In vivo reaction between [60] fullerene and vitamin A in mouse liver
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An in vivo biotransformation of [60] fullerene is observed that does not follow a usual redox metabolic pathway.
Following the administration of a single dose of micronized Cg, to Swiss mice, Cg,-retinol and retinyl palmitate
adducts were identified in liver by UV/VIS spectroscopy and mass spectrometry after high performance liquid

chromatography. NMR investigations of the main biotransformed compound, after in vitro synthesis, show
cycloaddition of retinol to Cg,. The observed biotransformation, which proves that Cg, does not remain
unchanged in the liver as believed previously, also shows that Diels—Alder-like reactions can occur in vivo.

Over the past few years, many research groups have begun to
seek biological uses of [60] fullerenes.! Little is known about
the toxicity and metabolism of Cg, itself. While micronized
Cso has no acute toxic effects on mice,? Cg, solubilized with
polyvinylpyrrolidone in water severely disrupts the yolk sac
and embryonic morphogenesis in mouse embryos.® Prelimi-
nary investigations of the metabolism of Cq, and of one of its
derivatives show that they are not oxidized by rat liver micro-
somes under conditions known to oxidize polynuclear aro-
matic hydrocarbons.* They accumulate mainly in the liver
and apparently remain unchanged, suggesting that the Cg,
moiety is rather stable towards metabolic attack.!® The use of
Ceo, or its derivatives that could be cleaved back to the
parent Cg, in vivo, would likely lead to long-term fullerene
accumulation in the liver.* Although no acute toxic effects of
this accumulation have been reported, deposition of Cgq, is a
negative factor in potential biomedical applications.!®

The present paper, in contrast, provides definitive evidence
of a biotransformation of Cg, in vivo. Electronic absorption
spectroscopy between 290 and 500 nm, mass spectrometry and
NMR investigations show that a Diels—Alder cycloaddition is
involved that, to our knowledge, has never been described in
vivo before,® although the existence of a Diels-Alderase has
been hypothesised.® The synthesis of a main biotransformed
adduct is also described.

Results
Chromatography with photodiode array detection

Hepatic extracts obtained from Cg,-treated mice contain
several additional compounds less hydrophobic than Cg,,
which elute before C4, when analysed by means of reversed
phase high performance liquid chromatography (HPLC) [Fig.
1(A)]. These compounds do not form in hepatic extracts of
control mice when Cg, is added to liver homogenates, indicat-
ing that they are not formed during the extraction procedure
[Fig. 1(B)]. Absorption spectra of these metabolites [Fig.
1(C)] obtained from chromatograms reproduce spectra of Cg,,

derivatives of the 1,9-dihydrofullerene type, including C4,H, .”
Moreover, all these spectra exhibit a sharp band in the 410-
430 nm region [Fig. 1(C), insert] characteristic of meth-
anofullerene compounds, di- and tetrahydrofullerenes and
pseudo-dihydrofullerene derivatives resulting from cyclo-
additions.”

HPLC-MS

Mass spectrometric detection of the main compounds,
coupled with HPLC, using both atmospheric pressure chemi-
cal (APCI-MS) and electrospray (ESI-MS) ionization sources,
shows that they are Cg, derivatives (Fig. 2). APCI-MS spectra
obtained from the major peaks (from 1 to 7) all exhibit the
usual negative ion peak at m/z 720 accompanied by satellites
at 721, 722, and 723 [Fig. 2(4)] corresponding to 3C-
containing Cg,.® Furthermore, the mass spectra of peaks 3
[Fig. 2(B)] and x5 each exhibit an additional ion peak at m/z
1006 and 791, respectively, accompanied by satellites featuring
the same isotopic profile as that of Cg, .

Using an ESI source that is less energetic but less sensitive
than the APCI one under these conditions, the negative ion
peak at m/z 720 is detected only in the case of Cg,. Neverthe-
less, ESI-MS spectra of peaks 1, 3, x5 and 7 show several ion
peaks at m/z higher than 720 and exhibiting characteristic
Cqo-derivative profiles. Peaks 1 and 3 exhibit the same parent
ion peaks at m/z 1006, indicating that they correspond to
isomers of the same Cg, derivative. The first isomer is less
stable than the second one as its parent ion peak is not
observed in the APCI mode. ESI-MS of peak x5 [Fig. 2(C)]
gives the same parent ion at m/z 791 as with APCI-MS, while
peak 7 exhibits an ion peak at m/z 1244 with satellites charac-
teristic of a Cg, derivative [Fig. 2(D)].

