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Inhibition of growth and cholesterol
synthesis in breast cancer cells by
oxidation products of b-carotene
Xiaoming Hu, Kevin M. White, Neil E. Jacobsen,* David J. Mangelsdorf,† and
Louise M. Canfield

Departments of Biochemistry and *Chemistry, University of Arizona, Tucson, AZ USA; and†The
Howard Hughes Medical Institute, University of Texas Southwestern Medical Center at Dallas,
Dallas, TX USA

We have isolated and chemically characterized a polar oxidation product ofb-carotene and tested the effect of
a highly enriched fraction containing this compound on the growth and metabolism of breast cancer (MCF-7)
cells. This fraction strongly inhibits cell growth and cholesterol synthesis in MCF-7 cells. Pretreatment of the
cells with mevalonate overcomes inhibition of cell growth by the oxidized fraction. Addition of the antioxidant
butylated hydroxytoluene protects against inhibition of the growth of MCF-7 cells byb-carotene but not by the
oxidized fraction. Pretreatment of cells with mevalonate overcomes inhibition of cell growth by oxidation
products ofb-carotene but not by retinoic acid. The oxidized fraction neither stimulates activity nor inhibits
binding of retinoic acid to its nuclear receptors (RXR-a, RXR-b, RXR-g, RAR-a, RAR-b, RAR-g, and peroxisome
proliferation receptors) in transfection assays. Mevalonate does not protect retinoic acid-induced growth
inhibition of MCF-7 cells. The major compound in the inhibitory fraction was identified by mass spectrometry
and nuclear magnetic resonance spectroscopy as 5,8-endoperoxy-2,3-dihydro-b-apocarotene-13-one. Our data
suggest that theb-carotene oxidation products we have isolated represent a class of compounds not previously
described with potential antineoplastic activity.(J. Nutr. Biochem. 9:567–574, 1998)© Elsevier Science Inc.
1998
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Introduction

Long-term dietary consumption of fruits and vegetables
high in b-carotene is associated with a lowered risk for
cancer and heart disease.1,2 In addition, in rats, mice, and
hamsters, supplementation with carotenoids prior to initia-
tion by ultraviolet (UV) or chemical carcinogens prevents
tumorigenesis.3,4 In cultured cells, carotenoids promote the
synthesis of transmembrane proteins and inhibit cell divi-
sion and growth of transformed cells.5,6 However,b-caro-

tene supplementation does not protect against human heart
disease or cancer.

An hypothesis that has not previously been explored is
that oxidation products ofb-carotene are responsible for its
anticancer activities. To test this hypothesis, we have
oxidized b-carotene under controlled chemical conditions.
From this mixture we have isolated, and chemically char-
acterized by mass spectral and nuclear magnetic resonance
(NMR) spectroscopy, a major oxidation product ofb-caro-
tene. Using a fraction highly enriched in this product, we
have assessed its effect on growth and cellular metabolism
in breast cancer (MCF-7) cells.

Materials and methods

Reagents

b-Carotene (.97%) was obtained from Fluka Biochemical Co.
(Ronkonkoma, NY USA); 3-chloroperoxybenzoic acid (mCPBA)
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and 2,6-di-tert-butyl-4-methyl-phenol (BHT) were from Aldrich
Chemical Co. (Milwaukee, WI USA); dichloromethane and ace-
tonitrile (ACN) were from Mallinckrodt Specialty Chemical Co.
(Paris, KY USA); methanol (MeOH), tetrahydrofuran (THF), and
hexane were from Baxter Health Care Co. (Muskegon, MI USA);
ethyl acetate was from EM Science (Gibbstown, NJ USA); fetal
bovine serum was from HyClone Lab Inc. (Logan, UT USA); and
14C acetate was from Amersham Corporation (Arlington Heights,
IL USA). All other reagents were analytical grade or better and
were purchased from Sigma Chemical Co. (St. Louis, MO USA).

High performance liquid chromatography analysis

High performance liquid chromatography (HPLC) analysis was
performed using a Waters Associates chromatographic pump
(model 510, Waters Corp., Milford, MA USA) equipped with a
C18-120A-ODS 103 250 mm reversed phase columns (4.63 250
mm, 103 250 mm or 203 250 mm) (YMC, Morris Plains, NJ
USA), and a Sperisorb-CN 5m (4.6 3 250 mm) normal phase
column (Alltech, Deerfield, IL USA). Detection was at 325 or 280
nm using a photodiode array detector (Model 1040A, Hewlett-
Packard Corp., Avondale, PA USA).

