
changes were judged to be indicative of bio-
logical variation and not related to any of the
test items.

Necropsy — histopathology — organ weight
At the necropsy, EVO or test item treat-
ments did not induce specific macroscopic al-
terations in the tissues or organs of female or
male animals. There were not statistically or
biologically significant differences with re-
spect to the control in the mean weight of the
examined organs at the end of the study (sup-
plementary information, Appendices 6 and 7).
However, some species-specific changes
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(scar on the skin, pyelectasia, hydrometra and
cyst in the uterus) and individual lesions
(thymic hemorrhage, reddish-brown spot on
the lung lobe) were detected in female and
male animals as summarized in Table 4.
Alveolar emphysema and acute hemor-
rhages in the thymus and lungs occurred spo-
radically in control and treated animals. These
findings could be related with the hypoxia,

dyspnea and circulatory disturbance, devel-
oped during the exsanguinations as frequently
observed in experimental rats. Pyelectasia is a
common observation in experimental rats of
this strain occurring also in not treated ani-
mals. In female rats, the dilation of the uterine
horns is a neurohormonal phenomenon linked
to the sexual function (proestrus phase) of the
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Figure 2: Body weight (BW) development of rats from day 0 (Do) to 13 (D13), after oral administration of
extra virgin olive oil (control) or EVO infused with C60 (C60). (A): Male control; (B) male C60; (C) female
control; and (D) female C60. Each box represents the 5 animals of the considered group.

Table 4: Summary of necropsy observations

Organs Observations G1 (EVO) G2 (EVO-C60)
Male
All No macroscopic findings 4/5 5/5
Thymus hemorrhages 1/5 0/5
Female

All No macroscopic findings 3/5 2/5
Thymus Point-like hemorrhages 0/5 1/5
Lungs Hemorrhage 0/5 1/5
Kidneys Pyelectasia 1/5 0/5
Uterus Hydrometra 1/5 1/5
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internal genital organs. Also, in experimental
rats, hydrometra is also a frequent observation
linked to the female sexual cycle. In the ab-
sence of inflammatory, necrotic or other
pathological lesions, these results are consid-
ered toxicologically irrelevant.

Finally, the observation of the following
organs and systems: gastrointestinal tract,
liver, pancreas, cardiovascular system, uri-
nary system, lymphoid system, hematopoietic
system, skeleton, muscular system, male and
female reproductive system, central or periph-
eral nervous system, eyes, lacrimal glands,
and integumentary system did not reveal any
morphological signs of acute or subacute le-
sion (degeneration, proliferation, inflamma-
tion, necrosis, etc.). Also, the structure and the
cell morphology of the endocrine glands were
identical in the control and treated animals
(supplementary information, Appendices 7.1
and 7.2).

DISCUSSION

The results of this limit test conducted ac-
cording to OECD guidelines, with a deviation
of 2 weeks instead of 28 days as accepted by
the FDA, are consistent with previous results
showing the safety of pure C60 in rodents as
confirmed by several independent research la-
boratories (Moussa et al., 1996; Mori et al.,
2006; Henry et al., 2007; Spohn et al., 2009;
Baati et al., 2012).

Taken together these results clearly show
that oral administration for 14 consecutive
days of C60 dissolved in EVO at approxi-
mately 4 (3.8) mg/kg bw/day dose did not
cause any adverse effects in male or female
Han:WIST rats. This dose level has already
been the subject of a pharmacokinetic study
in rats (Baati et al., 2012), but to our
knowledge, its acute oral toxicity has never
been investigated in an accredited laboratory.

The NOAEL for C60 in soluble form can-
not be determined under these conditions be-
cause of the solubility limit of C60 in olive oil
(Baati et al., 2012) and the maximum volume
that can be administered to a rodent according
to OECD (2008) and US FDA guidelines
(2007). We can only learn from the results of

this study is that the No Observed Adverse Ef-
fect Level (NOAEL) for EVO-C60 is neces-
sarily higher than 3.8 mg/kg bw/day.

In order to administer higher doses of
C60, the only option is to administer C60 in
solid form, such as aqueous or oily suspen-
sions (Moussa et al., 1996; Gharbi et al.,
2005; Mori et al., 2006). However, although
it has been shown that nanoparticles or even
microparticles of C60 can cross membrane
cells after intraperitoneal administration of
high doses (> 2000 mg/kg bw) to rodents
(Moussa et al., 1996; Gharbi et al., 2005), the
pharmacokinetics and biodistribution of C60
suspensions after oral administration of such
high doses remain unknown to date (Mori et
al., 2006). Furthermore, this type of concen-
trated C60 suspensions in solid, micro- or na-
noparticulate form is not intended for human
consumption and it is unlikely that such prep-
arations would be absorbed orally.

In this study, we focused only on the sol-
uble form of C60 as it is offered online for hu-
man consumption (Keykhosravi et al., 2019;
Kerna et al., 2020). In addition, we already
have some basic information on the pharma-
cokinetics and biodistribution of soluble C60
in rats. In particular, it has been shown that
C60 in soluble form can be absorbed through
the gastrointestinal tract (Baati et al., 2012). It
has also been shown that C60 in soluble form,
i.e. when its unsaturated bonds are accessible,
is at least 100 times more active against oxi-
dative stress (Baati et al., 2012) than in solid
form (Gharbi et al., 2005).

The data from this certified toxicity study
should put an end to the debate about the acute
toxicity of pure naked C60, and, above all,
pave the way for further preclinical trials.

The outcome of this study is only a first
step in addressing the uncertainties surround-
ing the safety of C60 (Kerna et al., 2020;
SCCS, 2023) and obtaining regulatory ap-
proval before considering the use of this prod-
uct for human consumption. The resulting
dose of 3.8 mg/kg should serve as a starting
point for completing preclinical studies, in-
cluding genotoxicity and long-term effects of
C60 in soluble form, before considering
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clinical trials with thorough dose translation
from rodents to humans (US CDER, 2005).
This is the only way to know if these mole-
cules, which have been so promising for al-
most 30 years, deserve to be considered in the
biomedical and/or veterinary fields.
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