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Introduction: Carbon 60 (C60) and its derivatives have various biological applications. In our laboratory, we have demonstrated that
C60 dissolved in grape seed oil (C60-Oil) has antioxidant and anti-inflammatory properties; however, the effectiveness of this
formulation to treat diseases of the intestinal tract and specifically ulcerative colitis has not been studied. In this study, we intend to
explore the effects of C60-Oil against experimental ulcerative colitis induced by Dextran Sulfate Sodium (DSS) in rats and a human
colorectal cell line, HT-29.

Methods: The rats were randomly distributed into three groups: a negative control group with no induced damage and two other
groups were treated with DSS to induce UC for seven days: one as untreated control and the other group treated with C60-Oil 3 mg/kg/
day. We quantified the clinical manifestations of the disease, body weight, colon weight, microscopic damage score, and colonic
content of IL-6, TNF-alpha, IL-1B, and IL-10. As part of the cell studies, HT-29 cells were pretreated with C60-Oil at different
concentrations (0.1, 1, 5, 10, 50, 30 pg/mL) and then stimulated with DSS (10 pg/mL). We measured the levels of IL-8 and NO
secreted in the medium and the intracellular levels of ROS.

Results: Oral treatment with C60-Oil significantly prevented the change in body weight, reduced most of the clinical signs of the
disease, colon weight, microscopic damage score, and considerably improved the profile of cytokines analyzed. The pretreatment of
HT-29 cells also protected the cells from the action of DSS as it reduced the levels of IL-8, NO, and ROS.

Conclusion: According to our results, we can suggest C60-Oil, as a formulation with pharmacological potential for treating ulcerative
colitis.
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Introduction
Ulcerative colitis (UC) is one of the most common Inflammatory Bowel Diseases (IBD). Historically UC has been
associated with developed and industrialized western countries, but a rise has been seen in many Asian countries.' The
main clinical manifestations of UC include blood in the stool, fecal urgency, diarrhea, mucus in the stool, weight loss,
abdominal pain, and asthenia.® UC is characterized by massive neutrophil infiltration that presents with hyperemia,
hemorrhage, and ulceration. Activated neutrophils produce and release reactive oxygen species such as hydroxyl radicals
and superoxide anions, which cause tissue damage. Other inflammatory mediators (cytokines and chemokines) also play
an important role in developing and progressing this disease entity.®

There is no known cure yet for UC, the therapeutic strategy to treat UC includes using specific anti-inflammatory drugs
such as aminosalicylates, corticosteroids, and antibodies that act on tumor necrosis factor-alpha (TNFa).* However, these
drugs can cause serious adverse effects such as opportunistic infections, diabetes mellitus, hypertension, ocular effects
(glaucoma and cataracts), psychiatric complications, hypothalamic-pituitary-adrenal axis suppression, increased fracture
risk, and some nephrotoxic events.” Its treatment does not include the use of classic non-steroidal anti-inflammatory drugs
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(NSAIDs) because these agents can cause gastrointestinal toxicity, including mucosal injury.®” For these reasons, the search
for other safe and effective therapeutic strategies for UC management is justified.

It is known that together with the various applications in the area of nanotechnology, carbon 60 (fullerene, C60) and
its derivatives have many biological applications.®’ Fullerenes can also be considered an effective antioxidant agent due
to their redox properties and their remarkable ability to absorb free radicals.'® Studies have shown that the carbon 60
dissolved in vegetable oils is a powerful antioxidant that has various therapeutic effects; the oral administration of C60
dissolved in olive oil in repeated doses to rats not only does not entail chronic toxicity but almost doubles their life
expectancy in these animals."'

In previous results obtained in our laboratory, soon to be published, the pharmacological potential of C60 dissolved in
grape seed oil (C60-Oil) as an anti-inflammatory and antioxidant is demonstrated. C60-Oil inhibits the release of TNF-a,
the migration and production of ROS by human neutrophils; it also has a significant scavenging effect on superoxide free
radicals and DPPH free radicals, and oral administration of C60-Oil strongly reduced the serum C-Reactive Protein
(CRP) in dogs. In these studies, we also demonstrate that these functions are due to C60; with the administration of
grapeseed oil only, the results that we highlight were not seen.

