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Abstract: Fullerene nanomaterials exposure often causes a variety of diseases. Many studies have
pointed out that fullerene nanomaterials can be studied in fish. However, there are few studies on
health risk assessment of clownfish with lower doses of fullerene nanoparticles or different
exposure durations. In this study, we set 1.5% and 3.0% for low- and high-dose fullerene
nanomaterials exposure concentrations, respectively. Meanwhile, we performed a time-series
analysis to investigate that the activation of lipid and amino acids metabolism after fullerene
nanomaterials exposure in clownfish. 1368 metabolites were detected from clownfish by using
liquid chromatography-mass spectrometry (LC-MS) analyses. Our results suggest that exposure to
lower fullerenes nanoparticles may have a certain promoting effect on clownfish overall length,
body length and weight. At the same time, the activation of potential metabolic pathways enriched
by different metabolites in KEGG pathway may also indicate the positive promoting effect of
fullerene nanoparticles after exposure. The present work indicates that it is particularly important
to find the concentration window for fullerene nanomaterials to improve government safety
guidelines, especially when these are applied to assess the health risk of human.
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1. Introduction
Manufactured nanomaterials (MNMs) are defined as critical dimensions less than
100nm at least one geometric surface, and a material with high uniformity. In particular,
a product that has been artificially produced for the purpose of application[1]. Because
MNMs have many excellent and peculiar physical or chemical properties, it is widely used
in medicine, industry, construction, food and other fields. Fullerene Nanomaterials are
one of the most widely used MNMs. Fullerenes are general term for a substance with a
closed cage structure. It is an all-carbon molecule consisting of 12 five-membered rings
and several six-membered rings[2]. As a new type of carbon material, fullerene have
shown excellent properties in superconductivity, solar cells, nanometer electronic devices,
catalysis and biology and have broad application prospects[3]. Over the past 20 years, the
research on fullerenes has made great progress in both basic research and application
fields.
The impact of fullerene nanomaterials on animals is relatively large. Some studies
indicate that water-soluble fullerene is a good choice for detoxification and free radical
absorption. Ishii et al. evaluated the histology of rat tibial muscles by using different type
of water-soluble fullerene. The results showed that fullerene could promote the
regeneration of skeletal muscle[4]. Metabolites are small molecule of less than 1000 Da
and can be involved in cellular metabolic reactions. The number of metabolites in cell,
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tissues, and humans ranges from hundreds to tens of thousands[5-7]. Because these
metabolites have different chemical properties, it is difficult to detect all the metabolites
or target the metabolites by conventional analytical methods. Metabolomics can solve this
problem very well. After genomics, transcriptomics and proteomics, metabolomics is an
important part of systems biology[8]. In the dynamic process of metabolism,
metabolomics can systematically study the changing rules of metabolites and reveal the
metabolic nature of life activities of the organism[9]. Metabolomics is widely used in fish
research and its future potential. These results suggest that at least some energy is needed
during swimming, in other words, several processes are involved in ATP production in
turbot spermatozoa. Viant et al. assessed the metabolic conditions of juvenile steelhead
trout (Oncorhynchus mykiss) at 15 and 20℃ for a 10-week exposure[10]. White muscle
phosphocreatine, ATP, ADP and AMP, hepatic glycogen, and global metabolite profiling
of muscle and liver were measured using 1H nuclear magnetic resonance (NMR)
spectroscopy. These results showed that there was a positive correlation between
increased stress and decreased metabolic condition. In addition, the data of growth
showed 20℃ is the upper limit of the steelhead trout’s preferred range. Of course, there
are other studies that apply metabolomics to fish[11-13]. In general, metabolomic has
proved to be very useful for addressing a wide variety of hypotheses relating to fish
physiology and development. In this study, we investigated the effects of different
concentrations of fullerenes on the growth of clownfish and metabolomic analysis of its
fish composition.
2. Results
2.1. Effects of Fullerene Nanomaterials on Overall Length, Body Length and Weight Index of
Clownfish
As shown in Fig 1A, sampling results after 28 days of exposure showed that exposure to
low-dose fullerene nanomaterials resulted in significant increases in overall length, body
length and weight. At the same time, high dose exposure also promoted the increase of
overall length, body length and weight, and significantly affected the change of body
weight. Samples after 56 days of exposure showed that different concentrations of
fullerene exposure could promote significant increases in overall length, body length
and weight indexes. As shown in Fig 1B, the results of physiological indexes of
clownfish under the same treatment concentration at different time points showed that
the overall length, body length and weight of clownfish in the control group showed no
significant changes at two time points, while the weight of clownfish showed no
significant changes before and after the comparison. However, the overall length and
body length of the low-dose group changed significantly at 2 time points after exposure,
and the influence of high-dose exposure on body length was obvious. In general, the
effects of low dose fullerene nanoparticles on overall length, body length and weight of
clownfish were more obvious than those of high dose, and all of them showed an
upward trend. The experimental results in Fig. 1B also suggested that the influence of
fullerene nanoparticles on overall length and body length was more obvious than that of
weight.
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Figure 1. The results of overall length, body length and weight (A: light grey: after 28 days of exposure; dark grey: after
56 days of exposure; B: black: control; light grey: low-dose group; dark grey: high-dose group). *P < 0.05, **P < 0.01, ***P <
0.001.