Mass spectral analysis

HPLC-mass spectrometry spectra were obtained using a Finnigan
TSQ 7000 mass spectrometer (San Jose, CA USA) equipped with
an atmospheric ionization source and electrospray and atmospheric
pressure chemical ionization probes. Samples were introduced into
the HPLC-MS system using the HPLC column conditions outlined
above. The mass spectrometer was scanned from 100 to 1000
daltons in 1 second. The collision induced dissociation (CID)
MS-MS spectra were obtained by connecting the mass spectrom-
eter to the HPLC system with the column removed. The mobile
phase used for these flow injection experiments was methanol at a
flow rate of 0.5 mL/min. The precursor ions were selected in the
first mass analyzer of the TSQ 7000. CID was accomplished in a
radio frequency (RF)-only collision cell with a gas pressure of 1
mTorr of argon and a collision energy of 25 eV. The scan range on
the last mass analyzer was from m/z 50 to 10 amu above the
precursor mass at a scan rate of 3 seconds per scan. The data were
co-averaged for 45 scans to improve signal-to-noise ratio.

Nuclear magnetic resonance analyses

NMR spectra were acquired on a Bruker AM-500 spectrometer
operating at a1H frequency of 500.13 MHz, using an inverse
broadband 5 mm probe with temperature regulation at 30°C.
Two-dimensional (2D) spectra were acquired in time proportional
phase incrementation (TPPI) mode7 with 2048 complex data
points in t2 and 750 real datapoints in t1. For heteronuclear
experiments, no13C decoupling was used during acquisition. A
skewed 45 degree-shifted sine-bell window was used for hetero-
nuclear 2D spectra and an unshifted sine-bell was used for the
double quantam filtered correlation spectroscopy (DQF-COSY)
spectrum. The residual CHCl3 peak wasused as a reference for1H
(7.24 ppm) and13C (77.0 ppm), and as a quantitation standard
(calibrated with a sample of methyl nicotinate).

Oxidation ofb-carotene and analysis of products

Varying the time, temperature, andmCPBA:b-carotene ratio (1:2
to 5:1, w/w) revealed that incubation with a ratio of 2:1 and
mCPBA:b-carotene (w/w) for 60 minutes at 25°C provided the
optimal yield of the fraction of interest (approximately 0.02% of
starting material).b-Carotene (typically 500 mg/reaction) was
oxidized withmCPBA in methylene chloride (1:2:12 w/w/v) for 40
minutes at 25°C. Following the reaction, 2 g sodium carbonate was

added and the mixture held at room temperature for 30 minutes
and separated by centrifugation (20,0003 g, 2 min). The super-
natant was removed, evaporated to dryness under nitrogen, and
suspended in 100% methanol (MeOH). Following a second cen-
trifugation step to remove hydrophobic compounds, the superna-
tant was fractionated on HPLC with a C18 120A-ODS 103 250
mm reversed phase column using a mobile phase of MeOH:
H20(80:20, v/v), eluted at 2.5 ml/min and detected at 325 nm
(Figure 1A). The major peak was collected and its UV maximum
was determined to be 280 nm. This product then was fractionated
on the same column at 0.5 ml/min in 100% ACN to four fractions
detected at 280 nm (Figure 1B).

Following elution from the column, UV profiles of the isolated
fractions were determined so that further HPLC elutions could be
monitored at the UV maxima of the compounds of interest.
Oxidation ofb-carotene produces a large number of hydrophobic
products, which have been described by others.8–10 In these
studies, however, only the polar fraction of interest (Figure 1A)
was collected. Injection of fraction 2 (Figure 1B) on HPLC in
MeOH:isopropanol (80:20, v/v) and ACN:aqueous ammonium
acetate 4.0 mM (97:3, v/v), using a Sperisorb-CN 5m 4.63 250
mm normal phase column at 1 ml/min, yielded fraction 2A as a
single peak (Figure 1C). Homogeneity of fraction 2A was verified
on three additional reversed phase systems and one normal phase
[hexane:ethyl acetate (95:5, v/v)] HPLC system. Because of the
time and expense required to produce large quantities of fraction
2A, this fraction was reserved for NMR and MS analyses. Fraction
2 was used for routine experiments, but results of all experiments
were verified at least once using fraction 2A.

