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Abstract:



Fullerenes C60 have attracted considerable attention in the biomedical field due to their interesting properties. Although there has been a concern that C60 could be metabolized to hydroxylated fullerenes (C60(OH)x) in vivo, there is little information on the effect of hydroxylated C60 on liver cells. In the present study, we evaluated the cytotoxic effects of fullerene C60 and various hydroxylated C60 derivatives, C60(OH)2, C60(OH)6–12, C60(OH)12 and C60(OH)36, with three different types of liver cells, dRLh-84, HepG2 and primary cultured rat hepatocytes. C60, C60(OH)2 and C60(OH)36 exhibited little or no cytotoxicity in all of the cell types, while C60(OH)6–12 and C60(OH)12 induced cytotoxic effects in dRLh-84 cells, accompanied by the appearance of numerous vacuoles around the nucleus. Moreover, mitochondrial activity in liver cells was significantly inhibited by C60(OH)6–12 and C60(OH)12. These results indicate that the number of hydroxyl groups on C60(OH)x contribute to the difference of their cytotoxic potential and mitochondrial damage in liver cells.
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1. Introduction


Fullerene C60 is comprised of 12 five-membered rings and 20 six-membered rings (Figure 1) [1]. The high chemical stability of fullerenes resists the potential metabolic degradation associated with the carbon cage-opening process under the biological conditions [2,3,4]. Since its discovery in 1985 [5], nanomaterials are applied in various fields due to those useful properties. Fullerene C60 and derivatives have anti-cancer and neuroprotective properties as a consequence of antioxidant and free-radical scavenger activity both in vitro and in vivo [6,7,8,9,10], as well as photo-induced DNA cleavage ability [11]. Moreover, derivatives of fullerene C60 have been demonstrated to act as HIV-1 protease inhibitors, which have started to be evaluated in clinical trials [12]. Thus, fullerene C60 and its derivatives are expected to have potential applications in the life and medical sciences. However, the insolubility of C60 and C70 in aqueous solution makes such studies difficult.


Figure 1. Chemical formulas of C60 (A); C60(OH)6–12 or 36 (B); and C60(OH)2 (C).
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Several studies have reported the biodistribution of C60 in various experimental animals [13,14,15,16]. We have also reported that the accumulation and decreased concentration of C60 in various tissues such as lung, liver, kidney, brain, etc., indicate the possibility of C60 and C60 metabolites being excreted into feces and/or urine [17]. If it is assumed that C60 undergoes in vivo enzymatic metabolism in the liver, C60 oxidation products such as hydroxylated fullerenes (C60(OH)x) may be produced. At present, the bioavailability of C60(OH)x has begun to garner attention. In human epidermal keratinocyte (HEK) cells, C60(OH)32 has shown significant cytotoxic activity [18]. Moreover, C60(OH)22–26 has been shown to induce phototoxicity in human retinal pigment epithelial cells [19]. Yamasaki et al. (2006) reported that C60(OH)24 induced cytotoxicity in human umbilical vein endothelial cells [20]. Nakagawa et al. reported that C60(OH)24 showed cytotoxicity to isolated rat hepatocyte cells [21]. These studies were performed using C60(OH)x containing 22–32 hydroxyl groups, although it is thought that C60(OH)x produced in the metabolic process has a low number of hydroxyl groups. No information has been obtained about the cytotoxic effects of C60(OH)x with a low number of hydroxyl groups in liver cells. Insufficient information is available about the cytotoxicity mechanisms of hydroxylated C60 in liver cells. Furthermore, considering the metabolization and adverse effects of anti-cancer drugs and anti-HIV medicines containing fullerene derivatives, the information of the cytotoxic activities of C60(OH)x at the liver is very important.



In the present study, we investigated the cytotoxic effects of C60 and the hydroxylated fullerenes, C60(OH)2, C60(OH)6–12, C60(OH)12 and C60(OH)36 to three types of liver cells, primary cultured rat hepatocytes, dRLh-84 and HepG2. Primary cultured rat hepatocytes maintain phase I, II metabolic activity and uptake transporter activity. dRLh-84 and HepG2 are rat and human hepatoma cells, which have no metabolic activity and were used to evaluate species-differences between rats and humans.