The main objective of the research is to analyze whether C60-Oil can serve as a therapy to prevent the alterations
observed in experimental models of UC induced by Sodium Dextran Sulfate (DSS) in rats and in human intestinal
epithelial cells. The study focuses on the macroscopic, microscopic and biochemical changes in UC in response to C60-
Oil as treatment. The results could suggest that this compound can be part of the daily food intake in all people with
a family history of ulcerative colitis or in all people in general as preventive dietary therapy.

Materials and Methods

C60-Oil Preparation, Others Chemicals and Reagents

C60 dry powder (Suzhou Dade Carbon Nano Technology Co., Ltd., Suzhou, Jiangsu China), grape seed oil (Pinli Food
Co., Ltd., Beijing, China). C60 dry powder with a purity of >0.99 was dissolved in grape seed oil (hereinafter C60-Oil).
To prepare C60-0il stock solution with a 3 mg/mL concentration, C60-Oil was placed in a magnetic stirrer and mixed
thoroughly for 9 days at room temperature. The stock solution was sterilized by passing through a 0.22-pM filter and
then stored. Dextran sulfate sodium (DSS) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Rnase-free neutral formalin fixative was purchased from Shanghai Shangbao Biotechnology Co., Ltd. (Shanghai,
China).

Animal Experimental Design

Six-week-old male Wistar rats (16-20g) were purchased from Beijing Weitonglihua Laboratory Animal Technology Co.,
Ltd. (Beijing, China). The rats were kept in a vivarium at a temperature of 23+1°C and exposed to 12 hour light/dark
cycles, with free access to water and food. The rats were allowed to adapt to the vivarium environment for one week
before starting the experiment. The animals were divided into three groups of 6 rats each: Control group, untreated
animals; the DSS group and the C60 group, both groups formed by the animals who had free access to water containing
5% DSS, the latter group was treated with intragastric administration of C60-Oil ImL per kg of animal weight,
corresponding to 3mg of C60 per kg in each dose. The duration of the experiment was seven days. The Institutional
Animal Care and Use Committee of Qingdao Agricultural University approved the protocol of this study. All experi-
mental animal tests were carried out according to the 2016 China Laboratory Animal Standards and other related
regulations in the Animal Welfare Law.

Bodyweight Measurement and Disease Activity Index

The changes in body weight of the rats were measured and recorded daily by using a device coupled to a Sartorius weight
(QUINTIX2102-18S, Gottingen, Germany). The disease activity index (DAI) was evaluated to assess the severity of UC.
The consistency of the stool and the existence of blood in the stool, as common clinical signs of this disease, were
recorded daily according to previous methods.'? DAI score was calculated as a sum of parameters listed in Table 1.
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Table | Disease Activity Index of DSS-
Induced Ulcerative Colitis

Disease Activity Index Score

Stool consistency
Normal

Soft

Very soft

w N — O

Diarrhea
Fecal blood/Rectal
bleeding
Absent 0
Gross bleeding 2

Preparation of Distal Colon Samples

One day after the end of the experiment, all the rats were euthanized by cervical dislocation. The colon samples were
collected according to an established method;'® briefly, 10 cm of colon samples were taken at the starting point of 3 cm from
the anus. The samples were washed by PBS injection. Then, the samples were divided into two 5 cm segments. The proximal
5 cm segments were formalin-fixed for histological examinations, and the distal colon samples were weighed and homo-
genized in 0.1 mM Tris-HCI buffer (pH=7) at a ratio of 1g tissue vs 9 mL buffer. The homogenates were then centrifuged at
10,000 rpm for 10 minutes, and the supernatant was stored at minus 80°C for measurement of colonic cytokines levels.