A sample of mobile phase, designated “solvent control,” collected
at baseline adjacent each test fraction was carried through all subse-
quent phases of the experiment simultaneously with the test fractions.
Products and control samples were evaporated to dryness with
nitrogen and stored at –20°C until use (within 2 weeks of preparation).
Relative HPLC migration (k’) and UV spectra of fractions prepared
and stored in this manner were unchanged after 1 month.

For the purpose of comparisons with other test compounds,
concentrations of impure fractions were estimated using the molar
extinction coefficient ofb-ionone (eM 290 5 8700), ab-carotene
oxidation product with a UV absorption spectrum similar to that of
fraction 2.8

Cell culture

MCF-7 cells from human breast cancer tissue (Arizona Cancer
Center, Tucson, AZ USA), were maintained in tissue culture in
RPMI-1640 medium supplemented with 10% fetal bovine serum
and 100 U of both penicillin and streptomycin. Cells were
incubated at 37°C under 5% CO2 in air. Exponentially growing
cells (1 3 104) were seeded into flasks. After incubation for 24
hours, the medium was replaced with fresh medium containing test
compounds. The final solvent concentration in the media (THF or
MeOH) was 0.1% or less. Cells were released by trypsin treatment
and cell viability verified using Trypan blue dye exclusion.11 For
a single experiment, the number of cells was determined by
counting and averaging four separate microscopic fields on each of
three plates. Unless otherwise indicated, results are the average of
three experiments performed in this manner on separate days.

Protein concentrations were determined from cell lysates using
a modification of the Bradford dye-binding procedure.12

Cholesterol synthesis

Cholesterol synthesis in MCF-7 cells was assayed using a modi-
fication of a previously described method.13 Following incubation
of MCF-7 cells with14C acetate for 2 to 4 hours, cholesterol and
cholesteryl esters were extracted and esters hydrolyzed with
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cholesterol esterase. To provide a chromophore for UV detection
on HPLC, free cholesterol was oxidized to cholest-4-ene-3-one
using cholesterol oxidase. The fraction co-eluting with authentic
standard was collected and radiolabelled products were assayed by
scintillation spectrometry. Results were standardized to cellular
protein.

Nuclear receptor cotransfection assay

Expression plasmids for nuclear receptors were cotransfected with
luciferase reporter plasmids into CV-1 cells as previously de-
scribed.14 After transfection, cells were treated with solvent
(ethanol) or fraction 2. Transactivation results were expressed as
relative light units (RLU) normalized for transfection efficiency
using an internalb-galactosidase marker as a control.

Results and Discussion

Chemical characterization

Using the five HPLC systems described in Materials and
Methods, we could identify only a single compound in
fraction 2. Liquid chromatography/mass spectral analysis
(HPLC-APCI-MS-MS) again detected only a single com-
pound, yielding a collision-induced product ion of m/z at
291. The atmospheric pressure chemical ionization (APCI)
mass spectrum confirmed a molecular weight of 290 daltons

by the observation of MH1 at m/z 291. The CID MS-MS
results for the MH1 (m/z 291) are consistent with the
presence of three oxygen atoms in ab-apocarotene structure.

However, NMR analysis (heteronuclear multiple-quan-
tam correlation [HMQC], heteronuclear multiple-bond cor-
relation [HMBC]) revealed three compounds (Figure 2).
NMR analysis by one-dimensional1H-NMR, DQF-COSY,
[1H-13C] HMQC, and HMBC identified a major component
(0.75 mg, approximately 70% of total retinoids on a molar
basis) as 5,8-endoperoxy-2,3-dihydro-beta-apocarotene-13-
one (Structure1) (Figure 2 and Table 1). The HMQC
spectrum shows 13 protonated carbon resonances: five
methyl groups (s), three upfield methylene groups, a mono-
oxygenated methine group (d, JHH5 4 Hz, 1JCH5 141
Hz), and four olefinic methine groups (d, J5 4 Hz; d, J5
16 Hz; br d, J5 11 Hz; dd, J5 11, 16 Hz). The1H-1H
coupling information reveals two fragments: C|CH-
CH(OH)-C and C|CH-CH|CH-C, where in both cases
the first and last carbons are quaternary, and in the second
case the double bond CH|CH is trans. The presence of the
unsaturated ketone is suggested by the downfield-shifted
beta-methine (H-11) and terminal methyl (13-Me) proton
signals at 7.44 and 2.27 ppm, respectively. Finally, long-
range (two to three bond)1H-13C correlations from the

