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Abstract

Pulse radiolytically generated halogenated alkylperoxyl radicals, namely CCl OO?, CBr OO?, CHCl OO?,3 3 2
CHBr OO?, etc. have been employed for a study of the oxidation of b-carotene in a quaternary microemulsion. All2

Ž .these halogenated alkylperoxyl radicals produce a radical cation absorption maximum at 840 nm , either via the
Ž .initial formation of an adduct absorption maximum at 740 nm , or by direct reaction. There was a considerable blue

shift of both absorption peaks in the present system as compared to those earlier reported in non-polar as well as in
micellar media. An additional intense absorption peak at approximately 345 nm was noted at a longer time scale and
was stable up to 5 ms. On irradiation with a large number of electron pulses, a stable product with an absorption
maximum at 315 nm appeared. On excitation at 315 nm, this product gave a fluorescence spectrum with an emission
maximum at 525 nm. The absorption and fluorescence spectra of the stable product compared with those of retinol;
this was further confirmed by HPLC analysis. A suitable mechanism has been proposed. Q 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

There is growing evidence that retinoids, and
perhaps carotenoids, can be anti-carcinogenic. As
is to be expected, considerable attention has been
given vis-a-vis the intake and metabolism of pre-`

Ž .formed vitamin A retinal, retinol and its esters
and carotenoids possessing pro-vitamin A activity.
Between these two classes of compounds, the
retinoids have drawn extensive attention for their
cancer prevention activities. Available data sug-

w xgest 1 that retinoids can protect the advanced
w xstage of neoplastic progression 2 and, depending

on their concentration in blood level, can reduce
cancer risk. It has been rationalised that retinoids

Ž .can: i suppress the malignant behaviour of cells
transformed with viruses, chemicals and ionising

Ž .radiation; ii delay or prevent the onset of cancer
for animals treated with DNA-binding carcino-

Ž .gens; and iii suppress some of the biochemical
w xreactions causing tumour promotion 3 .

In contrast to the retinols, however, the exact
role of the lipid-soluble natural carotenoids, viz.

Ž .b-carotene b-C , against cancer risk is still specu-
w xlative and controversial 4 , although these are

well-known as ubiquitous free radical quenchers
w x Ž5]7 . Indeed, the efficacy of b-C and other

.carotenoids as anticarcinogens and for the pre-
vention of cardiovascular diseases have been at-
tributed to their antioxidant properties in combi-

w xnation with immuno-modulatory activity 8,9 .
However, the antioxidant effect of b-C has yet to
be proven in humans.

Ž .It would be of relevance to address: i the
Ž .direct effect of b-C on cell differentiation; ii

other types of protection of tissues, e.g. against
Ž .singlet oxygen, superoxide, etc.; or iii the con-

version of b-C to retinol-type molecules. Amongst
these, the first two factors have been studied to
some extent, and a correlation between b-C in-
take and lowering risk of both cancer and heart
diseases have been established by epidemiological

w xstudies 10,11 . The b-C and several other
carotenoids appear to upregulate the gap junctio-
nal intercellular communications and chemically
suppress induced neoplastic transformation.

w x12,13 . Whether these biological effects are
caused by b-C itself, or by some of its metabolites,
like the retinoids, is still not clear. This factor
might be very crucial, considering the established
efficacy of retinoids in cancer prevention.

b-Carotene is known as ‘provitamin A’ due to
its conversion into retinal by the enzyme dioxyge-

w x w xnase via its central 14,15 or excentric 16 cleav-
w xage. This has even been demonstrated 17 by in

vivo tests with vitamin A-deficient animals. Sur-
prisingly, although the enzyme is present chiefly
in the intestine and possibly in the liver, accumu-
lation of vitamin A has been noticed in many

w xtissues in mice 18 . This leads to the speculation
as to whether it is possible that vitamin A can
also be derived from b-C by some purely chemi-
cal protocol. This question can be addressed by
focusing investigation on the interaction of b-C

Ž .with various reactive oxygen species ROS .
Earlier, the interaction of ROS with b-C has

been investigated in aqueous]organic solvents,
w xmicellar membranes using flash photolysis 19 , or

w xpulse radiolysis 20,21 . All these studies revealed
easy oxidation of the polyolefinic system of b-C
by halogenated alkylperoxyl radicals, generating a

w x?qradical adduct and cation b-C . In an attempt
to mimic the in vivo system, the present pulse
radiolytic study was carried out in a quaternary
microemulsion. The water pool in the microemul-
sion mimics the water pockets often found in
various bio-aggregates, such as proteins, mem-

w xbranes and mitochondria 22 . There is strong
evidence about the structural similarity between
protein embedded in phospholipids and surfac-
tant aggregates in a microemulsion. The enzymes
incorporated in the aqueous core of the reverse
micelles are protected against denaturation
w x23]25 . Moreover, interfacial reactions of the
lipid-soluble biomolecules solubilised in the or-
ganic phase can be easily studied in these sys-
tems. To the best of our knowledge, this is the
first report on the peroxyl radical-mediated oxida-
tion of b-C in a microemulsion system. The mi-
croemulsion used for the study was composed of