Histological Damage Score Evaluation

The colonic tissue samples were fixed in 10% Neutral formalin and impregnated into paraffin to prepare 5 pm sections.
After being stained with hematoxylin-eosin, they were examined under the light microscope (Nade Trinocular Head
Microscope XSZ-N107CCD, Hangzhou, Zhejiang, China). The histological lesions were scored using the scale described
by Molina-Cuevas et al'* (Table 2).

Cell Culture

HT-29 cells (Procell Life Science & Technology Co., Ltd., Wuhan, Hebei, China) were cultured in McCoy’s 5A culture
medium (Procell Life Science & Technology Co., Ltd., Wuhan, Hebei, China) supplemented with 10% Fetal Bovine
serum (FBS, Sangon Biotech Co., Ltd., Shanghai, China) and 1% Penicillin-Streptomycin (P/S, Gibco, Thermo Fisher
Scientific, Shanghai, China). Other reagents used in the treatment of the cells culture were: Phosphate-buffered saline
(PBS, Sangon Biotech Co., Ltd., Shanghai, China), Trypsin (Gibco, Thermo Fisher Scientific, Shanghai, China), Dextran
sulfate sodium (SDS, Shanghai Macklin Biochemical Co., Ltd, Shanghai, China).

Cell Viability Studies

For viability studies, 1x10? cells were seeded in each well of a 96-well plate. They were incubated at 37°C and 5% CO».
The cells were treated with C60-Oil or DSS for 24, 48 or 72 hours depending on the study. Viability percentages were
measured according to the Cell counting Kit-8 colorimetric assay (CCK-8, Sigma-Aldrich, Darmstadt, Hesse, Germany).
Morphological changes of cells were observed under an inverted electronic microscope (ZEISS Axio Vert. Al FL,
Oberkochen, Germany).

Measurement of Cytokine Levels and Nitric Oxide

Cytokine levels throughout the experiment were determined using enzyme-linked immunosorbent assay (ELISA) Kits.
Kits for Cytokine-6 (IL-6), Tumor necrosis factor-alpha (TNF-a), and Cytokine-10 (IL-10) (Shanghai Bohu Biological
Technology Co., Ltd., Shanghai, China), and Cytokine-1beta (IL-1B) (Ruixin Biological Co., Ltd., Quanzhou, Fujian,
China) was used. In the case of cell experiments, 2x10° cells were seeded in each well of a 24-well plate. Depending on
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Table 2 Criteria Used to Determine Ulcerative Colitis Histological Scoring

Histological Appearance Score
Destruction of the epithelium and glands

Normal morphology 0
Focal destruction of the epithelial surface and/or crypts |
Zonal destruction of the epithelial surface and/or loss of crypts 2
Diffuse ulceration of the mucosa and/or submucosa and/or loss of crypts 3
Dilation of the glandular crypts

Normal appearance 0
Focal dilation |
Zonal dilation 2
Diffuse dilation of crypts 3
Depletion and loss of goblet cells

Normal appearance 0
Slight depletion of goblet cells |
Moderate or zonal depletion of goblet cells 2
Diffuse or complete depletion of goblet cells 3
Inflammatory cell infiltration

Absence of infiltration 0
Infiltrated in lamina propria or base of crypts |
Infiltration reaching the muscularis mucosa 2
Severe and extensive infiltration that reaches the submucosa and/or the muscle layer 3
Edema

Absent 0
Focal |
Zonal and/or moderately diffuse 2
Extensive and severe 3
Hemorrhagic mucosa

Absent 0
Focal |
Zonal 2
Diffuse 3
Crypt abscess

Absent 0
Focal |
Zonal 2
Diffuse 3
Dysplasia

Absent 0
Focal |
Zonal 2
Diffuse 3

the experimental group, the cells were treated with different concentrations of C60-Oil for 24 hours and then stimulated
with DSS for 12 hours at 37°C and 5% CO,. The supernatants were collected and preserved at —20°C until measurements
were made. IL-8 levels were measured using a commercial kit (Shanghai Bohu Biotechnology Co., Ltd. Shanghai,
China). For quantifying nitric oxide (NO) levels, a detection kit (Beyotime Biotechnology, Shanghai, China) was used.
All samples were tested in duplicate. Optical density was measured using an automatic plate reader (Biotek, ELx808,
Beijing, China). The measurements on the colonic homogenates are expressed in pg/g of tissue and on the cell culture

medium in mg/mL.
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Determination of Intracellular Levels of ROS