Figure 1 High performance liquid chromatography profile of oxidation products of b-carotene. Following oxidation with mCPBA in methylene
chloride for 40 minutes at 25°C, the reaction mixture was separated in (a) MeOH/H2O, 80:20 (v/v) and purified using (b) 100% ACN and (c)
hexane:ethanol (95:5, v/v) as described in Materials and Methods. Hash marks on (b) indicate the area of the peak that was collected.
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HMBC spectrum connected these fragments to each other,
to the remaining protonated carbons, and to five quaternary
carbon resonances including the ketone carbonyl carbon at
198.4 ppm (Table 1). The oxygen functionality at carbons 5
and 8 was assumed to be a cyclic peroxide because no OH
resonances were observed in the1H spectrum, and because
the mass spectrum showed a molecular ion of m/z 290 (a
5,8-diol would give m/z 292). In addition, reaction with
neither bis(trimethylsilyl)trifluoroacetamide (BSTFA) with
1% chlorotrimethylsilane (TCMS) nor diazomethane, com-
mon procedures for derivatization of hydroxyl functional-
ities, produce the expected products using fraction 2A as
substrate. The proposed structure(1) would result from 1,4
addition of a singlet oxygen equivalent to the 5,6,7,8 diene
and oxidative cleavage of the 13-olefin ofb-carotene. The
trans geometry of the 11-12 double bond was established by
the large (16 Hz) H-11/H-12 coupling.

Based on the analyses described above, the major com-
pound (approximately 70% by mass) was identified as 5,8-
endoperoxy-2,3-dihydro-b-apocarotene-13-one(1) (Figure 2).
The minor components have chemical shifts typical of

oxidized retinoids, but structural identification awaits final
separation of the mixture. Thus, although(1) (Figure 2) is
the major compound and fraction 2 could not be further
separated by HPLC analysis, we can unambiguously assign
the biological effects observed here only to oxidized Frac-
tion 2 and not specifically to(1).

Oxidation of retinol and retinoic acid

Retinoic acid is formed enzymatically in vivo fromb-car-
otene15 but also can be produced by chemical oxidation.8,16

Thus, it was important to determine whether the oxidation
products we isolated originated fromb-carotene or from
retinoic acid. To test this, in separate experiments, retinoic
acid was oxidized and the products fractionated using the
methods described above for chemical oxidation and frac-
tionation of b-carotene. No compound migrating in the
region of the chromatogram where fraction 2 eluted was
observed on oxidation of retinoic acid. Thus, we conclude
that the oxidation products we have identified and retinoic
acid are formed by different oxidation pathways.

Figure 2 One-dimensional proton nuclear magnetic resonance spectrum of fraction 2A in CDCl3. Peaks marked with an asterick (p) are due to a
minor (16%) component. Inset: Structure of (1).
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Effects ofb-carotene oxidation products on retinoic
acid receptors

To further compare actions ofb-carotene oxidation prod-
ucts with those of retinoids, we tested the effect of fraction
2 on retinoic acid receptors in COS-1 cells transfected with
retinoic acid receptors. Fraction 2 had no agonist or antag-
onist effect on RXR-a receptors (Figure 3). The same
results were observed for RXR-b, RXR-g, RAR-a, RAR-b,
RAR-g, or peroxisome proliferation (PPAR) receptors (data
not presented). Thus, inhibition of growth of MCF-7 cells
by retinoic acid and by oxidation products ofb-carotene is
apparently mediated by separate mechanisms.