2.2. Principal Component Analysis of Muscle Metabolomics in Clownfish
Principal component analysis (PCA) can deal with multicollinearity problem well. We
used PCA model to study the metabolomics of clownfish muscles under different
concentrations and durations of fullerene exposure. The results of PCA score plot
showed that the first and second principal components accounted for 20.9% and 13.1%
of the variation, respectively (Figure 2). The sample of the PED 28 and PED 56 were
clearly distinguished in the first principal component, it indicated that the correlation
between PED 28 and PED 56 samples was weak.
In order to explore whether exposure to different concentrations of fullerene
nanoparticles changes the muscle metabolomics level of clownfish independently of
time, unsupervised PCA analysis was performed on samples at two different exposure
time points (Figure 2B, 2C). On PED 28, the first two principal components explained
23.4% and 10.5% of the variation, respectively. Different exposure groups were
distinguished from the control group on the first principal component, and the
correlation between the high-dose group and the control group, the low-dose group and
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the control group was week. On PED 56, the results were similar on PED 28, the first two
principal components accounted for 26.6% of the variation, with the first component
being more differentiated than the second principal component. At the same time, the
distance between the high-dose exposure group and the other two groups was far, and
the correlation was weak. In conclusion, different concentrations of fullerene
nanomaterials have different effects on muscle metabolic profile of clownfish, and the
effect of high dose is more obvious. At the same time, the metabolic profile of clownfish
muscle will change significantly under different exposure duration.

Figure 2. The results of principal component analysis (PCA). A: Dynamic change of metabolites expression over time; B:
result of PED28; C: result of PED56.

2.3. Multivariate analysis of the effects of Fullerene Nanomaterials exposure in Clownfish
metabolomics fingerprint analysis
PLS-DA model was used to analyze and visualize the “exposed group-control group”
supervision data of clownfish muscle tissue at different time points. Results of 200
replacement tests proved that the model was robust and reliable. As shown in Figure
3A-D, the PLS-DA score of clownfish muscle was changed by exposure at different
concentrations (Figure 3), and the distance between points represented the similarity
between different samples. Although the results in different groups suggested
differences between individuals, the exposed group and the control group were clearly
differentiated, with obvious clustering on the first principal component (PC1).
Compared with the control group, the PLS-DA model had the best modeling and
predictive power for all exposure groups (Figure 3A: R2X=0.409, R2Y=0.996, Q2=0.818;
Figure 3B: R2X=0.422, R2Y=0.996, Q2=0.945；Figure 3C: R2X=0.251, R2Y=0.966, Q2=0.526;
Figure 3C: R2X=0.251, R2Y=0.966, Q2=0.526; Figure 3D:. R2X=0.334, R2Y=0.993,
Q2=0.796). The obvious clustering between the control and exposed samples indicated
that exposure to fullerene nanomaterials induced changes in muscle metabolism of
clownfish. In this study, VIP represents the importance of variables that significantly
change the exposure response of fullerene nanomaterials, and we screened important
metabolites by setting VIP greater than 1.0.
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Figure 3. The results of PLS-DA models (A: PED28 L vs. C; B: PED28 H vs. C; C: PED56 L vs. C; D: PED56 H vs. C).

Figure 4. The volcano plots of metabolites in different groups. (A: PED28 L vs. C; B: PED28 H vs. C; C: PED56 L vs. C; D:
PED56 H vs. C; E: numbers of metabolites corrected by P value).

2.4. Biopathway enrichment analysis of differential metabolites
In order to further screen the metabolites with significant changes after exposure to
fullerene nanomaterials, P<0.05 and Fc>2.0 were combined to screen the metabolites
with significant changes at different time points and at different exposure concentrations
(Figure 5). We found that 133, 499; 52, 130 metabolites were screened in L vs. C and H
vs. C comparison groups of PED 28 and PED 56, respectively. At the same time, we
combined the previous VIP threshold screening results and corrected the P values, and
finally screened 12, 307; 0, 13 significantly altered differential metabolites from the L vs.
C and H vs. C groups of PED 28 and PED 56 respectively. Through statistical analysis of
the significant changes in the number of differential metabolites, it was found that with
the increase of the exposure concentration of fullerene nanomaterials, the number of
significant changes in the number of metabolites increased. These significantly changing
differential metabolites were combined and screened based on the HMDB database, and
39 kinds of endogenous differential metabolites with significant changes were finally
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identified, as shown in Figure 5A. Consistent with the PLS-DA score, Fig. 5A shows a
relatively obvious clustering between the control and exposed samples.
In addition, the significantly changed differential metabolites screened were imported
into the Pathway Analysis module of Metaboanalyst 5.0, and the metabolic Pathway
enrichment Analysis of the significantly changed differential metabolites was conducted
(Figure 5B). The results showed that exposure to fullerene nanoparticles could induce
changes in biotin metabolism, glycerol phosphate shuttling, triglyceride biosynthesis
and cardiolipin biosynthesis.