MS/MS fragmentation

HPLC-APCI-MS/MS fragmentations of the ion peaks at m/z
1006 and 791 show that they correspond to Cg, derivatives
since they lead to the ion peak at m/z 720. The fragmentation
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Fig. 1 Chromatograms [(4) and (B), UV detection at 330 nm] and
corresponding visible spectra (C) of hepatic extracts. (4) From mice
treated with mCg,, at day 7 (SF = solvent front). (B) From untreated
mice spiked with mCg,. (C) UV/VIS spectra of (—) Cgq, (O) peak 1,
(@) peak 3 and (+) peak x,, obtained from A. The spectra of peaks 2,
4, 5, 6 and 7, not shown here, are identical with that of peak 1 and
those of peaks x, are identical with that of peak x,

analysis of the ion peak at m/z 1006 (Fig. 3) suggests that it is
formed by Diels—Alder cycloaddition of retinol on Cg,
(Scheme 1). The most significant fragmentation is that
occurring at the C? site, leading to the ion peak at m/z 817.

In vitro synthesis of a ‘main metabolite’

In order to check these findings, we have put ethanolic solu-
tions of retinol and retinyl palmitate in contact with mCg,.
When using concentrations of retinoids ten times higher than
those occurring in normal mouse livers® and amounts of Cgq
equivalent to the mean concentration observed at day 7 in
liver extracts of treated mice,® the expected reactions occur
with yields of about 1.0% and 0.1% conversion for retinol and
retinyl palmitate, respectively. The absorption chromatograms
(UV/VIS detection) of the reaction mixture, extracted under
the conditions used to extract liver samples, exhibit additional
peaks with retention times and UV/VIS and MS spectra iden-
tical with those of peaks 1 and 3, for retinol, and peaks 2, 5
and 7, for retinyl palmitate, obtained from the hepatic
extracts.

The Cg,-retinol adduct was then synthesised in order to try
to confirm the proposed reaction by NMR spectrometry.
When using dichlorobenzene as solvent and a Cg,-to-retinol
ratio equal to two, complete conversion was reached as shown
by HPLC analysis. Once purified, the solubilized Cg,—retinol
adduct was prone to a retro-Diels—Alder reaction. The freed
retinol can react again with Cg, or Cg,—retinol, leading to the
production of multiadducts. To prevent this cycloreversion,
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Fig. 2 Mass spectra obtained from chromatograms (see Fig. 1 for
chromatographic conditions). (4) APCI-MS spectrum of peak 1
(spectra of peaks 2, 4, 5, 6, 7 and Cg4,, not shown here, are identical
with that of peak 1). (B) APCI-MS spectrum of peak 3. (C) ESI-MS
spectrum of peak x5 . (D) ESI-MS spectrum of peak 7

which is a drawback for NMR analysis, excess Cq, was
needed.

NMR investigations

'H NMR spectrometry of the Cqy-retinol adduct shows 14
signals, appearing between 0.98 and 6.525 ppm. The most sig-
nificant signals are those corresponding to hydrogens of the
ethylenic system (one signal at 6.525 ppm corresponds to the
C* proton and a broad one at 6.1 ppm corresponds to the CS,
C8 and C° protons), the hydrogens of the ring linked to Cg, (a
very broad signal at 5.075 ppm for the hydrogen on C5 and a
broad one at 4.359 ppm for C?) and to the diastereotopic
hydrogens of C! [one at 5.075 ppm and a triplet centred at
4.74 ppm (4.76, 4.73, 4.71 ppm)]. These results reveal the
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Fig. 3 HPLC-APCI-MS/MS spectrum of the ion peak at m/z 1006
obtained from peak 3 (collision energy at 50% of the scale)
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Scheme 1 Proposed reaction between Cg, and retinol and proposed
fragmentation at the C? site of the ion peak at m/z 1006

expected structure, which confirms the proposed reaction
product (Scheme 1). 13C NMR spectrometry shows only 69
out of the expected 80 signals due to overlap of the excess Cg,
signal appearing between 155.547 and 13.106 ppm (results
available from author on request).

