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Background: Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic inter-
stitial pneumonia. And, oxidation/antioxidant imbalance plays an important role in the
progress of IPF. Fullerene is considered to be a novel “structural” antioxidant. This study
aimed to explore if water-soluble Cgo (Cgo(OH),y) can exhibit antifibrotic activity in its
antioxidant role.

Methods: Healthy C57BL/6J mice were randomly grouped and induced pulmonary fibrosis
by intratracheal injection of bleomycin.

Results: The survival rate of mice was observed and found that 10mg/kg was the optimal
dose of water-soluble Cg, for pulmonary fibrosis. We observed that water-soluble Cgo can
alleviate the severity of pulmonary fibrosis by observing the chest computed tomography,
pulmonary pathology, and content of collagen, alpha smooth muscle actin and fibronectin in
lung. Compared with bleomycin group, ROS, the content of TNF-a in BALF, and the number
of fibroblasts was significantly decreased and the number of type II alveolar epithelial cells
was increased after treatment with C60.

Conclusion: Therefore, thanks to its powerful antioxidant action, water-soluble Cgo can
reduce the severity of pulmonary fibrosis induced by bleomycin in mice.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is defined as a specific form of chronic,
progressive fibrosing interstitial pneumonia with unknown causes. The median
survival time of IPF patients is 2-3 years from diagnosis with a 5-year mortality
of 30-50%. There is no effect therapy except lung transplantation.' Furthermore,
potent new agents are urgently needed.

The pathogenic mechanisms of IPF remain unclear. It is currently believed that IPF
originates from the abnormal repair of alveolar epithelium after repeated minor damage,
which leads to scarring and lung tissue destruction.” For the past few years, it is
discovered that oxidation/antioxidant imbalance plays an important role in the progress
of IPE.* Reduced oxidative stress can reduce the degree of pulmonary fibrosis.*

Oxidative stress is an imbalance between oxidants such as reactive oxygen
species (ROS) and antioxidants, which may affect lipids, DNA, carbohydrates and
proteins. ROS is free radical generated physiologically during oxidative phosphor-
ylation, including superoxide anion, hydroxyl and hydrogen peroxide. It has
various physiological roles such as causing cell dysfunction and death. Research
has shown that oxidants and myeloperoxidase of cells in bronchoalveolar lavage
fluid (BALF) increased to a higher concentration in IPF patients,” and the epithelial
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injury in IPF was related to the increasing activity of
peroxidase. Daniil et al had determined oxidative burden
in serum based on analysis of hydroperoxides® and found
that systemic oxidative stress level in IPF was signifi-
cantly higher than that in control, and it was negatively
correlated with dyspnea severity and lung function
marked by forced vital capacity and diffuse lung capacity
for carbon monoxide. In summary, the oxidation/antiox-
idant imbalance is related to the progression of idiopathic
pulmonary fibrosis.

Fullerene was considered to be a novel “structural”
antioxidant and characterized as a “radical sponge” by
Krusic et al’. Water-soluble fullerene Cgo is nontoxic at
low physiological concentrations,® which is able to pene-

10,11

trate through the membrane of cells and have strong

antioxidant properties.® Moreover, it has been found that
fullerene Cg, possesses anticancer activity.'>"?

In this study, we aimed to explore if water-soluble Cg
(C60(OH),,) can exhibit antifibrotic activity in a murine
model of bleomycin (BLM) induced pulmonary fibrosis by

its antioxidant role.

Materials and Methods

Animals

Specific pathogen-free (SPF) C57BL/6J mice were pur-
chased from the Animal Center of Peking University
(Beijing, China), and fed under SPF conditions in the basic
Medical Research Center of Beijing Chaoyang Hospital
affiliated to Capital Medical University. Male mice aged
7-8 weeks and weighing 22-25g were used for the prepara-
tion of bleomycin-induced pulmonary fibrosis in mice. The
care and use of laboratory animals in this study was accord-
ing to the National Institutes of Health guide strictly. This
study was approved by the Animal Care and Ultilization
Committee of Capital Medical University (AEEI-2014-034).

Preparation of Water-Soluble C¢q and

Pirfenidone

Cs0(OH),, with purity of more than 99.9% was obtained
from Suzhou Dade Carbon Nanotechnology Co., Ltd. Cg
(OH),, was dissolved in sterilized and apyrogenic physio-
logical saline (0.9%). Pirfenidone was purchased from
Beijing Continent Pharmaceutical Co. Ltd.

