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Abstract

Sepsis-induced myocardial damage (SIMD) is a serious complication of sepsis that affects cardiac function and prognosis.
However, effective methods for the prevention and treatment of SIMD are presently lacking. This study reports the crucial
function of fullerenols in protecting cardiomyocytes from septic injury. First, we applied the as-prepared fullerenols as an
effective free radical scavenger and broad-spectrum anti-oxidant to protect against LPS-induced cardiomyocyte injury. Next,
we verified their ability to downregulate IL-6, TNF-a, and ROS-dependent pyroptosis in AC16 induced by LPS. Finally,
we observed that the protective mechanism of fullerenol against SIMD involves the regulation of the NFkB/iNOS/COX-2
pathway. This study presents a timely and essential investigation of the prevention and treatment of SIMD, providing new
insights into the applications of fullerenols for therapeutic strategies.
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1 Introduction

Sepsis is a leading cause of morbidity and mortality world-
wide, affecting around 30 million individuals and resulting
in 6 million deaths annually [1]. Sepsis-induced myocardial
damage (SIMD) independently increases the risk of fatal-
ity in septic patients, manifesting in approximately 50% of
cases [2]. However, there exists a scarcity of pharmacologi-
cal interventions that have been proven effective in treating
SIMD. Consequently, the prevention and treatment of SIMD
are great challenges and a pressing demand exists for novel
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therapeutic approaches.

To solve the above problems, scientists have conducted
exploratory basic research on this subject and have made
some progress. In sepsis, the excessive production of reac-
tive oxygen species (ROS) and the depletion of antioxidants
contribute to the development of myocardial injury [3].
Based on this theory, Resveratrol was found to be an anti-
oxidant, anti-inflammatory, and proapoptotic compound, and
could potentially be a septic myocardial injury protector [4].
Melatonin, secreted by the pineal gland, has the function of
regulating apoptosis, autophagy, and improving mitochon-
dria, implying the ability to protect against myocardial injury
[5]. ZHAO et al. found that Kudzu celery decoction has a
protective effect on SIMD because of anti-inflammatory,
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anti-oxidative, and other biological activities [6]. Neverthe-
less, disadvantages hinder the clinical utility of the afore-
mentioned drugs. Resveratrol’s low oral bioavailability and
rapid metabolism are the major drawbacks of resveratrol
[7]. Melatonin has a short half-life of about 20-50 min [8].
Kudzu celery decoction makes it hard to identify its biologi-
cal targets and interaction mechanisms due to its extreme
chemical complexity [9]. Therefore, the challenges of pre-
vention and treatment of SIMD still remain and the develop-
ment of novel septic myocardial injury protection agents is
urgently needed.

Recently, fullerenols has attracted the attention of scien-
tists for its powerful ability to scavenge oxygen and nitro-
gen free radicals. As a water-soluble derivative of fullerene,
fullerenol holds immense potential as a novel nanoprotec-
tor for SIMD. This is attributed to three key factors. First,
Fullerenol exhibits remarkable free radical scavenging
capabilities with its robust delocalized n-conjugated struc-
ture and an abundance of hydroxyl groups. This property,
often called “free radical sponges”, highlights its potential
for highly efficient and broad-spectrum radical elimination
[10]. Second, fullerenol showed a propensity to accumulate
in the heart, rendering it particularly well suited for safe-
guarding cardiac tissue from sepsis [11]. Third, fullerenol
exhibited good oral utilization [12], long retention in vivo
[13], exceptional chemical stability [14], and remarkable
biocompatibility [15].

To validate whether fullerenol could be a potential
septic protector for SIMD and investigate the protection
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mechanism, we employed fullerenol as a shield against
SIMD for the first time. In this study, we demonstrate that
fullerenol exhibits potent scavenging activities against high
ROS, effectively restraining the levels of inflammatory
cytokines, including Interleukin-6 (IL-6) and tumor necrosis
factor-o (TNF-ar), and ROS-dependent pyroptosis in Adult
Human-derived Cardiomyocytes (AC16) induced by LPS. In
addition, this study elucidated that the protective mechanism
of fullerenol against SIMD involves the regulation of the
NF-kB/iNOS/COX-2 pathway to modulate NOD-like recep-
tor thermal protein domain-associated protein 3 (NLRP3)-
mediated pyroptosis (Scheme 1). Therefore, our findings
provide a novel strategy for preventing and treating SIMD
and also highlight the promising prospects of fullerenol for
translational and practical applications.