Inhibition of growth and metabolism of MCF-7 cells
by oxidation products ofb-carotene

Samples of fraction 2 used for the experiments described
in Figure 4 were obtained from at least two oxidation
mixtures and the results were confirmed independently by at
least one other investigator in our laboratory. Fraction 2
strongly inhibited the growth of MCF-7 cells (Figure 4A).
Inhibition of growth of MCF-7 cells also was inhibited
strongly by retinoic acid and was comparable (IC50 of
approximately 2mM) to that reported in other breast cancer
cell lines.17,18b-Ionone, another oxidation product ofb-car-
otene,8 showed only weak inhibition of growth of MCF-7
cells. Growth of MCF-10A cells, an estrogen-negative
breast cancer cell line, was similarly inhibited by fraction 2
(IC50apparentof 20 6 2 mM, n 5 6).

BHT strongly protected MCF-7 cells against inhibition
of growth byb-carotene. When low concentrations of BHT
(2.53 10–5 %) were added to cells in the presence of 50mM
b-carotene, growth was inhibited by only 10% (Figure 4B)
as opposed to 50% inhibition byb-carotene alone. BHT had
no effect on the inhibition of growth by fraction 2 or on the
growth of control cells. In fact, growth curves for cells

treated with fraction 2 alone or fraction 2 with BHT were
essentially superimposable (Figure 4B). These data demon-
strate that oxidation ofb-carotene greatly enhances its

Table 1 Chemical shifts and coupling constants for (1)

1H (13C) d1H Multiplicity1 J(Hz) d13C HMBC crosspeaks

1-Me 1.14 s 30.47 C (1-Me9), C1, C6
1-Me9 1.11 s 27.52 C (1-Me), C1, C6, C2
2a 1.29 dd 14, 17 40.84
2b 1.55 br d 17 40.84
3a 1.66 m 18.62 C2
3b 1.71 t 16 18.62 C4
4a 1.16 dt 6, 16 35.34
4b 1.66 br d 16 35.34
(5) — — 79.80
5-Me 1.59 s 25.39 C4, C5, C6
(6) — — 149.90
7 5.55 d 4.0 114.72 C1, C5, C6, C8
8 4.66 d 4.0 82.08 C5, C6, C7, C10
(9) — — 147.77
9-Me 2.00 d 1.5 15.14 C8, C9, C10
10 6.16 dq 11.4, 1.5 125.48 C8, C(9-Me), C11, C12
11 7.42 dd 11.4, 15.7 138.48 C13
12 6.15 d 15.7 130.72 C9, C10, C13
(13) — — 198.35
13-Me 2.27 s 27.37 C13

1 s, singlet; d, doublet; dd, double doublet; t, triplet; dq, double quartet; m, multiplet; br, broad.

Figure 3 Effect of fraction 2 on RXR-a receptor activity. (Figure 3A)
Agonist activity. CV-1 cells tranfected with an RXR expression plasmid
(RSV-hRXRa) and a luciferase RXRE reporter (CRBPII-tk-LUC) were
treated with increasing concentations of fraction 2 (e) or 9-cis retinoic
acid (e)as a control. (Figure 3B) Antagonist activity. CV-1 cells were
transfected as in Figure 3A and treated with 10–7 M 9-cis retinoic acid
plus increasing concentrations of fraction 2 (e). Also shown is the dose
response to 9-cis retinoic acid alone as a control (e).

Oxidized products of b-carotene inhibit cell growth and metabolism: Hu et al.
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ability to inhibit proliferation of MCF-7 cells and suggests
that, in fact, oxidation products ofb-carotene are the active
compounds.

When media containing fraction 2 was replaced with
fresh media, growth resumed to control levels within 48
hours (Figure 5). This evidence demonstrates that adminis-
tration of fraction 2 did not result in death of the cells and
is consistent with metabolic inhibition.

For analysis of the effects of fraction 2 on cholesterol
synthesis, MCF-7 cells were labeled with14C acetate and
free cholesterol and cholesteryl esters were extracted as
described in Materials and Methods. Cholesteryl esters were
hydrolyzed, fractionated on HPLC, collected, and quanti-
tated by scintillation spectrometry. Addition of fraction 2
(approximately 20mM) to MCF-7 cells inhibited synthesis

of total cholesterol by 27.5% (62.1%,n 5 6) and growth by
approximately 60%. As shown inFigure 6, growth inhibi-
tion by fraction 2 was prevented by pretreatment with
mevalonic acid. In addition, protection by mevalonate was
dose-dependent, with growth restored to control levels by
the addition of 50mM mevalonate. In preliminary experi-
ments, addition of cholesterol did not protect against inhi-
bition of cell growth by fraction 2 (data not presented).
Addition of mevalonate did not protect against growth
inhibition of MCF-7 cells by retinoic acid (1.7mM) (Figure
6). These data corroborate the data reported above and
suggest separate mechanisms of action for retinoic acid and
the b-carotene oxidation products reported here.