2. Results


2.1. Mass Spectrometric Analysis of C60(OH)x


Figure 1 shows chemical formulas of C60 and C60(OH)x. The positions which hydroxyl groups of C60(OH)6–12and 36 substituted are uncertain.



C60(OH)6–12 and 36 C60 and C60(OH)2 samples showed one signal at m/z = 720 and m/z = 754, respectively (data not shown). Five mass spectrometric signals for C60(OH)12 were observed at m/z = 821, 855, 889, 923 and 958. The major ion with m/z = 923 was assigned to C60(OH)12, and other ions with m/z = 821, 855, 889, and 958 were assigned to C60(OH)6, C60(OH)8, C60(OH)10, and C60(OH)14, respectively (Figure 2A). Mass spectrometric signals for C60(OH)6–12 are shown in Figure 2B. The major ion was assigned to C60(OH)10, and other ions were assigned to C60(OH)6, C60(OH)8, C60(OH)12 and C60(OH)14, respectively.


Figure 2. Mass Spectra of C60(OH)12 and C60(OH)6–12.
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2.2. Cytotoxicity of C60 and C60(OH)x


Figure 3 shows cell survival curves of the three types of liver cells exposed to 0–100 μg/mL of C60 and C60(OH)x. The maximum concentration was chosen considering suspension’s turbidity and concentrations appeared toxic effects in previous studies [20,21,22]. Among the C60(OH)x tested, C60(OH)6–12 had the most potent cytotoxic activity. In particular, C60(OH)6–12 and C60(OH)12 induced significant toxic activities in dRLh-84 with a dose dependent manner (Figure 3B). Exposure to C60(OH)6–12 and C60(OH)12 induced milder cytotoxicity in primary cultured rat hepatocytes than dRLh-84 (Figure 3C). In HepG2, C60(OH)6–12 showed toxic activity, which was lower than in dRLh-84. On the other hand, C60(OH)12 had weaker toxic activity in HepG2 than in dRLh-84 (Figure 3A,B). Other C60(OH)x have little or no toxic effects.


Figure 3. Cytotoxicity of fullerene and hydroxylated fullerenes in liver cells after exposure for 3 days. HepG2 (A); dRLh-84 (B); and primary cultured rat hepatocytes (C) were exposed to C60, C60(OH)2, C60(OH)6–12, C60(OH)12, and C60(OH)36 at concentrations of 0.3–100 μg/mL. After exposure, cytotoxicities were evaluated by the cell viability assay and the values are reported as % viability. Each data represents the mean ± SD (n = 3). * Significantly different from the control: p < 0.05.
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C60(OH)6–12 and C60(OH)12 at a concentration of 30 μg/mL caused the formation of numerous vacuoles around the nucleus in dRLh-84 cells (Figure 4). In contrast, the formation of cytoplasmic vacuoles was not detected in HepG2 and primary cultured rat hepatocytes (data not shown).


Figure 4. Numerous vacuoles of dRLh-84 cells treated with C60(OH)6–12 and C60(OH)12 for 24 h. After dRLh-84 cells were exposed to 30 μg/mL of C60(OH)6–12 and C60(OH)12, photographs were taken using an optical microscope. Scale bar: 50 μm. The arrows indicate cytoplasmic vacuoles.
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Mitochondrial succinate-tetrazolium reductase activity in all of the liver cells was inhibited by C60(OH)6–12 (Figure 5). C60(OH)12 also inhibited this enzymatic activity in dRLh-84, but provided little inhibition in HepG2 according to cytotoxic activities. The mitochondrial enzyme activity of primary cultured rat hepatocytes was also inhibited by C60(OH)6–12 and C60(OH)12 (Figure 5C). Other C60(OH)x had almost a little or no effect.