2 Materials and methods
2.1 Materials

All reagents were of analytical grade and used without addi-
tional purification. 1,1-Diphenyl-2-picrylhydrazyl radical
(DPPH) was obtained from Alfa Aesar, while 2,2'-azino-
bis 3-ethylbenzthiazoline-6-sulfonate (ATBS) was supplied
by Sigma-Aldrich. The 3,3',5,5'-tetrame-thylbenzidine
(TMB) was provided by Tokyo Chemical Industry Co.
Ltd. AC16 human-derived cardiomyocytes were offered
from Shangcheng Beina Chuanglian Biotechnology Co.
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p-Nicotinamide adenine dinucleotide (NADH) and nitro-
blue tetrazolium chloride (NBT), Cell Counting Kit-8 (CCK-
8), Hoechst 33,342, ROS Assay Kit, Alexa Fluor 488-labeled
goat anti-mouse IgG (H+L), and GPR49/LGRS Rabbit
Polyclonal Antibody were furnished by Byotime Institute
of Biotechnology. Additionally, Beijing Enokai Technology
Co. Ltd. provided Cy5. Fullerenol was kindly provided by
CAS Key Laboratory for Biomedical Effects of Nanoma-
terials and Nanosafety, Institute of High Energy Physics,
Chinese Academy of Sciences.

2.2 Characterization

The molecular structures of as-prepared fullerenols were
characterized by Fourier transform infrared spectrometer
(Thermo iN10-iZ10) and X-ray photoelectron spectrometer
(XPS, Thermo ESCALAB 250xi). The integrity of the car-
bon cage was characterized by MALDI-TOF-MS (Bruker
UltrafleXtreme). The carbon—carbon double bonds on the
carbon cage were studied by a high-resolution Raman spec-
trometer (HORIBA LabRAM HR Evolution). The hydrody-
namic size and zeta potential were measured with a dynamic
light scattering (DLS) particle-size analyzer (Brookhaven
Omni). Then, the graphs were prepared by Graphpad ver-
sion 8.0.

2.3 Cell culture

AC16 cells were cultured in Dulbecco’s modified eagle
medium (DMEM) (GIBCO, USA), enriched with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin, under
a humidified atmosphere consisting of 5% CO, and 95% air
at 37 °C. Additionally, 0.05% trypsin was utilized for cell
digestion, and the medium was refreshed daily. These AC16
cells were exposed to various stimuli in either 6-well plates
or 96-well plates.

2.4 Treatment of cells

LPS and fullerenol were dissolved in sterile deionized water
at concentrations of 10 pg/mL and 25 pg/mL, respectively.
The control group was administered sterile saline solution,
while the LPS group was exposed to 10 pg/mL LPS for 24 h.
Cells in the fullerenol 4+ LPS group underwent a pre-treat-
ment of 25 pg/mL fullerenol for 2 h, followed by exposure
to 10 pg/mL LPS for 24 h. The fullerenol group was exclu-
sively exposed to 25 pg/mL fullerenol for 2 h. Following
incubation, cells were harvested and subjected to analysis
for lactate dehydrogenase (LDH) levels, ROS levels, cell
viability, and protein expression. The culture medium was
also assessed for levels of superoxide dismutase (SOD),
malondialdehyde (MDA), IL-6, and TNF-a.

2.5 Cell viability

The cell viability in 96-well plates was assessed using the
CCK-8 assay kit (Bestbio, Shanghai, China), following the
manufacturer’s instructions. After a 24-h cell treatment, each
well was supplemented with 10 pL of sterile CCK-8 solution
and subjected to a 2-h incubation in darkness at 37 °C. Sub-
sequently, the absorbance at 450 nm was quantified utilizing
a microplate reader.