Experimental Design
The animals were randomly divided into 10 groups in the
following way.

For exploring the preventive effects are there 1) NS
(normal saline) group—mice received saline only; 2) BLM
group—mice received BLM, treatment—saline (per day); 3)
1 mg/kg group—mice received BLM, treatment—Cgo(OH),,
1 mg/kg/day; 4) 10 mg/kg group—mice received BLM,
treatment—Cgo(OH),, 10 mg/kg/day; 5) 100 mg/kg
received BLM, treatment—Cgo(OH),,,
100 mg/kg/day; 6) 500 mg/kg group—mice received BLM,
treatment—Cgo(OH),,, 500 mg/kg/day.

For exploring the therapeutic effects are there 1) NS

group—mice

group — mice received saline only; 2) BLM group—mice
received BLM, treatment—saline (per day); 3) BLM + Cg
group—mice received BLM, treatment—Cgo(OH),, 10 mg/
kg/day; 4) BLM + pirfenidone group—mice received BLM,
treatment—pirfenidone 300 mg/kg/day.

All mice (except NS group) were treated with a single
intratracheal injection of 3.5 (preventive) or 2.0
(therapeutic) mg/kg body weight BLM hydrochloride diluted
by saline.'* C4o(OH),, and pirfenidone were administered
intraperitoneal injection beginning from the first day (pre-
ventive) and 14™ day (therapeutic) until mice were sacrificed
after 21 days (preventive) and 28 days (therapeutic) after
intratracheal injection of BLM (Figure 1). Moreover, blood,
bronchoalveolar lavage fluid (BALF) and lung tissue were
collected as previously described,'? the left lung was fixed by
10% formaldehyde solution, the right lung was frozen at
—80°C for using.

Lung Histological Assessment

The collection of mouse lungs for histology was performed as
conventional treatment.'® Briefly, the lung was fixed (by 10%
formaldehyde solution), dehydrated, paraffin-embedded, and
cut into 4-um sections. Lung sections were stained with H&E
and Masson’s trichrome stain for assessment of pathological
changes.'” Immunostaining was performed using antibodies
against Collagen I (Abcam, Cambridge, USA), surfactant

DO D7 D14 D21 D28
BLM i.t.
C¢,(OH)., i.p. qd
Preventive = go(OH)zp 10 @ I
sacrifice sacrifice
Therapeutic |

| ; |
Cgo(OH)z, i.p. qd
Pirfenidone i.g. bid
Figure | Treatment and experimental regimen.

Abbreviations: i.t,, injection via the intratracheal route; i.p., intraperitoneal injec-
tion; i.g., intragastric administration; qd, once a day; bid, twice a day.
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protein C (Abcam, Cambridge, USA) and alpha smooth mus-
cle (a-SMA) antibody (Abcam, Cambridge, USA).

Hydroxyproline Assay

The content of hydroxyproline in the lung were measured
using conventional methods.'® The content of hydroxypro-
line was calculated based upon the lung weight, and the
data were expressed as micrograms of hydroxyproline in
each gram of lung tissue.

ELISA

Concentrations of TGF-f; and TNF-o in lung tissue,
BALF and plasma were determined using ELISA kits
(Invitrogen, USA) according to the manufacturer’s
instructions.

Protein Extraction and Western Blot
Analysis

Frozen lung tissues were homogenized using RIPA buffer
(Solarbio, Beijing, China) containing 1:100 phenylmethylsul-
fonyl fluoride (PMSF) and phosphatase inhibitors. The total
protein concentration was resuspended in protein loading buf-
fer containing 5% mercaptoethanol. The proteins were sepa-
rated by 8% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Bio-Rad, Hercules, CA, USA)
using a Mini-Protean electrophoresis module assembly (Bio-
Rad) at 80 mV and transferred to nitrocellulose membranes
(Millipore, Billerica, MA, USA) for 100 min using the Mini
Trans-Blot electrophoresis transfer cell (Bio-Rad) at 300 mA.
The membranes were treated with anti-rabbit or anti-mouse
IgG (LI-COR, Lincoln, NE, USA). Positive bands were
visualized, and the intensity of the bands was evaluated using
a LI-COR Odyssey. The primary antibodies used were anti-
fibronectin antibody (Abcam, Cambridge, USA), anti-a-SMA
antibody (Abcam, Cambridge, USA) and anti-f actin antibody
(Abcam, Cambridge, USA).