Figure 5. Mitochondrial activity of fullerene and hydroxylated fullerenes in liver cells after exposure for 3 days. Three types of cells, HepG2 (A); dRLh-84 (B); and primary cultured rat hepatocytes (C) were treated with fullerene and hydroxylated fullerenes with the same concentrations as employed in the cell viability assay (the sample symbols are the same as in Figure 3). After exposure for 3 days, the inhibition rate (%) of mitochondrial activity was evaluated. Each data represents the mean ± SD (n = 3). * Significantly different from the control: p < 0.05.
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3. Discussion


The molecular diversity of C60(OH)x samples used in this study was analyzed. Some of the molecular diversity of C60(OH)6–12 and C60(OH)12 showed overlapping distributions. C60(OH)36 had many constituents (data not shown). These results indicate that C60(OH)x with the exception of C60(OH)2 contained various numbers of hydroxyl substituents. Because there is currently no purification technology available for C60(OH)x, x > 2, x < 12, it was impossible to separate single C60(OH)6, 8, 10 from C60(OH)6–12 and C60(OH)12.



The sensitivities of the three types of liver cells to C60(OH)x differed (Figure 3). C60(OH)6–12 and C60(OH)12 exhibited more potent cytotoxic activity in dRLh-84 than in primary cultured rat hepatocytes. Primary cultured rat hepatocytes and dRLh-84 were from the same rat species, but the sensitivities to C60(OH)6–12 and C60(OH)12 were different. Thus, it was suspected that metabolic activity may affect the cytotoxicity of C60(OH)6–12 and C60(OH)12 in primary cultured rat hepatocytes.



Meanwhile, C60(OH)6–12 caused higher cytotoxic activity than C60(OH)12 in HepG2. In contrast, the cytotoxic activities between C60(OH)6–12 and C60(OH)12 show a slight difference. These results indicate that the interspecific difference in hepatoma cells may cause different sensitivities based on number of C60(OH)x hydroxyl groups. Moreover, the malignant grade in the hepatoma might affect the sensitivity to the number of C60(OH)x hydroxyl groups between dRLh-84 and HepG2.



While there was overlap in the components of C60(OH)6–12 and C60(OH)12, C60(OH)6–12 induced more severe cytotoxic activity than C60(OH)12 in all of the liver cells. C60(OH)2 and C60(OH)36 showed no cytotoxic effects in any liver cells. Although the number of hydroxyl groups that contribute to cytotoxicity cannot be specified, these results suggest that C60(OH)6, C60(OH)8, or/and C60(OH)10 would have more potent cytotoxic activity than other C60(OH)x. For a more detailed understanding, we would need to compare the cytotoxic potential, if it is possible to obtain the purified C60(OH)6, C60(OH)8 and C60(OH)10. Low numbers of C60 hydroxyl substituents are expected to be generated by metabolism of C60 in the liver after administration. Although the number of hydroxyl substituents produced by hepatic metabolism cannot be identified, if 6–10 hydroxyl substituents were generated from C60, cytotoxic activity induced in the hepatoma would be a concern.



Exposure to C60(OH)6–12 and C60(OH)12 resulted in the formation of numerous vacuoles around the nucleus in dRLh-84 (Figure 4). Several studies have also reported vacuole formation, or blebbing, upon exposure to C60(OH)x [18,20,21,23]. Yamasaki et al. (2006) and Nakagawa et al. (2011) have suggested that this morphological change may be caused by depletion of cellular ATP and subsequent autophagosome formation [20,21]. The depletion of protons in the cellular by potent adsorption properties of C60 may disturb the ATP synthesis in the mitochondria [24]. Additionally, there have been a few studies of mitochondrial damage caused by C60(OH)x [21,22,25]. In this study, luminescence intensities associated with the ATP content of cells was measured. Low luminescence indicated the depletion of cellular ATP, reflecting functional damage of mitochondria and cell death. Furthermore, the WST-1 assay was used for evaluation of cytotoxicity, which is based on the content of dye produced by mitochondrial enzymes. Therefore, cell death and vacuole formation observed in dRLh-84 exposed to C60(OH)6–12 and C60(OH)12 may be caused by damage to mitochondrial functions (Figure 3 and Figure 5).



Our results are in agreement with previous reports [21,22,25]. In addition, we have shown that C60(OH)6–12 and C60(OH)12 effectively caused more mitochondrial damage than other C60(OH)x species in the liver cells.