2.6 LDH activity assay

Cell injury was estimated by detecting LDH activity using
an LDH assay kit (BeastBio, Shanghai, China), in accord-
ance with the manufacturer’s instructions.

2.7 Enzyme-linked immunosorbent assay (ELISA)

The concentrations of inflammatory cytokines, including
TNF-o and IL-6, as well as oxidative stress biomarkers like
SOD and MDA, were determined using commercially avail-
able ELISA kits (Jianglai, Shanghai, China).

2.8 Measurement of ROS generation

Intracellular ROS levels were quantified using the fluores-
cent probe dichloro-dihydro-fluorescein diacetate (DCFH-
DA; Sigma, USA). Following stimulation, cells were
incubated with DCFH-DA (50 pM) at 37 °C for 30 min.
Subsequently, the cells were washed twice with Phosphate-
Buffered Saline (PBS). The data were analyzed utilizing
Image J software.

2.9 Western blot

Following stimulation, cells were lysed using radioimmu-
noprecipitation assay (RIPA) buffer (Beyotime, China) con-
taining a protease inhibitor cocktail (Beyotime, China) that
included phenylmethylsulfonyl fluoride (PMSF, Beyotime,
China). Subsequently, all homogenates were centrifuged at
12,000 rpm for 15 min at 4 °C. Equal amounts of denatured
protein were loaded onto 10% Sodium Dodecyl Sulfate-
PolyAcrylamide Gel Electrophoresis (SDS-PAGE) gels.
Subsequently, they were transferred onto polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked
with 5% nonfat milk at room temperature for 1 h. The mem-
branes were then incubated overnight with primary antibod-
ies targeting inducible nitric oxide synthase (iNOS, 1:1000,
NOVUS, USA), cyclooxygenase-2 (COX-2, 1:500, Abcam,
USA), nuclear factor kappa B (NF-xB, 1:1000, Abcam,
USA), phosphorylated NF-kB (p-NF-kB, 1:1000, Abcam,
USA), NLRP3 (1:1000, NOVUS, USA), caspase-1 (1:1000,
NOVUS, USA), gasdermin D (GSDMD, 1:1000, Abcam,
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USA), and glyceraldehyde phosphate dehydrogenase
(GAPDH, 1:10,000, Abcam, USA). Subsequently, mem-
branes were incubated with a fluorescent secondary antibody
(1:2500, CST, USA) for 2 h at 4 °C. The membranes were
washed three times with Tris—HCI Tween buffered salt solu-
tion (TBST), each wash lasting 5 min. Protein expression
quantification was normalized to GAPDH.

2.10 Propidium iodide (PI) staining

Following stimulation, the cells were collected and thor-
oughly washed thrice with 1 XPBS. Subsequently, the cells
were rinsed with 1 X assay buffer. A solution of 5 pM PI in
1 X assay buffer was prepared and employed to stain each
well, incubating at a temperature of 37 °C for 15 min. In
the final step, cells were stained with 4,6-diamino-2-phenyl
indole (DAPI, Sigma, USA) for a concise duration of 5 min.
Immediate post-staining images of the cells were captured
using a fluorescence microscope. The software Image J was
deployed to evaluate both the average fluorescence intensity
and the percentage of positive cells.

2.11 Statistical analysis

The results are presented as the mean + Standard Deviation
(SD), with sample size (n) displayed in each figure legend.
No data pre-processing was performed. Statistical analyses
were conducted using GraphPad Prism version 9.0 (Graph-
Pad Software, USA). Statistical significance between the two
groups was analyzed using unpaired, two-tailed Student’s ¢
test. Multiple-group comparisons were performed using one-
way analysis of variance (ANOVA). P values <0.05 were
considered statistically significant, and differences were
denoted by an asterisk (* or #).
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3 Results and discussion