For this assay, 2x10° cells were seeded in each well of a black 6-well plate. They were incubated at 37°C and 5% CO,.
The cells of the experimental group were pretreated with C60-Oil at a concentration of Sug/mL for 30 minutes and then
stimulated with DSS for one hour. The cells’ culture medium was replaced by serum-free medium, and they were treated
for 30 minutes with 10uM of 2°,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, Solarbio Science & Technology
Co., Ltd., Beijing, China), dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, Darmstadt, Hesse, Germany).
Subsequently, the cells were washed twice with serum-free medium and finally PBS was added for the subsequent
measurement of the generation of intracellular ROS in an inverted fluorescence microscope (ZEISS Axio Vert.Al,
Oberkochen, Germany). After taking representative images of each experimental group, the images were analyzed with
the software ImagelJ (1.53k, Wisconsin, United States) to examine the intensity of the pixels and make an approximate

quantitative study of the intensity of fluorescence in the samples.

Statistical Analysis

The data was processed in the software GraphPad Prism8.0.1 (San Diego, California, United States) for statistical
analysis. Data are shown as the mean =+ standard deviation. Significant differences between each sample were determined
using the Student’s f-test. Mann—Whitney U-test were used to compare the DAI and the histological damage scores.
Values of p<0.05, p<0.01, and p<0.001 were considered significant.

Results
Effect of C60-Oil on Body Weight of Wistar Rats

In the first four days of experimentation, no significant differences were observed in the weight of the animals (Figure 1).
All the rats in which the administration of DSS induced colitis did not show a weight gain; at the end of the experiment,
the average weight did not present differences with the initial weight. From day five onwards, the differences turned out
to be statistically significant with the control group rats (p<0.05; p<0.01), which did gain weight throughout the study.
The administration of C60-Oil had a positive effect on the weight of the rats that were also administered DSS. C60-Oil
restored the weight gain in the animals that from the 6th day presented significant differences with the rats that were only
administered DSS (p<0.05).

Effect of C60-Oil on Disease Activity Index of DSS-Induced Ulcerative Colitis

DSS administration produced a rapid onset of classic UC symptoms. DSS-treated rats showed higher DAI scores than
control group rats, statistically significant (p < 0.01). No animal in the control group presented diarrhea or rectal
bleeding, with a score of zero. Intragastric treatment with C60-Oil significantly decreased the DAI score (p <0.05); in
the rats to which it was administered, the appearance of the symptoms of the disease was reduced. Figure 2 shows all the
values of the DAI score.

_ -o- Control
350 . o -& DSS
s -¥- DSS+C60
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Figure | Effect of C60-Oil on body weight of Wistar rats. The body weight of Wistar rats of Control, DSS, and C60 groups was recorded daily. The data are presented as
the mean * SD. *p<0.05;*p<0.0| compared with the DSS group.
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Figure 2 Disease activity index (DAI) of the model of DSS-induced colitis in Wistar rats. The data are presented as the mean * SD *p<0.05;**p<0.0| statistical comparison
with DSS group.

Effect of C60-Oil on DSS-Induced Colonic Inflammation

A characteristic of intestinal inflammation is the thickening of the large intestine, depending on the degree of inflamma-
tion, swelling, congestion, or edema of the colon is evident. These characteristics can be quantified by measuring the Scm
weight of the distal colon in the rats (Figure 3). Rats receiving DSS demonstrated significantly increased colon weight
than rats in the control group (p < 0.05). Treatment with C60-Oil significantly decreased colonic weight (p < 0.05),
indicating that this treatment attenuated intestinal inflammation in rats caused by DSS.