4. Experimental Section


4.1. Chemicals


Fullerene C60 (C60; nanom purple KN, purity > 99.9%) was purchased from Frontier Carbon Corporation (Fukuoka, Japan). C60(OH)n, n = 6–12 (C60(OH)6–12) was purchased from Kanto Chemical Co. Inc. (Tokyo, Japan). C60(OH)2 (purity of > 99%), C60(OH)12 pentahydrate, and C60(OH)36 octahydrate were purchased from FLOX Corporation (Kanagawa, Japan). With the exception of C60(OH)2, no information was available on the purity of the C60(OH)x samples.



Mass spectrometric analysis of C60 and C60(OH)x was performed using LC-MS/MS (Waters Alliance 2695 HPLC system—Waters Micromass Quattro Micro API triple quadrupole mass spectrometer, Waters, Milford, USA).




4.2. Sample Preparation


C60 was ground in an agate mortar until the color of the powder changed to a brownish-black and was then suspended in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/mL. The stock solution was sonicated and vortexed; and subsequently stored at −20 °C until being used. The C60 solution was first diluted with DMSO; and subsequently diluted 100-fold with each growth medium before exposure to cells. C60(OH)x were dissolved in DMSO at a concentration of 10 mg/mL; and were diluted in a manner similar to that used for C60.




4.3. Cells


Primary cultured rat hepatocytes and their culture medium were purchased from Biopredic International (Rennes, France). Rat hepatoma cells, dRLh-84, were obtained from the Health Science Research Resources Bank (Osaka, Japan). HepG2 (Human hepatoma cells) were continuously cultured in our laboratory of National Institute of Health Sciences. HepG2 and dRLh-84 were grown in Eagle’s minimum essential medium (MEM, Sigma-Aldrich, MO, USA), supplemented by 10% (v/v) fetal bovine serum (ICN Biochemicals Inc., OH, USA), 50 unit/mL penicillin and 50 μg/mL streptomycin (Gibco, CA, USA), 1 mM sodium pyruvate (Gibco, CA, USA), and 100 μM MEM non-essential amino acid (Gibco, CA, USA).




4.4. Cell Viability Assay


Primary cells were seeded in 96-well plates at 0.3 × 106 cells/mL in 100 μL/well. dRLh-84 cells were seeded at 6 × 103 cells and HepG2 cells were seeded at 2 × 104 cells in 200 μL/well. The cells were incubated overnight at 37 °C in a humidified atmosphere containing 5% CO2 in air, and then were exposed to test chemicals. After incubation for 3 days, cell viability was determined using the Cell Titer-Glo Luminescent Cell Viability Assay Kit (Promega, WI, USA). Since the luminescence intensity is based on the ATP content of viable cells, the luminescence intensity of each well was measured using a microplate reader (Mithras LB 940, Berthold technologies, Germany).



After dRLh-84 were exposed to 30 μg/mL of C60(OH)6–12 and C60(OH)12 for 24 h, cells were observed with the optical microscope and photographs of intracellular vacuoles were taken.




4.5. Mitochondrial Activity Assay


Mitochondrial activity was measured using the Premix WST-1 kit (Takara, Tokyo, Japan). The absorbance of formazan dye was measured using a microplate reader (Ultraspec Visible Plate Reader II 96, GE Health, Buckinghamshire, UK) at a wavelength of 450 nm, with a reference wavelength of 620 nm. Measured using a microplate reader (Mithras LB 940, Berthold technologies, Germany).




4.6. Statistical Analysis


Statistical analyses were performed using Student’s t-test. The test was conducted to verify the difference between each group exposed to fullerenes and the control. Differences with p < 0.05 were considered statistical significant.





5. Conclusions


C60(OH) 6–12 and C60(OH)12 showed higher levels of cytotoxicity in liver cells than C60, C60(OH)2, and C60(OH)36, presumably due to mitochondrial damage. The number of hydroxyl group substituents on C60(OH)x are an important factor in the determination of cytotoxic potential.







Acknowledgments


This work was supported by a Research on Risk of Chemical Substances in Health and Labour Sciences Research Grant from the Ministry of Health, Labour, and Welfare of Japan.




Conflict of Interest


The authors declare no conflict of interest.