3.1 Characterization and free radical scavenging
activity of fullerenol

Fullerenol is a fullerene derivative with a spherical car-
bon cage structure (Fig. 1A) [16]. The fullerenols used
in this study were synthesized using an environmentally
friendly and scalable method. This process involved wet
ball milling with hydrogen peroxide (H,0,) aqueous
solution serving as the hydroxylation agent, and a small
amount of sodium hydroxide (NaOH) acting as a cata-
lyst [17]. The as-prepared fullerenol exhibited a particle
size of 5-10 nm, aligning with the data on hydrodynamic
diameter (Fig. 1B). The zeta potential of the fullerenol was
determined to be —45 mV in absolute terms (Fig. S1A).
XPS was employed to ascertain the elemental composi-
tion and bonding energy of the as-prepared fullerenol.
As illustrated in Fig. 1C, the peaks centered at 285 eV,
287 eV, and 289 eV correspond to C=C, C-0, and C=0
bonds, respectively. The structural identity of the fuller-
enols was further elucidated through rigorous analysis
using Fourier Transform Infrared Spectroscopy (FTIR)
and Raman Spectroscopy. The FTIR spectra of the as-
prepared fullerenol revealed four distinct absorption peaks
at 3405, 1615, 1365, and 1082 cm™', which correspond to
the skeletal vibrations of O-H, C=C, C-O-H, and C-O
bands, respectively (Fig. S1B). Subsequently, the Raman
spectrum displayed two prominent peaks at 1357.46 cm™!
and 1598.34 cm™!, consistent with the D and G bands
of C—C on the carbon cage of fullerenol (Fig. 1D). The
results from both FTIR and Raman spectroscopy con-
firmed the successful integration of hydroxyl groups into
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the carbon cages, leading to the formation of hydroxylated
fullerenes [18]. These results provide compelling evidence
for the abundant presence of oxidizing groups on the sur-
face of the fullerene’s carbon cage [19]. As depicted in
Fig S1A, the XPS results underscore the high purity of
the as-prepared fullerenol, with only carbon and oxygen
elements detected, devoid of harmful impurities. These
findings collectively affirm the successful synthesis of
fullerenols. Subsequently, we evaluated the fullerenol’s
capacity to scavenge reactive oxygen species/reactive
nitrogen species (ROS/RNS) and its potential as a septic
protective agent for the heart. Fullerenols demonstrated
commendable ROS scavenging performance. Remarkably,
the scavenging rates of these free radicals reached 23.71%
and 89.37% at fullerenol concentrations of 25 pg/mL and
200 pg/mL, respectively (Fig. 1E). The peak scavenging
rate was achieved within approximately 400 s (Fig. 1F).
Fullerenol also exhibited a potent inhibitory effect on the
model nitrogen radicals DPPH and ABTS in a concen-
tration-dependent manner (Fig. S2A-B). Moreover, they
effectively suppressed the superoxide anions (O2°~) gener-
ated by the nicotinamide adenine dinucleotide (NADH)/
phenazine methosulfate (PMS) reaction. They prevented
the conversion of nitro-blue tetrazolium chloride (NBT)
into blue formazan (Fig S2C). Additionally, fullerenols
were able to inhibit the generation of hydroxyl radicals
(eOH) from Fenton’s reaction. They obstructed the synthe-
sis of oxidized 3,3",5,5'-tetrame-thylbenzidine (0xTMB)
(Fig S2D), thereby reducing the absorption at 652 nm. As
a consequence, the above results suggest that the extensive
free radical scavenging activity makes fullerenol a poten-
tial to act as a nanoprotector against SIMD.
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3.2 Protective effect of fullerenol on LPS-induced
cardiomyocytes damage

