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Graphene oxide (GO) suspensions can act as a good dispersant and drug delivery system for effective
dispersion and drug sustained release. In this study, we investigated the impact of GO on blood/liver

lipids and gut microbiota structure in high-fat diet (HFD)-induced hyperlipidemic mice. Oral

administration of GO for 28 days remarkably decreased the lipid levels in blood and liver. GO did not
decrease the total number of gut bacteria but increased the relative abundance of short-chain fatty acid
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(SCFA)-producing bacteria such as Clostridium clusters IV and Allobaculum spp. GO also enhanced the

copying of bacterial butyryl coenzyme A transferase (BcoA), a key butyrate-producing gene. Although
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1 Introduction

Graphene oxide (GO) is the most widely used water-soluble deriv-
ative of graphene in biological and medical fields such as DNA
detection," cell imaging” and drug loading/delivery® due to their
good biocompatibility and low cytotoxicity.* Previous studies have
shown that GO exhibited adequate antimicrobial effects in vitro.>™*
GO was reported to significantly suppress the reproduction of
bacterial and fungal pathogens at a concentration of 500 pg mL "6
The antibacterial action of GO can be achieved via directly con-
tacting microbes with the extremely sharp edges of the nanowalls.®
It has been reported that the bactericidal activity of GO is size-
dependent.”” A recent study has shown that GO is easily bio-
degraded via bacterial respiration at rapid time scales.”® Accord-
ingly, GO sheets could also act as biocompatible sites for
adsorption of bacteria but the bacterially-reduced GO sheets
potently inhibit bacteria proliferation on their surfaces.** Up to
now, the antimicrobial properties of GO have been successfully
used to stainless steel,” cotton fabric," polymer films,'** and
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further pharmacological studies are still needed, these results provided an interesting hint that GO may
exert beneficial effects on the host's metabolism via selective modulation of SCFA-producing gut microbes.

water treatment membranes.®**** However, whether GO can
modulate microbial community iz vivo still remains unknown.

More than 100 trillion bacteria reside in our digestive tracts
which were 10 times the number of human body cells. The gut
microbiota is believed to involve in the energy storage and
metabolism, playing key roles in maintenance of human health
and mediating physiological and pharmacological actions of
foreign matters including nanomaterials.?**° Previously, we
have demonstrated that the fullerenol nanoparticles could
change the overall structure of the gut microbiota and exert
antihyperlipidemic effects in vivo.>* GO could be easily obtained
through a chemical oxidation and exfoliation route upon
natural graphite and is rich in oxidative groups such as epoxy,
hydroxyl, carbonyl, and carboxyl groups.**** The atomic 2D
graphene layer is considered as a basic building block for
graphitic carbons of other dimensionalities; it can either be
wrapped up into 0D fullerenes or be rolled into 1D nano-
tubes.****** For 2D graphene platelets, their planar surface
makes them much easier to be densely packed in a face-to-face
manner on the basis of stronger van der Waal's interactions
than 0D fullerenes and 1D nanotubes, as well as the contribu-
tion originated from the m-conjugated domains.***® Therefore,
it is interesting to see what will happen when GO meets gut
microbes after oral administration.

Hyperlipidemia, a disorder of lipid metabolism, is becoming
an epidemic throughout the world, which dramatically increases
the incidence of cardiovascular diseases®” and nonalcoholic fatty
liver disease.’® Recent studies have demonstrated that hyperlip-
idemia is closely related to the dysregulation of the gut micro-
biota.*® Some antihyperlipidemic agents such as bebeerine and
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fullerenols have been reported to exert their pharmacological
actions through modulating the gut microbiota structure.*>*

In the present study, we investigated the impact of GO on
blood and liver lipids as well as on the gut microbiota in high-
fat diet (HFD)-induced hyperlipidemic mice. The influence of
GO on the relative abundance of SCFA-producing bacteria and
key enzyme in SFCA synthesis were particularly focused. Our
findings provided insights for the modulating effects of GO on
gut microbes in vivo and made a potential utility of graphene-
based nanomaterials in the management of dyslipidemia.

2 Materials and methods
2.1 Physicochemical characterization of GO

GO was prepared and purified by a previously reported method in
our laboratory.**> Dry samples were analyzed on a Nicolet Magna-
IR750 FTIR spectrophotometer equipped with a Nic-plan IR
microscope. Atomic force microscopy (AFM) images were obtained
by using a scanning probe microscope (Bruker, Dimension Edge),
operated in tapping mode.*>** The hydrodynamic sizes of GO were
detected by dynamic light scattering (DLS, Bruker, USA).