Effect of C60-Oil on Colonic Histological Damage

Previously described microscopic scoring evaluated the magnitude of colonic histological damage in the DSS-induced
UC (Figure 4). Colonic tissue samples from Control group rats exhibited typical mucosal tissue architecture with regular
and well-defined crypts; the thickness of the outer submucosal and muscular layer was also expected, corresponding to
a histological damage score of zero (Figure 5A). In contrast, colonic tissue samples from rats treated with DSS alone

c & e =
& o o™ o
1 1 1 ]

Colonic wet weight (g)
>

0.0-
C60-0il 3mg/kg - - +
DSS 5% - + +

Figure 3 Wet weight of 5 cm of distal colon samples of Wistar rats of Control, DSS and C60 groups. Values are presented as the mean * standard deviation.*p<0.05
compared with DSS group.
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damage score
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C60-0il 3mg/kg - - +
DSS 5% - + +

Figure 4 Microscopic scoring of DSS-induced colonic histological damage in Wistar rats. Values are presented as the mean * standard deviation. **p<0.01;**p<0.001
statistical comparison with DSS group.

Figure 5 Effect of C60-Oil on DSS-induced colonic histological damage in Wistar rats. The mostly representative sections were selected for purpose of the demonstration.
(A) Control; (B) DSS; (C) DSS+C60-Oil. (HE, 200%).

showed alterations in the mucosal epithelium and architecture, with partial or complete loss of intestinal crypts, in some
cases, ulcerations, and marked infiltration of immune cells in the lamina propria and submucosa (Figure 5B). The
histological damage score in this group was significantly higher than the numbers in the Control group (p<0.001).
Compared to the DSS group, C60-0il treatment significantly attenuated DSS-induced colonic lesions (p<0.01), showing
a reduction in mucosal changes and cellular infiltrate (Figure 5C).

Effect of C60-Oil on Colonic Tissue Cytokine Content

As part of the molecular studies, the content of specific cytokines related to the intestinal inflammatory process was
analyzed in the colonic homogenates of rats (Figure 6). The levels of TNF-o, IL-6, and IL-1f, all pro-inflammatory
cytokines, were increased; in the case of IL-10, interleukin with anti-inflammatory properties, the levels were reduced; in
both cases compared to the Control group. The administration with C60-Oil showed statistically significant improve-
ments in the profile of the cytokines analyzed, decreased the levels of inflammatory mediators, and increased those of the
inhibitor of the inflammatory process analyzed.

Effects of C60-Oil on Cytotoxicity on HT-29 Cells
To analyze the effect of C60-Oil on HT-29 cells, the effect of this compound on cell viability was analyzed. Cells were
exposed for 48 hours to different doses of this compound (0.1, 1, 5, 10, 50, 100 pg/mL), followed by assays using CCK-
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Figure 6 Effect of C60-Oil on colonic tissue cytokines of Wistar rats. (A) tumor necrosis factor alpha (TNF-a). (B) Interleukin 6 (IL-6). (C) Interleukin 10 (IL-10). (D)
Interleukin | beta (IL-1B). Values are presented as the mean * standard deviation of the estimated levels by ELISA. *p<0.05, **p<0.01, ***p<0.00| compared with DSS group.

8, as described in materials and methods; data are expressed in % relative to untreated cells (Figure 7). It was observed
that concentrations greater than 5 pg/mL significantly reduced the percentage of viability; at lower concentrations, cell
viability was not modified. Therefore, it was decided to use these concentrations of C60-Oil (0.1, 1, 5 pg/mL) for
subsequent experiments.

Cytoprotective Effects of C60-Oil on Induced HT-29 DSS Cells
Studies have been found in the literature that has also used DSS as a proinflammatory inducing effect in different cell lines,
so before continuing with the tests with C60-Oil, we search for the optimal dose of DSS. For this, the effect of different
concentrations of DSS on the cell viability of HT-29 cells was analyzed. The cells were stimulated for 72 hours with doses
of 0.1, 1.0, 10, 50 pg/mL of DSS, and through CCK-8 was possible to estimate the number of cells. As seen in Figure 8, it
was possible to determine that concentrations of DSS greater than 10 pg/mL significantly reduced cell viability. This
concentration was used for subsequent experiments to examine the effects of C60 oil on HT-29 cells.