Ž .sodium lauryl sulphate 3.23% wrv , cyclohexane
Ž . Ž .75% vrv , water 6.45% vrv and 1-pentanol
Ž .15.32% vrv .
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2. Experimental

2.1. Materials

Ž .b-Carotene b-C and retinol were purchased
from Sigma and used as such. Spectroscopic grade
1-pentanol was obtained from Fluka. All other
chemicals used were of analytical reagent grade.
The solvent used was freshly prepared deionised

Ž y1 .‘nanopure’ water conductivity 0.06 mS cm .

2.2. Methods

The pulse radiolysis system using single pulses
of 7-MeV electrons has been described earlier
w x26 . The width of the pulse was 50 ns. The
dosimetry was carried out using air-saturated 5=

y2 y3 Ž 3 y110 mol dm KSCN G s21 522 dm mol«
y1 . w xcm per 100 eV at 500 nm 27 . The kinetic

spectrophotometric detection systems covered the
wavelength range from 250 to 1100 nm. The opti-
cal path length of the cell was 1.0 cm. The
doserpulse was 15 Gy. The bimolecular rate con-
stants given were obtained from the slope of the
plot of the pseudo first-order rate constants ob-
tained at different b-C concentrations, using a
minimum of five points. Microemulsions were
prepared just prior to each experiment.

2.3. HPLC analysis

The HPLC analyses were carried out with a
Bruker instrument. Both retinol and b-carotene
were analysed on a reverse phase RP-18 column
ŽLichroCART 250-4 Lichrosphere, 5 mm, 4=250

.mm, E. Merck, Germany with acetonitrilerwater
as the mobile phase. The best resolution of the
peaks for retinol and b-carotene was achieved

Ž .using acetonitrilerwater 9:1 vrv with a flow rate
of 1.0 ml miny1. The peaks were detected at 305
nm using a UV-visible absorption detector and
identified by comparison with those obtained from
standard retinol and b-carotene samples. For
quantification of the retinol formed, the peak was
detected at 325 nm and the yield of retinol as-
sayed by external calibration.

3. Results and discussion

In the present study, CCl OO? was chosen as3
w xthe ROS, as CCl is one of the best-studied 284

endogenous toxicants in biological systems. CCl4
is easily activated by the omnipresent NADPH-
cytochrome P-450 system, generating CCl? and3
CCl OO?, the latter being implicated for acute3
cell death. Although the reduction potential of

? w xthe CCl OO radical is 1.5 V 29 , which is on the3
high side compared to the physiologically relevant
peroxides, and the tert-butylperoxyl radical might
have been a better choice as a model peroxyl
radical, we have still used the CCl OO? radical as3
a representative one for its inherent simplicity in
performing the experiments. Moreover, this radi-
cal had been used earlier to study a very impor-
tant biophysical phenomenon, namely free radical

w xinteraction between vitamin E and vitamin C 30 .
In an earlier report, we studied the generation

and kinetics of hydrated electrons in a quaternary
w xmicroemulsion 31,32 . In this medium, the hy-

drated electrons are produced via the following
two-step reactions:

captured by
water pool

q y yC H ªC H qe }}}}}) e6 12 6 12 aq

y ?Ž .H O water pools ªe qOH2 aq

The OH? radicals produced in situ are scav-
enged by pentanol present in the system. The
hydrated electrons subsequently react with CCl4
in the presence of oxygen to furnish the halo-
genated alkylperoxyl radicals as shown below:

eyqCCl ªCCl?aq 4 3

? ?CCl qO ªCCl OO3 2 3

The other possible source of CCl OO? radicals3
can be direct scavenging of dry electrons from the
oil phase by CCl following the addition of oxy-4
gen.

The formation of the halogenated alkylperoxyl
radicals in the microemulsion was confirmed from
the typical radical cation peaks of bilirubin, DNA

w xbases 33 , etc., generated by their oxidation in
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Fig. 1. Transient absorption spectra obtained from an air-
Ž .saturated microemulsion solution w s32 at two different0

b-carotene concentrations, containing 5=10y2 mol dmy3

Ž .CCl at 50 ms after the electron pulse. Dose, 15 Gyrpulse. a4
y4 y3 Ž . y5 y31=10 mol dm and b 1=10 mol dm b-carotene.