2.2 Animal experiments

All the animal experiments were performed in accordance with
the National Institutes of Health regulations for the care and
use of animals in research and were approved by the Medical
Ethics Committee of Peking Union Medical College. All efforts
were made to minimize animal suffering.

Sixteen male specific pathogen-free (SPF) C57BL/6 mice (8
week-old) mice were obtained from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). Animals were kept in
a humidity-controlled room on a 12 h light-dark cycle with food
and water available ad libitum for 1 week. Afterward, the mice
were divided randomly into 2 groups (8 animals per group) and
fed with high-fat diet (HFD) which contained 60% fat, 14%
protein, and 26% carbohydrate and provided a total energy
content of 21.0 kJ g~ *. The GO groups were given GO (200 mg
kg per day, suspended in distilled water) via gavage for 28 day,
while the control group (NC) was given an equal volume of
distilled water. Fresh feces were collected from each mouse on 0,
3,7, 14 and 28 day after GO treatment and the body weights were
recorded. The fecal samples were snap-frozen in liquid nitrogen
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and stored at —80 °C for subsequential analysis. At the end of the
experiment, animals were fasted overnight then anesthetized in
chambers saturated with isoflurane and sacrificed by cardiac
puncture. Blood and liver tissue were taken for the measure of
serum and liver levels of triglycerides (TG) and total cholesterol
(TC) by respective kits (BioSino Co., Ltd, Beijing, China).

2.3 Analysis of gut microbes by realtime PCR

Total bacteria number and the relative abundance of SCFA-
producing bacteria (Allobaculum spp., Clostridium cluster IV
and XIva) and key genes involved in butyrate production
(butyryl coenzyme A transferase (BcoA)) in the feces were
quantified by realtime PCR as previously reported.** The gene-
specific primers designed to target the total and specific
bacteria and butyrate-producing genes (BcoA) were provided in
Table S1.f Cloned 16S rRNA genes of E. coli were used to
construct standard curve for total bacteria copies. The total
bacteria were expressed as 1og10 copies (16 S DNA gene)/g feces.
The relative abundance of specific bacteria or functional genes
was normalized to the total bacteria.

2.4 Histological analysis

After animals were euthanized, liver and gastrointestinal tissues
were obtained from each mice at a similar position. The tissue
samples were fixed in 4% formaldehyde, embedded in paraffin
and cut into slices about 3 um thick. The sections were stained
with hematoxylin and eosin (H&E) and their morphological
changes were observed by microscopy.

2.5 Statistics

Data are presented as the means + SEM. SPSS 17.0 software was
used for the statistical analysis. The significance of group
differences for normally distributed data was assessed by one-
way ANOVA followed by Tukey post hoc tests. P < 0.05 was
considered statistically significant.

3 Results

3.1 Physicochemical properties of GO

AFM analysis revealed that the surface morphology of GO and
showed an irregular sheet morphology (Fig. 1a). The FTIR spectra
indicated that there are abundant -OH groups on GO
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Fig. 1 Physicochemical characterization of GO. (a) AFM images; (b) FTIR spectra; (c) GO size distribution.
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Fig. 2 The bodyweight curve of mice during the 28 day experiment.

nanoparticles (Fig. 1b). The size of GO was between 200-300 nm
(Fig. 1a) and the hydrodynamic size of GO was 431 + 81 nm
(Fig. 1c). The hydrodynamic size of GO was much bigger than
that estimated by AFM and the distribution of GO NPs were wide.
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3.2 GO NPs decrease TC and TG levels in blood and liver

Gavage of GO NPs showed no obvious influence on the body
weight of mice (Fig. 2). In contrast, treatment with GO NPs for
28 days significantly decreased the serum levels of total
cholesterol (TC) and triglycerides (TG) (Fig. 3). GO NPs showed
more pronounced impact on TG level than on TC content. At the
same time, the liver contents of TC and TG were dramatically
decreased by GO NPs, suggesting marked ameliorating effect of
GO on HFD-induced liver steatosis. In accordance, HFD-
induced fatty degeneration (ballooning) of hepatocytes was
attenuated by GO NPs (Fig. 4). We also checked the impact of
GO NPs on the histology of intestine, i.e. duodenal, jejunum,
ileum and cecum. The results from hematoxylin-eosin (H&E)
staining of mice intestinal tissue showed that gavage of GO NPs
for 28 days had no obvious harmful effects on intestinal tissue
including duodenal, jejunum, ileum and cecum (Fig. S1%).