We have not yet investigated the mechanism by which
oxidation products ofb-carotene inhibit cell growth and
cholesterol synthesis. However, requirements for meval-
onate, its metabolites, and hydroxy-methylglutaryl coen-
zyme A (HMGCoA) reductase activity for cell division19–21

are well documented, as is the inhibition of HMGCoA
reductase byb-carotene and its oxidation productb-ion-
one.22–25 This evidence, taken together with our data, is
consistent with the hypothesis that oxidation products of
b-carotene inhibit mevalonate synthesis, which is required
for DNA synthesis and cell proliferation.

There are well over 100 known oxidation products of
b-carotene,8 and most are produced in trace quantities.
Therefore, identification of oxidized products ofb-carotene
in vivo will require more sensitive techniques such as
recombinant technology or immunochemical assay. How-

Figure 4 Inhibition of cell growth and metabolism by oxidation prod-
ucts of b-carotene compared with b-carotene and retinol. (Figure 4A)
Inhibition of cell growth by oxidized products. Human breast cancer
cells (MCF-7), grown as described in Materials and Methods, were
harvested in their exponential growth phase (approximately 50% con-
fluency), washed twice, and seeded at 30,000 cells/mL in RPMI me-
dium containing (Œ) b-carotene, (n) b-ionone, (●) fraction 2, or (e)
retinoic acid. Cells were added to 96-well microtiter plates (200 mL per
well), cultured for 72 hours, and cell growth determined as described in
Materials and Methods. (Figure 4B) Protection by (BHT) of inhibition of
cell growth by b-carotene but not by fraction 2 (% of control). (n)
b-carotene, (e) b-carotene 1 BHT (250 ppb), fraction 2, (●) 20, (V) and
fraction 2 1 BHT (250 ppb). Control cells were treated with solvent
eluted from the high performance liquid chromatography column adja-
cent to the fraction of interest and treated identically to fraction 2 as
described in Materials and Methods. Date points are the average 6SDs
of experiments performed in triplicate.

Figure 5 Reversal of growth inhibition after removal of fraction 2. Cells
were incubated in the presence (●,Œ) or absence (n) of fraction 2 (20
mMapparent) as described in Figure 4. After 3 days, the medium was
removed from one set of cells (●) and replaced with fresh media only.
The remaining set (Œ) was maintained in the presence of fraction 2.
Control cells (n) were grown in the same media for the duration of the
experiment and were treated with solvent eluted from the high perfor-
mance liquid chromatography column adjacent to the fraction of inter-
est, as described in Materials and Methods. Data points are the average
6SDs of experiments performed in triplicate.
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ever, assessment of potential anticancer actions ofb-caro-
tene oxidation products does not rely on identification of
these compounds in physiologic quantities in vivo and
should be further explored. Such pharmacologic benefits are
well known for synthetic retinoids, with comparable chem-
ical structures.26–30

In summary, we have isolated and chemically character-
ized a polar oxidation product ofb-carotene and tested the
effect of a highly enriched fraction containing this com-
pound on the growth and metabolism of MCF-7 cells. This
fraction inhibits cell growth and cholesterol synthesis in
MCF-7 cells. BHT protects against inhibition of growth of
MCF-7 cells byb-carotene. However, BHT does not protect
against inhibition of growth by the oxidized fraction of
b-carotene. Treatment of cells with mevalonate protects
cells against inhibition of growth by the oxidized fraction of
b-carotene. Conversely, mevalonate does not protect
against inhibition of growth by retinoic acid. The oxidation
products ofb-carotene reported here are not produced by
oxidation of retinol or retinoic acid and cannot substitute for
retinoic acid in cotransfection assays. Collectively, the data
suggest that oxidation products ofb-carotene are members
of a class of nonsteroidal isoprenes with potential antineo-
plastic activity.