Retinoid liver contents of C¢,-treated mice

In order to investigate the effects of C4, on retinoid storage in
Cgo-treated mice, their liver retinol and retinyl ester contents
were analysed by HPLC. As compared with chromatograms
of control livers, those obtained from Cg,-treated mice show a
decrease of the peak areas of retinol and retinyl esters eluting
before retinyl palmitate, containing either polyunsaturated
chains or shorter chains than retinyl palmitate,® which sug-
gests that they reacted also with Cg,, .

Discussion

In animals, including humans, lipophilic xenobiotics must be
converted to polar derivatives before they can be excreted in
urine or bile.!® Redox reactions are a common route for intro-
ducing more polar groups and are often the first step in the

detoxification of xenobiotics.!® Alternatively, the initial step in
the metabolism of xenobiotics may consist simply of the
hydrolysis of a functional group, which leads directly to sub-
sequent excretion.!?

The Cq, biotransformation we report here does not follow a
usual redox metabolic path. Although unusual, this in vivo
Diels—Alder reaction could have been expected because inside
the liver C4, mainly accumulates in fat-storing (Ito) cells? that
are specialized towards retinoid storage.'? In normal liver, fat-
storing cells represent 5%—-8% of all liver cells and contain
about 75% of the total retinoids.!> Within these cells, Cg, is
in close contact with high concentrations of retinoids provid-
ing optimal reaction conditions. Consequently, the negative
ion peak at m/z 1244 may be ascribed to the deprotonated
negative ion of Cg,—retinyl palmitate (720 + 524,85). In the
same way, the ion peak at m/z 791 probably corresponds to a
triply charged adduct resulting from the addition of three
retinyl oleates (MW =550.89) to Cgo{[720 + (550.89
x 3)1/3 = 790.89}.

The isomerisation of the Cgy,—retinol adduct may proceed
through a base-induced rearrangement. Indeed, triethylamine
treatment of the silica gel used to purify the synthesised
Cgo—retinol adduct by flash chromatography led to partial
isomerisation of the adduct corresponding to peak 3 of Fig. 1
as shown by HPLC analysis. Triethylamine can promote the
departure of the C° proton and the resulting anion can then
be protonated at C3 or C3. The protonation at the C* site
introduces conjugation with the side chain (Scheme 1), which
might explain the observed differences between the electronic
absorption spectra of these isomers [Fig. 1(C)] and the rela-
tive stability of the second one during APCI-MS analyses.

Peaks 4 and 6, which exhibit UV/VIS spectra identical with
those of peaks 1, 2, 5 and 7 (Fig. 1), could then be ascribed to
the addition of these retinyl esters to Cg4,. In the same way, as
the other shorter time peaks (from x, to x,) exhibit UV/VIS
spectra identical to that of the x5 peak (Fig. 1), they were
ascribed to compounds formed from the multiple addition of
retinol and retinyl esters to Cg -

Conclusions

The experimental results reported here lead to an important
conclusion: Cg, does not remain unchanged in vivo, since it
can react with retinoids. It now remains to investigate whether
these Cg, biotransformations are followed by elimination of
these ‘metabolites’. In any case, the observed additions show
that C4, can react outside the usual redox metabolic path-
ways and that the Diels—Alder reaction can occur in vivo.

Experimental

We used the same reagents and materials as described pre-
viously for C¢, quantitation in tissues.® Retinol, retinyl acetate
and retinyl palmitate were provided by Sigma (Sigma-Aldrich
Chimie, France).

Animal and sample preparation

After intraperitoneal administration of a micronized Cg4, sus-
pension (mCy, at 100 mg ml~!) into Swiss mice, liver samples
were collected at day 7 and stored as described previously.®
About 100 mg of liver (cut from the right lobe) was placed
in a tissue pulverizer and 1 ml of an aqueous 0.9% NacCl solu-
tion added. After homogenization, the pulverizer content was
transferred into a 5 ml glass tube. At this stage, the homoge-
nate obtained from the control liver sample (untreated mice)
was spiked with 100 pl of the mCgy, diluted in aqueous 0.9%
NaCl (1:9, v/v). Then, the resulting homogenate was mixed
with 2 ml of acetone and 1 ml of toluene and the mixture
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agitated for 30 s at room temperature in the dark. After cen-
trifugation at 3000 g and —4°C for 10 min, the supernatant
was collected and evaporated at 38 °C under a stream of nitro-
gen. Finally, the dry residue was dissolved in 0.2 ml of the
mobile phase for hepatic extracts of treated mice or 1.0 ml for
control samples, before injection of 0.1 ml into the chromato-
graph.