3.3 GO NPs dynamically enhance SCFA-producing bacteria
in vivo

To assess the influence of GO on gut microbes and provide
a potential way through which GO NPs may exert its beneficial
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Fig.3 GO NPs decrease blood and liver TC and TG in mice. Blood levels of TC (a) and TG (b), liver levels of TC (c) and TG (d). *P < 0.05, **P < 0.01,

*#%P < 0.001 vs. NC.
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Fig. 4 Hematoxylin and eosin staining of the liver (a) for control and (b) for GO-treated mice. The scale bar is 50 pm.

effect on blood and liver lipids, we evaluated the modulating
effect of GO NPs on SCFA-producing bacteria, an important gut
microbial community playing key roles in improving host
metabolism. Clinical studies have shown that SCFAs can
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substantially ameliorate HFD-induced hyperlipidemia espe-
cially on TG level.** Fecal samples were obtained from each
mouse after treatment with GO NPs for 0, 3, 7, 14 and 28 days.
Realtime PCR analysis displayed that GO NPs dynamically
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Fig. 5 Dynamic analysis of total bacteria copies (a), relative abundance of Clostridium IV (b), Clostridium XIVa (c), Allobaculum spp. (d), and
butyryl coenzyme A transferase (BcoA) (e) in feces. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC group.
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modulated gut microbial composition. Oral administration of
GO NPs did not remarkably decrease the total numbers of gut
bacteria (Fig. 5a) but the relative abundance of SCFA-producing
genera such as Clostridium clusters IV and Allobaculum spp.
were significantly increased after treatment for 7 days (Fig. 5b
and d). GO NPs also enhanced the abundance of Clostridium
clusters XIVa but did not reach significance (Fig. 5¢). As Clos-
tridium clusters IV and XIVa are main members to produce
butyrate, the most beneficial SCFA for human health, we
assessed the influence of GO NPs on the relative abundance of
butyryl coenzyme A transferase (BcoA), a key gene in bacterial
butyrate production. The results showed that oral administra-
tion of GO NPs significantly enhanced the relative abundance of
BcoA after treatment for 7 days (Fig. 5¢). These results indicated
that GO NPs are adequate to promote SCFA-producing gut
microbes and key gene.

4 Discussions

Graphene oxidized (GO) is widely used in biological and
medical fields. Although the antimicrobial activity of GO has
been confirmed in vitro,>** the in vivo modulating effect of GO
on gut microbiota is remained to be elucidated. In this study, we
investigated the impact of GO NPs on gut microbiota and on
blood lipids in HFD-induced hyperlipidemic mice.

Our results showed that oral administration GO NPs for 28
days had no obvious effects on the body weight and the histo-
morphology of intestinal tissues including duodenal, jejunum,
ileum and cecum, but significantly alleviated HFD-induced
hyperlipidemia as manifested by the decrease in serum TC
and TG. Accordingly, the HFD-elicited liver steatosis as indi-
cated by elevated liver TC, TG levels and fatty degeneration
(ballooning) of hepatocytes were dramatically decreased by GO
NPs, suggesting marked ameliorating effect of GO on HFD-
induced liver steatosis. To the best of our knowledge, this
may be the first observation of the anti-hyperlipidemic and
hepatic steatosis-alleviating effects of GO.

As hyperlipidemia is closed related to the dysregulation of
gut microbiota, especially to gut microbes-derived SCFA,** we
assessed the in vivo influence of GO NPs on the relative abun-
dance of SCFA-producing bacteria, namely Clostridium clusters
IV/XIVa and Allobaculum spp., and on BcoA, a key enzyme in
butyrate synthesis. Our results showed that oral administration
of GO NPs for 0, 3, 7, 14 and 28 days did not remarkably
decrease the total numbers of gut bacteria, but dynamically
increased the relative abundance of main SCFA-producing
genera such as Clostridium clusters IV and Allobaculum spp.
after treatment for 7 days. At the same time, the relative abun-
dance of BcoA, a key gene in bacterial butyrate production, was
also significantly increased by GO NPs treatment. These data
not only proved that oral administration of GO NPs can
modulate gut microbiota in vivo but indicated that enhancing
the relative abundance of SCFA-producing gut microbes and key
gene may play a key in the hyperlipidemia-alleviating effect of
GO NPs.

It's worth mentioning that the chemical structures of GO and
fullerenols both are rich in -OH groups in complex status which
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involved peroxo groups to hydroxy groups and peroxo groups to
epoxy groups. Like the hypothesis in the previously published
paper,* it may be considered that there are furan-like and
pyran-like structures on stereostructures of the fullerenol or GO
as deduced by the different status of hydroxyl groups on the
carbon cages of fullerene and the fullerenol or GO were degrade
by the gut microbacteria. And then promote SCFAs producing
bacteria survival and the TC and TG levels of mice were
reduced.* Otherwise, the underlying mechanism of GO NPs to
lipid- and gut microbiota-modulating effects remains to be
further investigated and many details was still not clear.
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