Acknowledgments

HPLC-MS results were provided by Dr. Thomas Mc-
Clure at the Analytical Core Laboratory of the Southwest
Environmental Health Sciences Center (grant ES06694).
We thank Ms. Ouattfa Chuffe for technical assistance.

References
1 Ziegler, R.G. (1989). A review of epidemiologic evidence that

carotenoids reduce the risk of cancer.J. Nutr. 19,116–122
2 Gey, K.F. (1990). The antioxidant hypothesis of cardiovascular

disease: epidemiology and mechanism.Biochem. Soc. Trans.
18,1041–1045

3 Krinsky, N.I. (1993). Actions of carotenoids in biological systems.
Annu. Rev. Nutr.13,561–587

4 Bertram, J.S. and Bortkieicz, H. (1995). Dietary carotenoids inhibit
neoplastic transformation and modulate gene expression in mouse
and human cells.Am. J. Clin. Nutr.62,1327S–1336S

5 Bertram, J.S., Pung, A.O., Churley, M., Kappock, T.J., Wilkins,
L.R., and Cooney, R.V. (1991). Diverse carotenoids protect against
chemically induced neoplastic transformation.Carcinogenesis
12,671–678

6 Zhang, L.X., Cooney, R.V., and Bertram, J.S. (1991). Carotenoids
enhance gap junctional communication and inhibit lipid peroxidation
in C3H/10T1/2 cells: Relationship to their cancer chemopreventive
action.Carcinogenesis12,2109–2114

7 Cavanagh, J., Fairbrother, W.J., Palmer, A.G., III, and Skelton, N.J.
(1996).Protein NMR Spectroscopy, Principles and Practice.Aca-
demic Press, San Diego, CA, USA

8 Mordi, R.C. and Walton, J.C. (1993). Oxidative degradation of
b-carotene andb-apo-89-carotenal.Tetrahedron49,911–928

9 Stratton, S.P., Schaefer, W.H., and Liebler, D.C. (1993). Isolation
and identification of singlet oxygen oxidation products ofb-caro-
tene.Chemical Research in Toxicology6, 542–547

10 Yamauchi, R., Miyake, N., Inoue, H., and Kato, K. (1993). Products
formed by peroxyl radical oxidation ofb-carotene.J. Agric. Food
Chem.41,708–713

11 Lee, Y. and Wurster, R. (1995). Effects of antioxidants on the
anti-proliferation induced by protein synthesis inhibitors in human
brain tumor cells.Cancer Letts93,157–163

12 Bradford, M.M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding.Anal. Biochem.72,248–255

13 Contreras, J.A., Castro, M., Bocos, C., Herrera, E., and Lasuncion,
M.A. (1996). Combination of an enzymatic method and HPLC for
the quantitation of cholesterol in cultured cells.J. Lipid Res.
33,931–936

14 Heyman, R.A., Mangelsdorf, D.J., Dyck, J.A., Stein, R.B., Eichele,
G., Evans, R.M., and Thaller, C.T. (1992). 9-Cis retinoic acid is a
high affinity ligand for the retinoid X receptor. Cell68,397–406

15 Wang, X.D., Tang, G., Fox, J.G., Krinsky, N.I., and Russell, R.M.
(1991). Enzymatic conversion ofb-carotene intob-apocarotenals
and retinoids by human, monkey, ferret, and rat tissues.Arch.
Biochem. Biophys.285,8–16

16 Yeum, K.J., Lee-Kim, Y.C., Yoon, S., Lee, K.Y., Park, I.S., Lee,
K.S., Kim, B.S., Tang, G., Russell, R.M., and Krinsky, N.I. (1991).
Similar metabolites formed fromb-carotene by human gastric
mucosal homogenates, lipoxygenase, or linoleic acid hydroperoxide.
Arch. Biochem. Biophys.321,167–174

17 Takatsuka, J., Takahashi, N., and DeLuca, L.M. (1996). Retinoic
acid metabolism and inhibition of cell proliferation: An unexpected
liaison.J. Can. Res.56,675–678

18 Rubin, M., Fenig, E., Rosenauer, A., Menendez-Botet, C., Achkar,
C., Bentel, J.M., Yahalom, J., Mandelsohn, J., and Miller, W.H.
(1994). 9-cis Retinoic acid inhibits growth of breast cancer cells and
down-regulates estrogen receptor RNA and protein.Can. Res.
54,6549–6556