References


	1. 
Krätschmer, W.; Lamb, L.D.; Fostiropoulos, K.; Huffman, D.R. C60: A New Form of Carbon. Nature 1990, 347, 354–358. [Google Scholar] [CrossRef]

	2. 
Kroto, H.W. The Stability of the Fullerenes Cn, with n = 24, 28, 32, 36, 50, 60 and 70. Nature 1987, 329, 529–531. [Google Scholar] [CrossRef]

	3. 
Bordin, V.I.; Trukhacheva, V.A. Thermal Stability of Fullerenes. Tech. Phys. Lett. 2004, 30, 598–599. [Google Scholar] [CrossRef]

	4. 
Fortner, J.D.; Lyon, D.Y.; Sayes, C.M.; Boyd, A.M.; Falkner, J.C.; Hotze, E.M.; Alemany, L.B.; Tao, Y.J.; Guo, W.; Ausman, K.D.; Colvin, V.L.; Hughes, J.B. C60 in Water: Nanocrystal Formation and Microbial Response. Environ. Sci. Technol. Lett. 2005, 39, 4307–4316. [Google Scholar] [CrossRef]

	5. 
Smalley, R.E.; Kroto, H.W.; Heath, J.R. C60: Buckminsterfullerene. Nature 1985, 318, 162–163. [Google Scholar] [CrossRef]

	6. 
Dugan, L.L.; Gabrielsen, J.K.; Yu, S.P.; Lin, T.S.; Choi, D.W. Buckminsterfullerenol Free Radical Scavengers Reduce Excitotoxic and Apoptotic Death of Cultured Cortical Neurons. Neurobiol. Dis. 1996, 3, 129–135. [Google Scholar] [CrossRef] [PubMed]

	7. 
Dugan, L.L.; Turetsky, D.M.; Du, C.; Lobner, D.; Wheeler, M.; Almli, C.R.; Shen, C.K.F.; Luh, T.Y.; Choi, D.W.; Lin, T.S. Carboxyfullerenes as Neuroprotective Agents. Proc. Natl. Acad. Sci. USA 1997, 94, 9434–9439. [Google Scholar] [CrossRef] [PubMed]

	8. 
Murugan, M.A.; Gangadharan, B.; Mathur, P.P. Antioxidative Effect of Fullerenol on Goat Epididymal Spermatozoa. Asian J. Androl. 2002, 4, 149–152. [Google Scholar] [PubMed]

	9. 
Bogdanović, V.; Stankov, K.; Ičević, I.; Žikič, D.; Nikolić, A.; Šolajic, S.; Djordjević, A.; Bogdanović, G. Fullerenol C60(OH)24 Effects on Antioxidative Enzymes Activity in Irradiated Human Erythroleukemia Cell Line. J. Radiat. Res. 2008, 49, 321–327. [Google Scholar] [CrossRef] [PubMed]

	10. 
Xiao, L.; Aoshima, H.; Saitoh, Y.; Miwa, N. Highly Hydroxylated Fullerene Localizes at the Cytoskeleton and Inhibits Oxidative Stress in Adipocytes and A Subcutaneous Adipose-Tissue Equivalent. Free Radic. Biol. Med. 2011, 51, 1376–1389. [Google Scholar] [CrossRef] [PubMed]

	11. 
Tokuyama, H.; Yamago, S.; Nakamura, E. Photoinduced Biochemical Activity of Fullerene Carboxylic Acid. J. Am. Chem. Soc. 1993, 115, 7918–7919. [Google Scholar] [CrossRef]

	12. 
Friedman, S.H.; DeCamp, D.L.; Sijbesma, R.P.; Srdanov, G.; Wudl, F.; Kenyon, G.L. Inhibition of the HIV-1 Protease by Fullerene Derivatives: Model Building Studies and Experimental Verification. J. Am. Chem. Soc. 1993, 115, 6506–6509. [Google Scholar] [CrossRef]

	13. 
Yamago, S.; Tokuyama, H.; Nakamura, E.; Kikuchi, K.; Kananishi, S.; Sueki, K.; Nakahara, H.; Enomoto, S.; Ambe, F. In vivo Biological Behavior of a Water-Miscible Fullerene: 14C Labeling, Absorption, Distribution, Excretion and Acute Toxicity. Chem. Biol. 1995, 2, 385–389. [Google Scholar] [CrossRef] [PubMed]