Survival Analysis

We performed survival analysis in each preventive group
(n=9-10). Survival time of each mouse was recorded until
21* day after BLM or saline administration.

Measurement of ROS Concentration

The content of ROS was measured by using DCFH-DA as
the manufacturer’s instructions, which was purchased from
Nanjing Jiancheng Bioengineering Institute.

Statistical Analysis

All data were expressed as the mean £ SD. All experi-
ments were conducted with three independent replications.
GraphPad Prism 6 (GraphPad, La Jolla, CA, USA) was
used for statistical analyses using ¢-test or one-way analy-
sis of variance; P < 0.05 was considered to indicate sta-
tistically significant differences in all comparisons.

Results
The Optimal Dose of C¢o(OH),, for
Pulmonary Fibrosis Was 10 mg/kg/day

Survival Time

The mortality had a significant difference between preven-
tive groups. All mice in NS group survived for 21 days.
However, substantial mortality of mice was demonstrated in
BLM group, and a significant change of median survival
time existed between the group treated with Cgo(OH),,
10 mg/kg/day and the BLM group (Figure 2A). Up to the
21" day, 30% of mice survived in BLM group, 44.4% in Cg(
(OH),, 1 mg/kg group and 100 mg/kg group, 66.7% in
10 mg/kg group, and no mice survived in 500 mg/kg
group. These results indicated that C¢o(OH),, could protect
mice from death when mice were treated with the dose of
10 mg/kg/day and 1 mg/kg/day, but the mice treated with
Ceo(OH),, by the dose of 100 mg/kg/day had no difference
with BLM group, what is more, Cgo(OH),, with a dose of
500 mg/kg/day had injury but no advantage.

Body Weight

Body weight of mice in preventive groups (except NS group)
had a significant decrease. However, compared to BLM
group, the mice in 10 mg/kg group had a slight decrease,
but the difference was not significant (Figure 2B).

Ceo(OH),; Had a Therapeutic Effect in
the Advanced Stages of BLM-Induced

Pulmonary Fibrosis

Computed Tomography Images of Mice Lung

CT images of mice lung on the 28th day after BLM or saline
administration are shown in Figure 2A. Lungs in the BLM
groups demonstrated some consolidated shadows compared
with the NS group (Figure 3A). However, compared with
BLM group, the images of lungs in BLM+Cg group
revealed decreased density and diffuse ground-glass opaci-
ties with or without areas of consolidation (Figure 3A), but
quantitative evaluation was difficult.
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Figure 2 Effect of C4o(OH),2 on survival time and body weight. The doses of I, 10,

days

100 and 500 mg/kg of C¢o(OH),, were administered intraperitoneal injection to the

mice for 21 days after intratracheal injection of BLM. Kaplan—Meier survival curves (A) and body weight change (B) were noted.

Abbreviations: NS, no treatment; BLM, bleomycin.

H&E and MASSON

BLM-induced pulmonary injury and fibrosis in mice were
monitored by histopathological analysis. It was shown that
BLM instillation produced a significant increase of fibrosis in
the lung by H&E-stained sections. BLM-induced fibrotic mice
demonstrated increased pulmonary parenchymal distortion,
showing thicker alveolar membrane, collapsed alveoli, and
inflammatory cell infiltration (Figure 3A). Masson’s trichrome
staining of collagen was used to demonstrate that BLM
induced severe collagen deposition in mice. However, Cg
(OH),, and pirfenidone administration markedly ameliorated
lung injuries and evidently attenuated collagen deposition
(Figure 3A).

Hydroxyproline

Hydroxyproline was concentrated in BLM-induced inflam-
matory response, and there was a positive correlation
between the level of hydroxyproline and collagen. As
illustrated (Figure 3C), the hydroxyproline was signifi-
cantly increased after BLM administration while reversed
after C¢o(OH),, and pirfenidone treatment.