Inset: time-resolved absorption spectra within a narrow wave-
Ž . Ž .length region for the transients obtained at: a 5; b 15; and

Ž .c 80 ms after the electron pulse.

the presence of CCl . Since the above system4
ensures the exclusive formation of the above radi-
cals, the oxidation of the biomolecules might be
caused exclusively by the halogenated alkylper-
oxyl radicals.

The transient absorption spectra recorded at 50
ms following the reaction of the CCl OO? radical3
with all-trans b-C are shown in Fig. 1. Earlier, in

w xsimilar studies 19]21 with b-C, the transient
absorption spectra were shown in the wavelength
range above 550 nm only. In contrast, to gain
more insight into the oxidative process and to
search for the evolution of the radical cation, we
have measured the full range spectrum from 300
to 900 nm. Interestingly, in addition to the
bleaching region, three distinct absorption peaks
were noted. The difference in kinetics for the
formation and decay of these peaks suggest that
they belong to three independent species. The
first absorption peak formed at 740 nm was as-

w x?cribed to the addition radical CCl OO]b-C ,3
while the slowly forming absorption peak at 840

w x?qnm could be due to the radical cation b-C .
This is supported by the mechanism suggested by

w xHill et al. 34 , and is shown prominently in the
inset in Fig. 1. Some selective oscilloscope traces
for the transients are shown in Fig. 2. However,

w x?q Žthe formation of the b-C species absorption

.peak at 840 nm seemed to involve a two-step
Ž .process, which is not clear in Fig. 2B b . To probe

this aspect, the radiolysis experiment was carried
out over a smaller wavelength range in a shorter

Ž .time inset Fig. 1 . It was found that at an early
Ž .stage 5 ms , both the above absorption peaks

were present. Thus, the radical adduct and the
radical cation were formed due to direct interac-
tion of the CCl OO? radical and b-C. Even at a3

Ž .later time 15 ms , growth of the trans-
ients continued. At a comparatively later stage
Ž . ?80 ms , when there was no CCl OO radical3
present in solution, the peak due to the radical
adduct started decreasing. However, the growth

w x?qof b-C continued, suggesting that this is
formed both by a direct route as explained above
and also through the intermediate radical adduct.

Fig. 2. Absorption vs. time plot for the transients obtained
Ž .from an air-saturated microemulsion solution w s32 con-0

taining 1=10y4 mol dmy3 b-carotene and 5=10y2 mol
y3 Ž . Ž . Ž . Ž .dm CCl . A , formation: a 740; b 840; and c 345 nm.4

Ž . Ž . Ž . Ž .B , decay: a 740; b 840; and c 345 nm.
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Table 1
Formation and decay constants of the transients formed in the reaction of b-carotene with halogenated peroxyl radicals

aRadical Monitoring Formation Decay constant
y1Ž . Ž .wavelength constant k 2kr« l s2

3 y1 y1Ž . Ž .nm dm mol s

? 9 4CCl OO 740 1.6=10 6.3=103
8 2840 7.2=10 9.0=10
8345 4.3=10 Not observed

? 9 4CBr OO 740 3.3=10 9.0=103
9 2840 7.6=10 8.2=10
9345 3.2=10 Not observed

a Due to the inherent complexity in the microemulsion system it is difficult to give an exact «.

Surprisingly, in contrast to the earlier observation
w x34 , the absorption peaks in the present study
were blue-shifted, not only in hexane medium,
but also in an aqueous 2% Triton-X 100 solution.
Possibly, this shift is caused by the residence of
the radical cation in the inner region of the
palisade layer. b-Carotene is present in the oil
phase or in the palisade layer, as it is barely
soluble in water. The radicals are produced chiefly
in the water phase, and these start diffusing
through the palisade layer where the reaction
occurs and the transients are produced. Along
with the surfactant molecules, the palisade layer
also contains 1-pentanol, which provides a polar
environment to the radicals, causing the remark-
able blue shift in their absorption spectra. The
bimolecular rate constants for the formation of
different transients are given in Table 1.

Most of the above observations, except the blue
shift of the transient absorption spectra, were in

w xconformity with the earlier reports 34 . However,
the most striking feature of the present study was
the appearance of a new absorption band in the
UV region with an absorption maximum at 345
nm. This absorption peak was very intense, ap-
peared at a comparatively later time, and was
stable up to 5 ms. The oscilloscope traces of the

Ž . Ž .absorption peak are shown in Fig. 2A c and B c .
When the solute was kept for 10 min, the solution
started to show an absorption in the same region
as in the transient spectra, thereby indicating the
formation of a stable product. To characterise the
product, radiolysis was carried out with a large
number of 50-ns pulses and the steady-state ab-

sorption and fluorescence spectra were recorded.
Fig. 3a shows the steady-state absorption spec-

Ž . Ž .Fig. 3. a Steady-state absorption and b fluorescence spec-
tra recorded after continuous pulse irradiation of an air-