	14. 
Bullard-Dillard, R.; Creek, K.E.; Scrivens, W.A.; Tour, J.M. Tissue Sites of Uptake of 14C-Labeled C60. Bioorgan. Chem. 1996, 24, 376–385. [Google Scholar] [CrossRef]

	15. 
Nikolić, N.; Vranjes-Ethurić, S.; Janković, D.; Ethokić, D.; Mirković, M.; Bibić, N.; Trajković, V. Preparation and Biodistribution of Radialabeled Fullerene C60 Nanocrystals. Nanotechnology 2009, 20. [Google Scholar] [CrossRef] [PubMed]

	16. 
Cagle, D.W.; Kennel, S.J.; Mirzadeh, S.; Alford, J.M.; Wilson, L.J. In vivo Studies of Fullerene-Based Materials Using Endohedral Metallofullerene Radiotracers. Proc. Natl. Acad. Sci. USA 1999, 96, 5182–5187. [Google Scholar] [CrossRef] [PubMed]

	17. 
Kubota, R.; Tahara, M.; Shimizu, K.; Sugimoto, N.; Hirose, A.; Nishimura, N. Time-Dependent Variation in the Biodistribution of C60 in Rats Determined by Liquid Chromatography-Tandem Mass Spectrometry. Toxicol. Lett. 2011, 206, 172–177. [Google Scholar] [CrossRef] [PubMed]

	18. 
Saathoff, J.G.; Inman, A.O.; Xia, X.R.; Riviere, J.E.; Monteiro-Riviere, N.A. In vitro Toxicity Assessment of Three Hydroxylated Fullerenes in Human Skin Cells. Toxicol. In Vitro. 2011, 25, 2105–2112. [Google Scholar] [CrossRef] [PubMed]

	19. 
Wielgus, A.R.; Zhao, B.; Chignell, C.F.; Hu, D.N.; Roberts, J.E. Phototoxicity and Cytotoxicity of Fullerol in Human Retinal Pigment Epithelial Cells. Toxicol. Appl. Pharmacol. 2010, 242, 79–90. [Google Scholar] [CrossRef] [PubMed]

	20. 
Yamawaki, H.; Iwai, N. Cytotoxicity of Water-Soluble Fullerene in Vascular Endothelial Cells. Am. J. Physiol. Cell Physiol. 2006, 290, C1495–C1502. [Google Scholar] [CrossRef] [PubMed]

	21. 
Nakagawa, Y.; Suzuki, T.; Ishii, H.; Nakae, D.; Ogata, A. Cytotoxic Effects of Hydroxylated Fullerenes on Isolated Rat Hepatocytes via Mitochondrial Dysfunction. Arch. Toxicol. 2011, 85, 1429–1440. [Google Scholar] [CrossRef] [PubMed]

	22. 
Ueng, T.H.; Kang, J.J.; Wang, H.W.; Cheng, Y.W.; Chiang, L.Y. Suppression of Microsomal Cytochrome P450-Dependent Monooxygenase and Mitochondrial Oxidative Phosphorylation by Fullerenol, a Polyhydroxylated Fullerene C60. Toxicol. Lett. 1997, 93, 29–37. [Google Scholar] [CrossRef] [PubMed]

	23. 
Bogdanović, G.; Kojić, V.; Đorđević, A.; Čanadanović-Brunet, J.; Vojinović-Miloradov, V.; Baltić, V.V. Modulating of Fullerol C60(OH)22 on Doxorubicin-Induced Cytotoxicity. Toxicol. In Vitro. 2004, 18, 629–637. [Google Scholar] [CrossRef] [PubMed]

	24. 
Manzetti, S.; Behzadi, H.; Otto, A.; van der Spoel, D. Fullerenes Toxicity and Electronic Properties. Environ. Chem. Lett. 2013, 11, 105–118. [Google Scholar] [CrossRef]