For retinol and retinyl ester analyses we used the same
mixture of acetone—toluene; 15 min of agitation allowed lipid
fractions to be extracted. The dry residue obtained after
evaporation of the supernatant was then dissolved in 0.5 ml of
methanol before injection of 0.1 ml into the chromatograph.

Chromatography

Chromatographic analyses of C60 and its derivatives were
performed at ambient temperature as described previously:®
isocratic elution (acetonitrile-toluene, 58 : 42, v:v) at 0.8 ml
min~ 1,

Analyses of retinol and retinyl esters in hepatic extracts
were achieved using a gradient elution (100% methanol
during 10 min, then from 0 to 30% toluene in methanol within
10 min and 30% toluene in methanol during 10 min) at

ambient temperature and 0.8 ml min~*.

MS detection

Analyses were performed in the negative ionization mode on
the same instruments as described previously.® We used both
ESI and APCI sources with the following instrumental set-
tings: needle voltage —4.0 kV, heated capillary temperature
220°C, flow of the N2 sheath gas 80 units and flow of the N2
auxiliary gas 2 units, for ESI mode and source current 4.5 mA,
heated capillary temperature 220°C, vaporizer temperature
450 °C, flow of the N2 sheath gas 20 units and flow of the N2
auxiliary gas 2 units for APCI mode. Full scan spectra (300—
1800) were acquired with a maximum ion injection time of 200
ms.

In vitro synthesis of the C60-retinol adduct

We used argon-saturated 1,2-dichlorobenzene as solvent and a
C60-to-retinol ratio equal to 2. After 24 h stirring at 30°C in
the dark under argon, the reaction mixture was poured slowly
into argon-saturated acetonitile under stirring. The resulting
brown suspension was filtered on a sintered glass under a
stream of argon and the precipitate dried in the dark under
vacuum. HPLC analysis of this residue showed that it consist-
ed of 54% Cg, and 46% Cg,—retinol adduct (based on the
relative areas of the two peaks) exhibiting identical retention
times and spectra (UV and ESI-MS) as the isomer corre-
sponding to peak 1 obtained from the hepatic extract. For
NMR investigations, this residue was used without further
purification. The C4,—retinol adduct could be purified by flash
chromatography on silica gel deactivated with 15% sodium
acetate using a mixture of hexane—toluene (50 : 50, v : v) as the
mobile phase.

'H NMR (400 MHz, CS,, 25°C, CDCl;) &: 6.525 (d,
3J = 1.5 Hz, 1H, H%, 6.1 (m, 3H, CH®!%1'), 5075 (m, 2H,
CH,! and CH?), 4.74 (dd appearing as a t, 1H, CH,1), 4.359
(large pic, 1H, CH?), 2.486 [s, 3H, (CHj;)?*?], 2.03 [s, 3H,
(CH,)?'7,2.00 [t, J = 6.2 Hz, 2H, (CH,)**], 1.719 (b, 1H, OH),
1.63 [m, 2H, (CH,)'*], 1.618 [s, 3H, (CH;)*°], 1.48 [m, 2H,
(CH,)'®], 1.026 [s, 3H, (CH;)'®], 0.98 [s, 3H, (CH,)'°]. 13C
NMR (130 MHz, CS,, 25°C, CDCl,) & 155.547, 155.339,
153.649, 153.268, 147.135, 146.967, 146.901, 146.546, 146.200,
146.112 (2C), 145.888, 145.816, 145.774 (2C), 145.615, 145.523

992 New J. Chem., 1998, Pages 989992

(2C), 145317, 145.124, 145.055 (2C), 144.964 (3C), 144.892,
144.364 (2C)144.247, 144124, 143(Cq,), 142.436, 142.390,
142.335, 142.279, 141.965, 141.947, 141.863, 141.827, 141.809,
141.621, 141.566, 141.489, 141.147, 141.120, 141.069, 141.033,
140.35, 138.756, 138.673, 138.437, 138311, 138.130, 137.181,
136881 (CH), 130487, 1300.161 (ODCB = o-dichloro-
benzene), 128.638, 127.215 (ODCB), 126.537 (CH), 74.193,
69.5721, 62.792, 50.676, 45.764, 39.322, 33.745, 32.902, 28.61,
28.561, 21.482, 19.507, 13.106.
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