19 Goldstein, J.L. and Brown, M.S. (1990). Regulation of the meval-
onate pathway.Nature (Lond.)343,425–430

20 Meigs, T.E., Roseman, D.S., and Simoni, R.D. (1996). Regulation of
3-hydroxy-3-methylglutaryl-coenzyme A reductase degradation by
the nonsterol mevalonate metabolite farnesolin vivo. J. Biol. Chem.
271,7916–7922

21 Quesney-Huneeus, V., Galick, H.A., Siperstein, M.D., Erickson,
S.K., Spencer, T.A., and Nelson, J.A. (1983). The dual role of
mevalonate in the cell cycle.J. Biol. Chem.258,378–385

22 Moreno, F.S., Rossiello, M.R., Manjeshwar S, Nath, R., Rao, P.M.,
Rajalakshmi, S., and Sarma, D.S.R. (1995). Effect ofb-carotene on
the expression of 3-hydroxy-3-methylglutaryl coenzyme A reductase
in rat liver. Cancer Letts.96,201–208

Figure 6 Effect of mevalonate on inhibition of growth of MCF-7 cells
by oxidation products of b-carotene. Growth conditions are described
in Figure 4. Mevalonic acid lactone was added at the indicated concen-
trations with (●) fraction 2 (20 mMapparent) or (V) retinoic acid (1.7 mM) to
cells in the exponential growth phase. After 72 hours, cells were
harvested and cell growth determined as described in Materials and
Methods. Control samples were treated with solvent eluted from the
high performance liquid chromatography column adjacent to the frac-
tion of interest, as described in the Materials and Methods. Data points
are the average 6SDs of experiments performed in triplicate.

Oxidized products of b-carotene inhibit cell growth and metabolism: Hu et al.

J. Nutr. Biochem., 1998, vol. 9, October 573



23 Yu, S.G., Abuirmeileh, N.M., Qureshi, A.A., and Elson, C.E.
(1994). Dietaryb-ionone suppresses hepatic 3-hydroxy-3-meth-
ylglutaryl coenzyme A reductase activity.J. Agric. Food Chem.
42, 1493–1496

24 Crowell, P.L., Chang, R.R., Ren, Z., Elson, C.E., and Gould, M.N.
(1991). Selective inhibition of isoprenylation of 21-26-kDA proteins
by the anticarcinogen d-limonene and its metabolites.J. Biol. Chem.
266,17679–17685

25 Correll, C.C., Ng, L., and Edwards, P.A. (1994). Identification of
farnesol as the non-sterol derivative of mevalonic acid required for
the accelerated degradation of 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase.J. Biol. Chem.269,17390–17393

26 Muto, Y., Moriwaki, H., Ninomiya, M., Adachi, S., Saito, A.,
Takasaki, K.T., Tanaka, T., Tsurumi, K., Okuno, M., Tomita, E.,
Nakamura, T., and Kojima, T. (1996). Prevention of second
primary tumors by an acyclic retinoid, polyprenoic acid, in

patients with hepatocellular carcinoma.N. Engl. J. Med.
334,1561–1607

27 Lotan, R. (1996). Retinoids in cancer chemoprevention.FASEB J.
10,1031–1039

28 Sheikh, M.S., Shao, Z.M., Li, X.S., Ordonez, J.V., Conley, B.A.,
Wu, S., Dawson, M.I., Han, Q.X., Chao, W., Quick, T., Niles, R.M.,
and Fontana, J.A. (1995). N-(4-hydroxyphenyl)retinamide (4-HPR)-
mediated biological actions involve retinoid receptor-independent
pathways in human breast carcinoma.Carcinogenesis16,2477–
2486

29 Lippman, S.M., Kessler, J.F., and Meyskens, F.L. (1987). Retinoids
as preventive and therapeutic anticancer agents (Part I).Cancer
Treatment Reports71,391–405

30 Lippman, S.M., Kessler, J.F., and Meyskens, F.L. (1987). Retinoids
as preventive and therapeutic anticancer agents (Part II).Cancer
Treatment Reports71,493–515

Research Communications

574 J. Nutr. Biochem., 1998, vol. 9, October