	25. 
Johnson-Lyles, D.N.; Peifley, K.; Lockett, S.; Neun, B.W.; Hansen, M.; Clogston, J.; Stern, S.T.; McNeil, S.E. Fullerenol Cytotoxicity in Kidney Cells is Associated with Cytoskeleton Disruption, Autophagic Vacuole Accumulation, and Mitochondrial Dysfunction. Toxicol. Appl. Pharmacol. 2010, 248, 249–258. [Google Scholar] [CrossRef] [PubMed]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  materials-06-02713


  
    		
      materials-06-02713
    


  




  





media/file8.jpg
% Inhibition

0
w
)
©
»

A HepG2

1 0
‘Concentration of Fullrenes ( ugimi )

100

B.dRLh-84

1 10
Concentration of Fullerenes ugimi)

100





media/file11.png
C. Primary cultured rat hepatocyte

100
80
60
40

% Inhibition

20

0 1 L1
0 1 10 100

Concentration of Fullerenes ( ng/ml)

€ :C60, O.C60(0H);, M :C60(OH)g.12, K :C60(0OH)19, [J:C60(OH)s36





media/file6.jpg
Non treated






media/file1.png
Vo Woo:
L) (Y

\WQIW// \Nwr
&) &





media/file7.png
Non treated






media/file10.png
% Inhibition

100
80
60
40
20

A. HepG2

1 10

Concentration of Fullerenes ( ng/ml)

100

% Inhibition

100
80
60
40
20

B. dRLh-84

Concentration of Fullerenes (ug/ml)





media/file5.png
Cell Viability (% )

100
80
60
40
20

A. HepG2

B. dRLh-84

100
80
60
40

Cell Viability ( % )

20

P, 0 T I

1

Concentration of Fullerenes ( pg/ml)

10 100 0 1 10 100

Concentration of Fullerenes (ug/ml)

C. Primary cultured rat hepatocyte

100
80
60
40

Cell Viability (%)

20

0 1 10 100

Concentration of Fullerenes ( pg/ml)

€ :C60, O:C60(0H),, M :C60(OH)g.12, K :CO0(OH)sp, [J:C60(OH)36





media/file3.png
Relative intensity (%)

Relative intensity (%)

923 ===3 Cgy(OH);,

100 -
A. Cgo(OH)45 Scan ES-
¢eers> CogfOH) 4
50 - :
Coo(OH) G 958
Coo(OH)g<Cereene
Cop(OH)y<-- 821 895
0 - | m/z
700 750 800 850 900 950 1000 1050 1100 1150 1200
100 - 889 - > Cgo(OH) 4o
B. Cgo(OH)s.15 Scan ES-
CGO(OH)SQ'"E
50 - :
895 > Ceo(OH)12
923
Ceo(OH)s <= > Ceo(OH)1
821 '
0 +—r—r—r—r— —.-..-‘fjmflr#a. pod g i e e 11174
700 750 800 850 900 950 1000 1050 1100 1150 1200





media/file9.jpg
C. Primary cultured rat hepatocyte

100
80
60

% Inhibition

0 1 10 100
Concentration of Fullerenes ( pg/ml)

@060, O:C60(OH),, M :CB0(OH)512, XK :CBO(OH) 1, [1:CB0(OH)35





media/file4.jpg
A HepG2 B.dRLh-84

0 1 ) 10 0 1 0 100

Concantrationof Fulrenesygi) Goncantration o Fullerenes i)

C. Primary culured rat hepatocyte

0 1 " 10
‘Concentration ofFullerenes  ugimi)

9:C60, O:CE0(OH),, Ah:CE0(OH)s.15, K :CB0(OH),, [3:C60{OH)s5





media/file0.jpg
@6
&

\Q’

V4 \
£

/@\

Wt
NG’
VAN

o
Sge





media/file2.jpg
Relative intensity (%)

10

10

923 3 CeofOH)y

A Co(OH); Scan €S-

CilOH)p

CulOH)y <
CulOHy<e821

miz
7m0 80 %0 90 000 1050 1100 1150 1200

889 3 CoOH)

B. CeoOH)s 12 Scan €S-

CofOH)y <

2 CulOH)

CofOH)s <€

miz
750 800 85 900 90 1000 1050 1100 1150 1200