Ž .saturated microemulsion solution w s32 containing 5=0
10y5 mol dmy3 b-carotene and 5=10y2 mol dmy3 CCl .4

Ž .Cumulative dose 4.8 kGy thiocyanate dosimetry .
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trum obtained from the microemulsion solution
containing 10y4 mol dmy3 b-C and 5=10y2 mol
dmy3 CCl with a cumulative irradiation dose of4
4.8 kGy as measured by thiocyanate dosimetry on

Ž .a single pulse. A broad peak Fig. 3a beginning
at 280 nm and culminating at 380 nm with the
absorption maximum at approximately 305 nm
was observed. The spectral characteristics indi-
cated a strong resemblance to those due to retinol.
In order to confirm this, the product was excited
at 315 nm, and a strong fluorescence spectrum

Ž .with a maximum at 525 nm Fig. 3b was ob-
tained. Previously, the fluorescence spectrum of
retinol has been studied extensively by several
groups. These revealed that there was no mirror-
image relationship in the fluorescence spectrum,
and a definite energy gap between the absorption
and emission spectra was reported. Hudson et al.
w x35 have explained this by postulating the pres-
ence of a low lying 1A -state, which leads to ang
internal conversion after the initial p]pU transi-
tion takes place, thus accounting for the anomalies
in the spectral lifetime. The fluorescence charac-
teristics of the present product matched exactly

w xwith those previously reported 35 , the difference
between the absorption and emission maxima be-
ing )150 nm. Final confirmation of the product
composition was arrived at by carrying out HPLC
analysis. For this, the HPLC analyses were car-

Žried out with a reverse phase RP-18 column col-
.umn details in Section 2.3 using different eluent

systems and flow rates. Mixtures of aceto-
ŽnitrilerH O in different compositions 5, 10, 122

.and 15% were tried as the eluent system, while
the flow rates were varied from 0.5]2.0 ml. It was
found that the eluent system, acetonitriler

Ž .H O 9:1 with a flow rate of 1.0 mlrmin could2
efficiently resolve the peaks of b-carotene and
retinol, having retention times of 12.34 and 8.68
min, respectively. Under the same conditions, the
reaction mixtures were analysed and the chro-
matographic profiles compared with those of the
standard samples. For estimation of the amount
of retinol formed, a standard graph was first plot-
ted using pure retinol, and the peak areas of
retinol formed in the reaction were compared. To
optimise the maximum yield of retinol, pulse radi-
olysis was carried out with 200, 400 and 600

Ž .pulses 50 ns duration . The best yield of retinol
Žwas obtained with 400 pulses cumulative dose of

.4.8 kGy according to thiocyanate dosimetry .
While a lower number of pulses led to a very poor

Ž .yield 5]7% of the product, a higher dose re-
sulted in the degradation of the retinol produced.
A quantitative assay of the product formed was
also carried out using the external standard tech-
nique and, at best, 16]18% retinol formation was
noted under the optimised conditions.

It is known that in the reaction of peroxyl
radical with b-C a number of products were iden-

w xtified by systematic product analysis 36]38 . Ac-
w xcording to Mordi et al. 37 , the main products in

the early stages of the oxidation were 5,6-epoxy-
b-carotene, 15,159-epoxy-b-carotene, diepoxides
and a series of b-apo-carotenals and carotenes.
As the oxidation proceeds, the longer chain b-
apo-carotenals are oxidised to shorter chain car-
bonyl compounds, b-apo-13-carotenone, b-
ionone, etc. The 15,159-epoxy-b-carotene as the
product of peroxyl radical oxidation was first

w xidentified by Kennedy and Liebler 36 , and has a
maximum in its absorption spectrum at 330 nm.
In the present study, the product has a broad
absorption spectrum peaking at approximately 315
nm, and no other peak at higher wavelengths has
been observed. The broadness of the spectrum
indicates that it is composed of a number of
compounds along with retinol. However, we have
concentrated on retinol as one of the components
in this product absorption spectrum, and this was
confirmed by fluorescence spectroscopy, as well as
by HPLC analysis. All the earlier studies confirm
that, in addition to other sites, the 15,159 position
is also a site of attack in b-carotene for bulky
peroxyl radicals. This possibly explains the forma-
tion of retinol in this study. This argument gained
further credence by the fact that a similar reac-
tion profile was still obtained with other bulky
peroxyl radicals, viz. CBr OO?, CHCl OO?, and3 2
CHBr OO?.2

In conclusion, the present study shows evidence
for the formation of retinol from b-carotene by a
non-enzymatic oxidative pathway during its role
as an antioxidant. This might also explain the
presence of retinol in organs other than the intes-

w xtine and the liver, as found earlier with mice 20 .
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