As a preliminary study to determine the protective effects of C60-Oil on HT-29 cells against the action of DSS, using
the CCK-8 assay, the number of cells after treatment with both substances was estimated (Figure 9). Different
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Figure 7 Effect of C60-Oil on the viability of HT-29 cells. Cells were cultured with different concentrations of C60-Oil for 48 h. The values are represented as the mean *
standard deviation of the percentages concerning the untreated cells group. *p<0.05, ***p<0.001, compared to untreated cells.
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= -~ DSS 0.0pg/ml
[
mE 150 - DSS 0.1ug/ml
= -+ DSS 1.0ug/ml
2 100+ -+ DSS 10.g/ml
E ~ DSS 50ug/ml
Z 50-
[
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T T
24 48 72
Incubation time (h)

Figure 8 Effect of DSS on the growth of HT-29 cells. The cells were cultured with different concentrations of DSS from 24 to 72 h. Values are represented as the mean +
standard deviation of each experiment’s estimated number of cells.

150 -
125-
100
754 x
50
25

Cell number *10%/well

0-
C60-0il (pg/ml) - - 50 10 01
DSS 10pg/ml - + + + +

Figure 9 Effects of C60-Oil, on the cell number of HT-29 cells induced with DSS. Cells were treated with C60-Oil for 24 h before being stimulated for 24 h with DSS. Values
are presented as the mean * standard deviation of the estimated number of cells. *¥p<0.01; **¥*p<0.001 compared to the group stimulated with DSS and not treated with
C60-Oil.
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concentrations of C60-Oil (0.1, 1, 5 pg/mL) were used to pre-treat the cells for 24h before stimulation with DSS (10 pg/
mL) for another 24h, then cell proliferation was estimated.

Cell pretreatment with all concentrations of C60-Oil prevented DSS-induced damage; a significant increase in cell
number was observed compared to cells that were only treated with DSS. Observations of cell density in each culture
under the electron microscope corroborate these results (Figure 10).

Effects of C60-Oil on the Inhibition of IL-8 and NO Secretion in HT-29 DSS Induced
Cells

Once the cytoprotective effect of C60-Oil had been determined against stimulation with DSS, we analyzed its effect on
IL-8, a pro-inflammatory immune response marker, and NO levels, which positively correlated with the severity of IBD.
ELISA determined the concentrations of both molecules secreted into the culture medium (Figure 11). We observed that

Figure 10 Effects of C60-Oil, on the cell density of HT-29 cells induced with DSS. Cells observed under an inverted electron microscope. (A) untreated cells; (B) cells only
stimulated with DSS (10 pg/mL). DSS-stimulated cells after being pretreated with C60-Oil (C) 5 pg/mL; (D) | pg/mL; (E) 0.1 ug/mL. Scale bars in the figures indicate 500 pm,
magnification 10X,

250+

IL-8(pg/ml)
2 o o
o o o
1 1 1

a
T

0- B
C60-Oil (pg/ml) - - 50 10 01 C60-0il (ug/ml) - - 50 10 01
DSS 10pg/ml - + 0+ o+ 4+ DSS 10pg/ml . + o+ o+ o+

Figure |1 Effects of C60-Oil on IL-8 and NO secretion in HT-29 cells DSS-stimulated. Cells were treated with C60-Qil for 24 h before being stimulated for 24 h with DSS.
(A\) Levels of IL-8; (B) Levels of NO. Values are presented as the mean + standard deviation of the estimated number of cells. *p<0.05; **p<0.01; **p<0.00| compared to
the group stimulated with DSS and not treated with C60-Oil.
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Figure 12 Effect of C60-Oil on DSS-induced ROS production by HT-29 cells. (A) Intracellular ROS production observed by fluorescence microscopy. Control: Untreated
cells; DSS: Cells stimulated with DSS; DSS+C60-Oil: Cells treated with C60-Oil and stimulated with DSS. (B) Pixel intensity values. Values are presented as the mean *
standard deviation of the estimated intensity of the pixels in the fluorescence microscopy figures. *p<0.05; compared to the group stimulated with DSS and not treated with
C60-Oil.