To ascertain the impact of LPS on cardiomyocyte activ-
ity and LDH release, AC16 cells were exposed to varying
concentrations of LPS, followed by an assessment of cell
viability and LDH release. The findings revealed an inverse
correlation between AC16 cell viability and LPS concen-
tration. As the LPS concentration elevated, the viability of
AC16 cells diminished, with a notable decrease observed
in cells exposed to 2.5 pg/mL LPS (Fig. 2A). Moreover,
LDH release exhibited a direct correlation with LPS con-
centration (Fig. 2B). The higher the LPS concentration,
the more substantial the LDH release, with the maximum
release observed in cells treated with 10 pg/mL LPS. It is
noteworthy that even minimal LPS concentrations signifi-
cantly influenced myocardial cells. Then, a series of experi-
ments were conducted to extensively investigate the effects
of LPS on the oxidative stress biomarkers and inflammatory
cytokines present in the supernatant of AC16 cardiomyo-
cytes. Our results determined a negative correlation between
LPS concentration and SOD activity (Fig. 2C), indicating a
considerable influence of LPS on intracellular anti-oxidant
enzyme activities. Additionally, we observed a positive cor-
relation between LPS concentration and the lipid peroxida-
tion product malondialdehyde MDA (Fig. 2D), suggesting an
essential effect of LPS on AC16 cell oxidative stress status.
Furthermore, our observations showed a positive correla-
tion between IL-6 and TNF-a levels and LPS concentra-
tion (Fig. 2E, F), affirming the critical role of LPS as an
inflammatory mediator in triggering the cellular inflamma-
tory response. Then, the effect of fullerenol on LPS-induced
cardiomyocytes damage was investigated. Initially, the safety
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of fullerenol was evaluate via assessing its impact on cellular
activity utilizing CCK-8 assay. The results showed no signif-
icant changes in cell viability and LDH release under diverse
concentrations of fullerenol (12.5-100 pmol/L) treatment
(Fig. 3A, B), indicating the low toxicity of fullerenol toward
ACI16 cells. Then, we investigated the protective potential of
fullerenol in LPS-induced cardiomyocytes injury. Our find-
ings demonstrated that pre-treatment with fullerenol for 2 h
significantly protected the cells from LPS-induced injury by
promoting the restoration of cell viability and minimizing
the release of LDH in a concentration-dependent fashion
(Fig. 3C, D). Notably, the protective inhibition was observed
at a concentration of 25 pmol/L, reiterating its efficacy. In
the present study, we found that LPS-induced reduction in
cardiomyocyte activity and release of LDH was attenuated
by fullerenol, suggesting that fullerenol has a protective
effect on damaged cardiomyocytes. In fact, protective effect
of fullerenol for cardiovascular disease has been performed
before. For example, fullerenol has the ability to attenuate
oxidative stress by quenching ROS to alleviate radiation-
induced cyocardial injury [20]. Ding et al. found that ful-
lerol can mitigate myocardial ischemia—reperfusion injury
by reducing the expression of inflammatory factors in rats
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Fig.3 The effect of fullerenols (Ful) on cell viability and LDH
release in LPS-treated AC16 cells. A The toxicity of Ful on cells was
measured using the CCK-8 assay. B The activity of LDH affected by
Ful was measured using the LDH assay. C The effects of fullerenols
on LPS-induced AC16 cell injury were detected using the CCK-8
assay. Data are shown as mean+SD (n=6). **P <0.01 compared to
LPS group; P <0.01 compared to control group; ns, P>0.05 com-
pared to control group. D The effects of fullerenol on LPS-induced
AC16 cell injury were detected using the LDH assay. Data are
shown as mean+SD (n=6). **P<0.01 compared to control group;
#p <0.01 compared to LPS group; ns, P> 0.05 compared to control

group
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and improving the anti-oxidative capacity of cardiomyo-
cytes [13]. The present study confirms the protective effect
of fullerenol in septic myocardial injury and provides a new
strategy for the development of protective agents against
septic myocardial injury.