Figure 5. Heat map of differential metabolites and result of metabolites enrichment.

3. Discussion
Like mice and other mammals, clownfish have well-developed defense system[14].
Weight, overall length and body length are important index of clownfish growth state.
Previous studies investigated that different concentrations fullerene nanomaterials can
induce reproductive toxicity in freshwater fish[15], nanoparticles can enter cells to
produce cytotoxicity[16-18], and hydroxylated fullerenes in rat liver lead to cell death and
decreased ATP levels[19]. However, there is a close relationship between pollutant
exposure concentration and health. At present, most studies have focused on the harmful
effects of nanomaterials on health[14, 20], it was found in this study that exposure to
different concentrations can activate and promote the overall length, body length and
weight of clownfish. Fullerene nanoparticles are widely used in industrial catalysts,
lubricants and superconductors[21], and in drug delivery[22]. Therefore, it is particularly
necessary to study the biological effects of low dose exposure, which can provide credible
evidence for the study of toxicity mechanism and improve government safety guidelines.
Based on unsupervised PCA model analysis results, we found that different
sampling points and different concentrations of fullerene nanoparticles could cause
changes in the metabolic profile of clownfish. At the same time, according to KEGG
metabolic pathway enrichment analysis of co-expressed metabolites in different tissues.
It was found that different fullerene nanoparticles exposure would affect biological
processes including arachidonic acid metabolism, fatty acid biosynthesis, pyrimidine
metabolism and amino acid metabolism, et al. These data indicate that different metabolic
processes exist in different clownfish after fullerene nanoparticles exposure and amino
acid metabolism and lipid metabolism may be important molecular events of fullerene
nanoparticles exposure under different environmental pollution conditions. Furthermore,
the phosphopantetheinyl portion of CoA is a crucial component of acyl carrier protein,
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essential for the biosynthesis of fatty acid and lipid metabolism[23]. In our study, some
lipids and lipid-like molecules were identified as core elements, these aﬀected lipid
metabolism mainly contain the general functions of energy storage, cell membrane
composition and signal transmission and molecular recognition processes[24-26].
Fullerene nanoparticles stimulated the release of arachidonic acid from clownfish cells
and arachidonic acid (AA) from membrane phospholipids via phospholipase A2S, which
may be related to the pathophysiological events[27]. At the same time, fullerene
nanoparticles can also cause changes in the amino acid metabolism of clownfish, and these
metabolites are usually closely related to TCA cycle and energy metabolism. Our analysis
of clownfish metabolites helps to screen out metabolites sensitive to the exposure of
fullerene nanoparticles, which can be used to characterize the exposure level of fullerene
nanoparticles existing in industry or other aspects, and is of great significance for health
risk assessment.
4. Materials and Methods
4.1. Preparation of Feed
The feed used in this experiment was purchased from a well-known brand in China.
Fullerene microcapsule powder is provided by Xiamen Funano New Material
Technology Co.,Ltd. When the feed containing fullerene microcapsules powder was
prepared, the powder was dissolved in sterile water to make 3 groups of solutions
containing 0%, 1.5% and 3.0% of fullerene, which were evenly sprayed on the surface of
the formula feed by spray technology. After natural drying, the powder was stored in a
refrigerator at -20℃ for later use.
4.2. Experimental Design
The experiment was carried out in Xiamen Ocean Vocational and Technical College.
Clownfish for the experiment were purchased from Xiamen Fish Home Ornamental Fish
Farm. Before the experiment, cement ponds and net cages were disinfected with bleach
powder. The young fish fry was transported to the laboratory and temporarily raised for
4 weeks. In the last 1 week, they were domesticated with basic feed. After temporary
breeding, 540 healthy clownfish with a body weight of (0.78±0.08) g were randomly
assigned to 9 aquariums, and the experiment was divided into 3 groups, 3 in each group
and 30 in each parallel group. Feed twice a day (09:00 and 16:00) with full food for about
30 minutes, and then remove residual bait and feces. Water quality indexes were
measured weekly. During culture, the water temperature was (26±3.5) ℃, pH 8.5±0.5,
dissolved oxygen 4.0~5.0mg/L and ammonia nitrogen 0~0.03mg/L. The culture
experiment lasted for 60 days.
4.3. Sample Collection and Pretreatment