DSS significantly induced IL-8 and NO secretion compared to the levels seen in unstimulated cells. This increase was
prevented by pretreatment of the cells with C60-Oil.

Effects of C60-Oil on ROS Levels in HT-29 Cells-DSS Induced

To demonstrate the antioxidant capacity of C60-Oil, we evaluated its effect on the reduction of intracellular ROS
produced by stimulation with DSS. Cells were pretreated for 30 minutes with 5 pg/mL C60-Oil and subsequently
stimulated with DSS (10 pg/mL) for 1 hour. Intracellular ROS levels were estimated using the DCFH-DA assay and
fluorescence microscopy (Figure 12).

By observing the fluorescence microscopy images, it is possible to note that the stimulation with DSS causes a high
production of intracellular ROS; pretreatment with C60-Oil considerably reduced the effects of DSS. Analyzing the
intensity of the pixels in the images, the fluorescence level of each image obtained can be compared numerically.

Discussion
Currently, there is no curative surgical or pharmacological treatment for UC. Due to the failure of currently available
medications to treat this disease, 10-20% of patients require colectomy. Since the main character in UC is inflammation,
new therapies are necessary that limit and control the scope of this inflammatory process and that also meet the
characteristics of ideal drugs: practical, easy to administer, free from side effects, and it is aimed at several etiopathogenic
factors and has a low cost.

Previous experimental studies have shown that applying an aqueous colloidal solution of C60 fullerene to rats that
underwent acetic acid-induced UC restored the integrity of the colonic mucosa and the epithelial barrier.'>'® However,
the effect of C60 dissolved in any vegetable oil has not been studied on the digestive tract epithelium.
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C60-0il, at the cellular and molecular level, has shown potential results in the treatment of inflammatory diseases
related to the release of reactive oxygen spices and the release of TNF-alpha from neutrophils. Based on the results of
these previous studies carried out in our laboratory, we can suggest a possible protective effect of C60-Oil in UC.

The administration of DSS in experimental animals has been widely accepted as a suitable model for translating to
UC in humans to identify new therapies and is one of the most widely used. Its reproducibility, accessibility, similarity
with the clinical and histological picture of UC in humans have been the determining factors that have prompted its
choice as a model to be used.

DSS alters the epithelial barrier causing acute clinical symptoms, weight loss, erosion of the colon, and loss of crypts;
it induces severe oxidative damage and consequent inflammation, characteristics that are observed in UC since the
increased permeability allows the massive interaction of the intestinal flora with the system immune system of the host,
a primary factor in the initiation of the disease.'” It is also known that DSS increases the formation of the mutagenic
oxidative DNA damage biomarker 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxo dG) in colonic cells of rats in vivo.'®
This oxidative damage is a common characteristic of apoptosis. DSS-induced ROS generation has been proposed as
a key to the activation of p38 MAPK and NF-«kB and signaling cascades related to the induction of pro-inflammatory
genes, including IL-1B, TNF-a, IL-6, and IL-8.1%:%0

In the present study, the DSS induced-UC in the rats of the DSS group caused marked clinical symptoms (abnormal
body weight, presence of diarrhea, and rectal bleeding), macroscopic and microscopic damage of the colonic mucosa, as
well as an increase in levels of pro-inflammatory cytokines. In contrast, the animals in the control group did not present
such symptoms nor damage to the colonic tissue, and the levels of pro-inflammatory cytokines were significantly lower
than the DSS group. In the experiment with HT-29 cells, DSS administration caused a reduction in cell viability and
increased IL-8, NO, and intracellular ROS levels; all these indicators with significant differences with the group of
control cells not treated with DSS. The damage indicators resulting from the action of DSS measured in the present study,
both in the animal experiment and in the cell experiment, behaved as described by other authors for the model, which
validates the present results.'”?!