Collagen I, a-SMA and Fibronectin

We subsequently investigated the ability of C¢o(OH),, to mod-
ulate the expression of collagen I, a-SMA and fibronectin
which were key markers of pulmonary fibrosis. The results
showed that the lung tissues from BLM treated mice were
markedly up-regulated the expression of collagen I, a-SMA
and fibronectin (Figure 3A and B). Impressively, levels of a-
SMA and fibronectin were obviously reduced after C4o(OH),,
and pirfenidone treatment (Figure 3B). The expression of
collagen I was monitored by immunohistochemical analysis.
Lung sections of mice in NS group showed weak positive

staining of collagen I, while intratracheal instillation of BLM
resulted in markedly increased expression of collagen I in lung
tissues. The administration Cgy or pirfenidone largely
decreased the expression of collagen I compared with BLM
group (Figure 3A and D). These results directly reflected the
attenuation effect of Cgo(OH),, on BLM-induced pulmonary
fibrosis in mice.

Mechanisms for the Therapeutic Effect of
Ceo(OH),, on BLM-Induced Pulmonary
Fibrosis

ROS

The levels of ROS were determined in the lung tissue in
order to investigate the effect of Cgo(OH),, against the
oxidative stress in BLM-induced lung fibrosis (Figure 4A).
A significant rise in the level of ROS in lung tissue was
observed in the BLM treated animals, while it was
reversed after C¢o(OH),, administration (P<0.05).

TGF-B, and TNF-a

TGF-B; and TNF-a play important roles in the pathogenesis
and exacerbation of pulmonary fibrosis,'” and we assessed the
effect of Cgo(OH),, on their expression. As shown in Figure 4E
and F., the expression of TGF-B; and TNF-a in lung tissue,
BALF and plasma were significantly increased in BLM group
compared with NS group while it was decreased after Cg
(OH),, administration, which suggested that Cgo(OH),,
could inhibit the expression of TGF-; and TNF-o.

AECII and a-SMA

Type 2 alveolar epithelial cells (AECII) were marked
with surfactant protein C (SPC) by immunohistochemistry
(Figure 4B and C). Compared with NS group, lung sections
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Figure 3 Examination of the antifibrotic effects of C¢o(OH),; and pirfenidone on BLM-induced pulmonary fibrosis in mice. Chest CT and H&E and Masson-stained sections
were observed after BLM or saline administration in the NS, BLM, BLM+Cg4o and BLM+pirfenidone groups (A). Collagen deposition was monitored by immunohistochemical
analysis (A), and date was reported as means + SD (D). Fibronectin and a-SMA were quantified by Western blot (B). The content of hydroxyproline was determined in lung

tissues, which is a marker of collagen deposition (C). *P<0.05; **P<0.01; ***P<0.001.
Abbreviations: NS, no treatment; BLM, bleomycin; HYP, hydroxyproline; col I, collagen 1.

submit your manuscript

International Journal of Nanomedicine 2020:15

Dove


http://www.dovepress.com
http://www.dovepress.com

Dong et al Dove

D _ 8,
A 0 o - C Py 300+ ane eee ;E
? ~ ;] ane EERY
s B £ 6
° v o~
a 291 == = 2004 $
— S S
3 = ¢ g
Q — S Qo
O 104 — ? i e
[ '&? (z
0 T @2 » - - 0 - r
&
» %
4 Q
B
SPC
CL-SMA,
E F
404 200+ - e
. NS NS
_ - BLM - v o = BLM
% = BLM+Cyo % 1 BLM+Cy,
- 204 =~ 1004
@ 9
S z
2 10 l = 50-
0 l 0l = =
plasma BALF lung tissue plasma BALF lung tissue

Figure 4 Mechanisms for the therapeutic effect of C¢o(OH),, on BLM-induced pulmonary fibrosis. The content of ROS was tested in lung tissues (A). AEC I was marked with SPC by
immunohistochemistry (B), and date was reported as mean  SD (C). a-SMA was monitored by immunohistochemical (B), as the marker of fibroblast, and was reported as mean + SD
(D). The expression of TGF-B, and TNF-a in lung tissue, BALF and plasma were determined and reported as means + SD (E and F). *P<0.05; **P<0.01; **P<0.001; ***P<0.0001.
Abbreviations: NS, no treatment; BLM, bleomycin; SPC, surfactant protein C; AECII, type 2 alveolar epithelial cells; ROS, reactive oxygen species.

of BLM group were characterized by a significant decrease = immunohistochemical to reflect the amount of fibroblast. The
in the number of AECII, while, the number rose again  sections in the NS group showed weak positive staining of a-
in mice receiving Cgy group. a-SMA was monitored by = SMA, while increasing expression was showed in BLM group
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(Figure 4B and D). These results directly reflected that Cgq
(OH),, could decrease the apoptosis of AEC Il and the amount
of fibroblast by easing oxidative stress.