Clownfish were starved for 24h on the 28th (PED28) and 56th (PED56) days after feeding
fullerene-containing diet, respectively. Nine fish were randomly selected from each
group. After being anesthetized on the ice tray, the body length and body weight of the
individuals were measured and stored at -80℃ for metabolomic analysis of fish
composition.
The method of samples pretreatment in this study was adjusted according to Elizabeth J
Want28 and Warwick B Dunn 's29 samples handling method. Muscle tissue of fish were
weighed accurately and put into Suizhen crushing tube, then added 1mL pre-cooled
methanol: water (v: v=1:1) to each tube. It was crushed for 30s (Fastpre-24, USA),
centrifuged for 15min (15800g, 15min, 4℃), then absorbed supernatant to the new
centrifugal tube. The supernatants were dried under vacuum (Thermo, RVT4104) before
derivatization for LC-MS. Before the test, all samples were re-dissolved in 100μL of precooled methanol: water (v: v=1:1) and centrifuged at 15800g at 4℃ for 15min and
absorbed for use on the machine.
4.4. Nontargeted Metabolome Analysis of Liquid Chromatography-Mass Spectrometry (LC-MS)
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The LC-MS test was carried out on a Waters UPLC-class system with a sample manager
and a binary solvent delivery manager, coupling with a Thermo Q-Exactive Mass
Spectrometer equipped with an electrospray interface (Thermo Scientific, USA). LC was
performed using HSS T3 (1.8μm, 2.1 mm i.d.×100 mm) column (Waters Technologies).
0.1% formic acid was added to Solvents H2O (A) and Methanol (B), simultaneously.
Column was heated to 50°C and the auto-sampler was regulated to 8°C. 10µL
injection were separated under gradient conditions at a flow rate of 300 µL/min. The
gradient was as follows: serum elution gradient was that 0% (B), keep 1min, over 1-16.0
min, 0%-100%(B), keep 100% (B) to 20 min, 100%-0% (B) over 20.1-22.0 min. The mass
spectrometer was operated in full-scan mode with a range of 100~1000 m/z. Spray
voltage was set at 3500V and capillary temperature was 320℃. To carry out MS/MS
mode to identify differentiated metabolites, argon was used as a collision gas and the
collision energy was adjusted from 15 eV to 40 eV for each metabolome.
4.5. Metabolomics Data Processing
In order to eliminate the problem that the signal strength of the LC-MS drift with time
during the detection process, Compound Discoverer 3.1(CD 3.1) was used to align raw
LC-MS data [28]. The obtained data matrix provided information about mass-to-charge
ratio (m/z), sample information, peak intensity and retention time, etc. After data
information extraction was completed by using CD 3.1 software, and QC-RLSC
[29]calibration was used to carry out with the installation ‘statTarget’ package of
R[30, 31]. After correction of QC, those metabolites with RSD greater than 0.2 were
deleted and normalized by summation. The normalized data sets were subjected to
multivariate statistical analysis using SIMCA software (Version 14.1, Umetrics, Umeå,
Sweden) and/or MetaboAnalyst 5.0[32, 33]including the principle component analysis
(PCA) and the partial least-squares discriminant analysis (PLS-DA), which are
developed specifically for the analysis of omics datasets[34]. Specifically, the outliers
were identified using the principle component analysis (PCA) with mean-center scaling.
The PLS-DA with pareto scaling (par) scaling was then carried out to extract the
differential metabolites between L vs. C and H vs. C groups. In this study, we identified
VIP >1.0, Adjusted-p <0.05, Fold-change (FC)>2 or <0.5 as differential metabolites.
4.6. Statistical Analysis
The statistical analysis was performed using MetaboAnalyst 5.0. All the data was
analyzed using Non-parametric Mann-Whitney U tests. In all cases, adjusted-p < 0.05
was considered as statistically significant. Graphics were done using GraphPad Prism
(Version 8, La Jolla, CA, USA).
5. Conclusions
Many studies have linked exposure to fullerene nanoparticles to metabolic disorders,
and more studies have focused on the relationship between exposure to fullerene
nanoparticles and adverse health outcomes. However, it is still unclear whether low
exposure concentration has a positive effect on metabolism. In this study, we simulated
the actual environment of clownfish by setting different exposure duration and exposure
concentration. Through the analysis of the metabolic results of clownfish, it was found
that low dose of fullerene nanoparticles exposure may enhance the metabolic level of
clownfish. A variety of different metabolites were identified, which were mainly
involved in lipid and amino acid metabolism. In general, this study can provide reliable
data support for the toxicity study of fullerene nanoparticles.
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