The C60-Oil treatment in the animals and the HT-29 cells protected the action of DSS in both cases. In the animal
experiment, C60-Oil significantly reduced clinical symptoms and histological lesion scores; it also increased the viability
of HT-29 cells. It should be noted that this formulation was toxic to cells at high concentrations, greater than 10mg/mL.

Pro-inflammatory cytokines play an essential role in the pathogenesis of UC, especially TNF-alpha, IL-6, IL-1B, and
IL-8. TNF-a is a pro-inflammatory mediator that plays an integral role in the pathogenesis of inflammatory bowel
disease, stimulates adhesion molecules that lead to neutrophil recruitment, promotes tissue remodeling, and increases cell
permeability resulting in impaired barrier function colonic epithelium.*? In 2007, a group of researchers demonstrated
with the drug triptolide that by inhibiting IL-6, it is possible to prevent inflammation in a rodent model of ulcerative
colitis.?* IL-1B also promotes inflammatory infiltration, edema, and necrosis of colon tissue; a recent study promotes
treatment with blockers of this cytokine to inhibit the course of this disease.”* High levels of IL-8 in the rectal dialysate
of patients with ulcerative colitis also show a biological role for IL-8 in colonic inflammation;** treatment with an IL-8
antagonist, together with a probiotic, shows good therapeutic potential since it confers protection against IBD, particu-
larly in UC.?® On the contrary, mutations, and polymorphisms in the gene for IL-10, anti-inflammatory cytokine,
significantly increase the risk of suffering from ulcerative colitis.*’

In both experiments, C60-Oil improved the indicators in the cytokine profile. The significantly high levels of TNF-
alpha, IL-6, IL-1B, and IL-8 and the reduced IL-10 values observed are explained by the dysregulation of the immune
response of the colon mucosa as a result of the destruction of the epithelial barrier caused by the administration of DSS.
Our results show that treatment with C60-Oil suppresses the increase in proinflammatory cytokines, TNF-alpha, IL-6, IL-
1B, and IL-8, also raises IL-10 levels. These values in the levels of the cytokines studied, modulated by C60-Oil, can be
explained by the ability of C60 fullerenes to scavenge free radicals, restore antioxidant protection of tissues, and inhibit
inflammatory infiltration. In studies with HT-29 cells, we evidenced the effectiveness of C60-Oil to reduce and restore
NO and ROS levels to normal levels. Although we did not show the mechanism involved in generating these molecules
in DSS-stimulated cells, our results imply that C60-Oil can inhibit IL-8 expression by blocking DSS-induced ROS
generation, as seen in other studies.”®
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Similar results were obtained by Byelinska et al that reported the application of an aqueous colloid solution of C60 at
a lower concentration effectively treated DSS-induced ulcerative colitis; this formulation reduced inflammation in the
colon and restored the integrity of the mucosa.'> Another group of researchers using another aqueous solution of C60 in
another experimental model of UC, demonstrated its effectiveness for treating the disease, indicating that this molecule
does not cause apparent toxicity in treated rodents.'®

Taken together, the treatment with C60-Oil effectively treated DSS-induced ulcerative colitis and also had
a protective effect against DSS-stimulated cell damage. The results of this study indicate that C60 dissolved in grapeseed
oil could be successfully delivered into the cell interior, thus supporting the assumption that C60 not dissolved in aqueous
colloidal solutions may also be a promising candidate for drug for the treatment of ulcerative colitis and other intestinal
diseases.

Conclusion

Treatment with C60 dissolved in grape seed oil significantly reduced damage markers resulting from DSS administration
as an experimental model of ulcerative colitis in rats and HT-29 cells. This treatment prevented weight loss, macroscopic
and histological damage to the colonic tissue, and at the molecular level, managed to reduce the levels of inflammatory
cytokines, both in animals and in cells; in the cells model, provided cytoprotection and reduced NO and ROS levels. The
results suggest that a treatment based on C60 dissolved in grapeseed oil could be used to treat ulcerative colitis.
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