3.3 The mechanism of protective effect of fullerenol
on LPS-induced cardiomyocytes damage

Inspired by the protective effect of fullerenol on cardio-
myocytes, we investigated the precise involvement of ROS
in LPS-induced myocardial injury. The administration of
LPS led to elevated levels of intracellular ROS and MDA
while suppressing SOD activity. As shown in Fig. 4A-C
and D, pre-treatment with fullerenol effectively attenuated
intracellular ROS and MDA production while augmenting
SOD activity. These findings strongly imply the vital con-
tribution of ROS in developing LPS-induced myocardial
injury, indicating the efficacy of fullerenol in diminishing
ROS production and boosting anti-oxidant capacity, conse-
quently mitigating myocardial injury. In addition, the num-
ber of dead cardiomyocytes was increased significantly with
LPS-stimulated ROS production and inflammatory cytokine
stimulation. Nevertheless, by reducing ROS production,
fullerenol exhibited a remarkable capacity to attenuate cell
death (Fig. 5). Our findings demonstrate that fullerenol
could ameliorate LPS-induced cellular injury by scavenging
ROS, reducing MDA production, and increasing the activity
of the anti-oxidant enzyme SOD. Fullerenol scavenges ROS,
a key molecule in the process of LPS, leading to cardiomyo-
cyte injury, thereby attenuating myocardial damage caused
by sepsis. Oxidative stress, a critical mechanism implicated
in cardiovascular diseases, including myocardial injury [5],
arises predominantly from excessive ROS generation dur-
ing LPS-induced myocardial cell injury [21]. ROS adversely
impacts essential cellular constituents and macromolecules
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Fig.4 Protective effect of fullerenols to the cell injury of ACl6s
exposed to LPS. A The levels of inflammatory cytokine IL-6,
detected by ELISA. B The levels of inflammatory cytokine TNF-
a, detected by ELISA. Data are shown as mean+SD (n=6).
##%P <(,001 compared to control group; ##P <0.001 compared to
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Fig.5 The effect of fullerenol on pyroptotic in AC16 cells after LPS
treatment. A Fluorescence images of pyroptotic cells in different
groups. Pyroptotic cells were detected using PI staining (scale bar:

such as proteins and DNA [22]. Moreover, it precipitates a
decline in the activity of crucial anti-oxidant enzymes, nota-
bly SOD [23], thereby intensifying the burden of oxidative
stress. This cellular damage further triggers mitochondrial
dysfunction, thereby exacerbating tissue injury [24]. Our
results suggest that fullerenol can improve cellular activity
by inhibiting ROS-dependent cell death, which provides a
novel avenue for further exploration of the role of fullerenol
in treating cardiovascular diseases. Upon meticulous exami-
nation of the preceding experiments, we arrived at the com-
pelling conclusion that fullerenol can mitigate LPS-induced
injury of AC16 cells by curtailing the production of intracel-
lular ROS. To further explore this mechanism, we assessed
the protective effects of fullerenol against ROS-dependent
pyroptosis in LPS-treated AC16 cells by measuring essen-
tial proteins of pyroptosis, namely NLRP3, caspase-1, and
GSDMD, in subsequent experiments. Remarkably, our find-
ings showed a substantial escalation in the expression of
NLRP3, caspase-1, and GSDMD upon LPS treatment, com-
pared to the control group (Fig. 6A—D). This resoundingly
affirmed the existence of a consequential ROS-dependent
pyroptosis phenomenon in AC16 cells under LPS treatment
conditions. However, this deleterious effect was efficiently
counteracted through the pre-administration of fullerenol.
Specifically, NLRP3, caspase-1, and GSDMD expression
significantly decreased after pre-treatment with fullerenol,
suggesting that fullerenol can effectively protect cells from
ROS-dependent pyroptosis. It was demonstrated that pre-
treatment with fullerenol effectively mitigated ROS produc-
tion, resulting in a notable reduction in the expression of
NLRP3, caspase-1, and GSDMD proteins. Upon stimulation
by pathogen-associated molecular patterns (PAMPs), the
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NLRP3 inflammasome can be activated via an ROS-depend-
ent signaling pathway [25]. ROS, a crucial signaling mol-
ecule, is known to facilitate inflammasome activation and
plays a key role in activating the NLRP3/caspase-1 complex
[26], consequently triggering cellular pyroptosis [27]. Under
normal physiological conditions, anti-oxidant enzymes scav-
enge ROS during cellular metabolism to maintain a balance
between ROS production and elimination [28]. Nevertheless,
the sustained production of ROS disrupts intracellular redox
homeostasis, ultimately leading to oxidative stress injury
and cellular damage, including apoptosis [29], and pyrop-
tosis [27]. Therefore, fullerenol may exert a protective effect
through its anti-oxidant properties to reduce ROS produc-
tion and thus alleviate NLRP3-mediated pyroptosis in AC16
cardiomyocytes.