Discussion

In this study, water-soluble Cqo was found to serve as an
antifibrotic agent for BLM-induced mouse pulmonary fibro-
sis, which has been used as a classic model for the evaluation
of the antifibrotic effect.?” The results showed that BLM
could induce pulmonary fibrosis and cause mice death,
body weight loss and exacerbated lung histopathology
abnormalities with collagen deposition. However, these
adverse consequences caused by BLM were effectively atte-
nuated by water-soluble Cgo. Our study had shown that
water-soluble Cg possessed significant anti-inflammation
and anti-oxidant effects on BLM-induced lung damage in
mice. To the best of my knowledge, it is the first time to
detect the role of Cgp, a novel “structural” antioxidant, in
pulmonary fibrosis mice induced by bleomycin.

It has been reported by many studies that oxidative stress is
closely related to the development of IPE.>*?! The excessive
production of ROS plays a key role in oxidative stress, and
ROS is also an important medium in the process of pulmonary
fibrosis. It has been shown that ROS can make single-stranded
DNA damage and fracture, resulting in AEC injury and necro-
sis. And the excessive production of ROS can induce AEC
apoptosis by activating the death receptor pathway,** mito-
chondrial death pathway” and endoplasmic reticulum-
associated death.* Therefore, the activation of fibroblast and
the deposition of collagen are promoted, and then, pulmonary
fibrosis progresses. Our study showed that water-soluble Cgp
can significantly reduce the concentration of ROS in lung
tissue. And we observed that water-soluble Cg, could reduce
the apoptosis and/or necrosis of AEC and decreased fibroblast
activation. These results suggest that the development of IPF
would be inhibited by water-soluble Cg.

In addition, ROS could regulate signal transduction.?®
ROS could increase the expression of TGF-f3;, TNF-a, inter-
leukin, platelet-derived growth factor Chaudhary et al.*
Among them, TGF-f; plays a key role in pulmonary fibrosis
which is called the “master switch” of organ fibrosis (includ-
ing pulmonary fibrosis).?” To a certain extent, the degree of
inflammation and fibrosis is depended on the quantity of
TGF-B,.2%* Apoptosis of AEC was mediated by TNF-a.
TNF-a which is an important factor in the process of pulmon-
ary fibrosis was up-regulated the expression of TGF-B, ** The
over-expression of these cytokines aggravated the damage and
apoptosis of cells and advanced the development of

pulmonary fibrosis. While ROS has been shown to activate
these cytokines, and these cytokines also increase the produc-
tion of ROS in human lung fibroblasts, so a vicious circle
formed. In our study, we observed that the content of TGF-,
and TNF-a significantly decreased in the lungs of mice after
treated with Cgo(OH),, compared with BLM group, suggest-
ing water-soluble Cgq could reduce the expression of TGF-f,
and TNF-o. Therefore, eventually, alleviate inflammation and
inhibit fibrosis by reducing the content of ROS.

IPF is a chronic and fatal disease, and the management of
IPF is highly debatable and no curative treatment has been
developed except for pirfenidone and nintedanib. However,
adverse events such as gastrointestinal symptoms, photosen-
sitivity
administration.’'*? And nintedanib slowed disease progres-

and fatigue might occur at pirfenidone
sion with side-effect profiles such as hepatic enzymes
increased, Mazzei et al®? However, Gharbi et al have
shown that fullerene Cg is a powerful antioxidant with no
acute or subacute toxicity.*® Baati et al have found that the
lifespan of rats would be prolonged by repeated oral admin-
istration of fullerene Cgo>* Therefore fullerene Cqy is likely

to be a new management of IPF.

Conclusion

It was demonstrated that water-soluble Cgp, a novel “struc-
tural” antioxidant, could reduce the severity of pulmonary
fibrosis induced by BLM in mice. Therefore, water-soluble
Cgo probably has a great potential for IPF therapeutic
applications.
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