Motivated by the efficient protective effects of fuller-
enol for AC16 cells, the effect of fullerenol on inflamma-
tory cytokines in AC16 cells was further evaluated, since
inflammatory responses and cytokine release facilitated
LPS-mediated cellular injury. Following LPS treatment,
the cell supernatant's expression of inflammatory cytokines
(IL-6, TNF-a) noticeably increased. Conversely, pre-treat-
ment with fullerenol (25 pmol/L) inhibited the levels of
IL-6 and TNF-a, as demonstrated in Fig. 7A and B. It was
found that fullerenol reduced the production of ROS dur-
ing oxidative stress while enhancing the viability of AC16
cardiomyocytes by decreasing the release of inflammatory
cytokines (such as TNF-a and IL-6). Oxidative stress and
inflammatory response are intricately linked to cardiac insuf-
ficiency and sepsis [30]. Notably, IL-6 and TNF-a, classified
inflammatory cytokines, emerge as the main medium for
cardiac dysfunction in sepsis [31]. Noteworthy clinical and
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Fig.6 The effect of fullerenols A B
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Fig.7 Protective effect of
fullerenols to the oxidative
stress of AC16s exposed to LPS.
A Fluorescence images of ROS
in different groups. B The effect
of fullerenols on the levels of
intracellular ROS. C The levels
of MDA in AC16 cells exposed
or not exposed to LPS. D The
activity of SOD in AC16 cells

exposed or not exposed to LPS. B
Data are shown as mean+SD 3 50
(n=6). ***P <0.001 compared S 40 * %k
to control group; ##P <0.001 § -(7->)‘ 30
compared to LPS group; ns, g S -
P>0.05 compared to control Ze20
group; scale bar, 800 pm 8 10

&« 0
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experimental studies have unequivocally demonstrated that
inflammatory cytokines exacerbate sepsis-induced cardiac
dysfunction [32], whereas inhibiting their activity can ame-
liorate such dysfunction in sepsis animal models and human
patients [33]. Moreover, our investigation has revealed that
fullerenol possesses the capability to attenuate the LPS-
induced inflammatory response by effectively reducing the
release of inflammatory cytokines. This finding provides
supplementary evidence affirming the potential of fullerenol
as a prospective therapeutic agent for sepsis.

To further explore the intricate mechanisms underly-
ing the cardioprotective effects of fullerenol against LPS-
induced injury, we meticulously scrutinized the protein
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expression of inducible nitric oxide synthase (iNOS) and
COX-2 in AC16 cells, as well as the activation of NF-kB.
Our findings unveiled a significant upregulation in the lev-
els of iNOS, COX-2, and phosphorylated NF-kB (p-NF-xB)
after LPS exposure. Notably, the introduction of fullerenol
effectively reversed this response, as evidenced by the
observed down-regulation of iNOS, COX-2, and p-NF-kB
(Fig. 8A-E). Our experimental results unveiled the remark-
able ability of fullerenol to effectively impede the upregula-
tion of iNOS, COX2, and p-NF-kB in LPS-induced myo-
cardial injury. Hence, the protective effect of fullerenol
can be attributed to its potent anti-inflammatory proper-
ties. The inflammatory response consequentialy promotes
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Fig.8 The effect of fullerenol on the expression of iNOS, COX-2,
p-NF-kB, and NF-xB in LPS-treated AC16 cells. A Representa-
tive and averaged Western blot analysis for iNOS, COX-2, NF-«xB,
and p-NF-kB in AC16. A “+” symbol indicates presence and a “-”
symbol indicates the absence of the relevant treatment. B The rela-
tive protein expression levels of iNOS/GAPDH. C The relative pro-

the expression of inflammatory cytokines, such as COX-2
and iNOS, as corroborated in prior studies [34]. LPS, being
the trigger, instigates the activation of the NF-kB pathway,
thereby propelling the inflammatory response [35]. Moreo-
ver, phosphorylation NF-xB triggers the liberation and
dimerization of NF-kB, which was previously bound to the
inhibitory IxB molecule. Consequently, the translocation of
NF-xB to the nucleus is facilitated, thereby promoting the
transcriptional activity of inflammatory genes and culmi-
nating in the release of inflammatory cytokines [36]. This
intricate process regulates the inflammatory response and
the expression of iNOS and COX-2 [5]. Previous investi-
gations have firmly established that the NF-kB pathway is
a primary regulator of iNOS and COX-2 expression, inti-
mately associated with myocardial dysfunction [37]. Fur-
thermore, by diminishing oxidative stress, the expression of
COX-2 and iNOS can be subdued through the suppression
of the NF-kB pathway, effectively alleviating tissue damage
and significantly reducing the extent of the inflammatory
response [38]. Hence, the mechanism of fullerenol of anti-
inflammatory action in LPS-induced myocardial injury may
operate through the elimination of free radical accumulation.

In this study, our results suggest that fullerenol pre-treat-
ment was found to benefit LPS-induced myocardial injury.
Initially, fullerenol markedly reduced the ROS generated by
LPS, subsequently inhibiting inflammatory responses and
diminishing the levels of IL-6, TNF-«, and ROS-dependent
pyroptosis. Furthermore, fullerenol suppressed the activa-
tion of the NF-xB pathway, leading to a down-regulation in
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relative expression

Page9of11 194
C
15 2 15 Y
*ok B
# e #
S 10
1.0 E 7
z o
Q.
05 8098
x
o
0.0 o 00 DY O D
o\(\ Q& Q@ Q& >* <« \/Q ,Q
VX Qfo
\g \V
E
1.8
5
g > *kk
g 812
o2 #
E (]
b 206
=%, ML
0.0 RS 3
AR \g% <
Q"o
N

tein expression levels of COX-2/GAPDH. D The relative protein
expression levels of p-NF-kB/GAPDH. E The relative protein expres-
sion levels of NF-kB/GAPDH in ACI16 cells. Data are shown as
mean+SD (n=3). **P<0.01 compared to control group; *P <0.05
compared to LPS group; #P <0.01 compared to LPS group

the expression of inflammatory proteins, including iNOS and
COX-2. This also reduced the expression levels of pyrop-
tosis proteins such as NLRP3, caspase-1, and GSDMD in
cardiomyocytes. It was confirmed that inflammatory vesicle-
mediated cellular pyroptosis is regulated by the NF-«xB sign-
aling pathway in the inflammatory response [39]. Regret-
fully, the protective mechanism of fullerenol in LPS-induced
myocardial injury should be further elucidated in an animal
model of sepsis, which is a fundamental limitation of this
study. Nevertheless, this study identified a novel therapeutic
agent, fullerenol. By reducing the production of ROS and
MDA and enhancing the activity of the anti-oxidant enzyme
SOD, fullerenol can ameliorate LPS-induced cell damage.
Additionally, we shed light upon the pivotal role of fuller-
enol in inhibiting inflammatory responses and ameliorating
pyroptosis through scavenging free radicals and modulat-
ing NFxB/iNOS/COX-2-dependent pathways for myocardial
protection in sepsis (Scheme 1). This groundbreaking study
paves the way for a deeper understanding of the myocardial
safeguarding mechanisms in sepsis.

4 Conclusion

In summary, for the first time, we investigated the potent
cardioprotective effects of fullerenol pretreated against
LPS-induced myocardial injury. The observed protective
mechanism primarily lies in the notable efficacy of fuller-
enol in scavenging free radicals. This anti-oxidative property
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emerges as a key player in mitigating LPS-induced myocar-
dial injury. Furthermore, our findings suggest that fuller-
enol may exert its protective influence by intervening in the
NFxB/iNOS/COX-2 pathway. This intervention results in
the suppression of inflammatory cytokines, such as IL-6
and TNF-a, and consequently ameliorates ROS-depend-
ent pyroptosis, contributing to the cardioprotective effects
observed in our study (Scheme 1). Overall, this study not
only implies the potent potential of fullerenol for alleviat-
ing SIMD, but also provides a new avenue for the design
of sepsis protectors using the advantage of nanomaterials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-024-07315-y.
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