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Abstract

Although the avocado is known as a rich source of monounsaturated fatty acids, there has been far less attention given to its content of

other bioactive substances including carotenoids, which might contribute to cancer preventive properties similar to those attributed to other

fruits and vegetables. The yellow-green color of the avocado prompted us to study the carotenoid content of this fruit using established

methods in our laboratory. The California Hass avocado (Persea americana Mill.) was selected for study, because it is the most commonly

consumed variety in the southwest United States. These avocados were found to contain the highest content of lutein among commonly eaten

fruits as well as measurable amounts of related carotenoids (zeaxanthin, a-carotene, and h-carotene). Lutein accounted for 70% of the

measured carotenoids, and the avocado also contained significant quantities of vitamin E. An acetone extract of avocado containing these

carotenoids and tocopherols was shown to inhibit the growth of both androgen-dependent (LNCaP) and androgen-independent (PC-3)

prostate cancer cell lines in vitro. Incubation of PC-3 cells with the avocado extract led to G2/M cell cycle arrest accompanied by an increase

in p27 protein expression. Lutein alone did not reproduce the effects of the avocado extract on cancer cell proliferation. In common with

other colorful fruits and vegetables, the avocado contains numerous bioactive carotenoids. Because the avocado also contains a significant

amount of monounsaturated fat, these bioactive carotenoids are likely to be absorbed into the bloodstream, where in combination with other

diet-derived phytochemicals they may contribute to the significant cancer risk reduction associated with a diet of fruits and vegetables.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Numerous epidemiological studies suggest that a diet

rich in fruits and vegetables is associated with a reduced risk

of many common forms of cancer [1–3]. In support of these

observations, several in vitro and in vivo studies have

demonstrated the antitumor properties of various fruit and

vegetable extracts [4–12]. These studies have significant

implications for the agricultural production of fruits and

vegetables that could be geared to enhance these health-

promoting activities. Moreover, the same chemicals have

been shown to have anti-inflammatory effects in some

systems that broaden the potential benefits of these bioactive

substances to several chronic diseases including heart

disease.

Chemoprevention involving the use of plant chemicals

to suppress, block, or reverse the process of carcinogen-
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esis has received considerable attention over several

decades. Several types of phytochemicals in vegetables

and fruits such as carotenoids, flavonoids, and antioxida-

tive vitamins have been studied as potential chemo-

preventive agents [13,14]. In addition, public health

recommendations to increase fruit and vegetable consump-

tion have been implemented in several countries around

the world [15–17].

Avocado (Persea americana Mill.) is an oleaginous fruit

[18]. This fruit has a lipid content approximating 25% of the

edible portion with an energy density similar to chicken

breast [19]. The principal components of the lipid fraction

are monounsaturated fatty acids [20]. Such monounsaturates

have been studied for their potential cardiovascular benefits

including effects on serum lipids [21–24].

In addition to its high content of monounsaturated fats,

avocados contain several bioactive phytochemicals. These

include some carotenoids [25–27], B vitamins, vitamins

C and E [25], terpenoids [28], d-manno-heptulose [29],

h-sitosterol [30], persenone A and B [31], and phenols [32].
ochemistry 16 (2005) 23–30
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The bioactive substances in this fruit and in its extract or

individual components have been shown to have antiox-

idative, radical suppressing [31–33], acetyl CoA carboxylase

inhibitory [34], and antifungal [35,36] activities.

One previous study reported on the lutein, h-cryptox-
anthin, a-carotene, and h-carotene content of avocados from
Finland but did not identify the variety studied [26].

Another study reported h-carotene and a-tocopherol con-

tents in Hass and Fuerte varieties but demonstrated no lutein

[25]. These studies stimulated us to undertake this research

based on the obvious yellow-green color of the avocado,

which suggested to us that the predominant carotenoid

should be lutein. The antiproliferative effects of a lipid

extract of avocado on prostate cancer cells were examined in

vitro to assess in preliminary fashion the potential chemo-

preventive effects of the lipid-soluble bioactive substances

in the avocado.
2. Methods and materials

2.1. Sampling

Hass avocado samples were provided by Mission

Produce (Oxnard, CA) and were shipped from Oxnard,

CA to the Analytical Phytochemical Laboratory of the

UCLA Center for Human Nutrition. Samples arrived in

cartons were immediately sealed hermetically and stored at

room temperature to permit slow ripening. They were

analyzed within 1–4 days after arrival once ripened.

Ripeness was judged based on the softening of the avocado

and darkening of its skin [25]. Twelve ripened avocados

were randomly selected from each carton for analysis.

Avocados were peeled and a 908 arc segment was cut from

the side of the fruit. Equal weight (~0.8 g each) pieces were

combined, homogenized, and extracted immediately. Trip-

licate analyses were conducted on fruit sampled from

January, April, and May 2001.

2.2. Extraction and saponification

Extraction was performed using methods described

previously [26] with minor modifications. All extractions

and analyses were carried out at room temperature under

subdued light. Organic solvents used for extraction were

HPLC grade (Fisher Scientific, Pittsburgh PA) and contained

0.1% (w/v) butylated hydroxytoluene (BHT) as an antiox-

idant. Ten grams of avocado were mixed with 20 ml acetone,

homogenized, extracted by sonication three times in 80 ml

acetone, and vacuum filtered. The filtrates were combined

and concentrated under vacuum. The combined extract was

saponified overnight at room temperature using a mixture of

10 ml of 9 mol/l potassium hydroxide in 50% ethanol.

Ascorbic acid (0.25 g) was added to the saponification

mixture as an antioxidant. After overnight saponification, the

mixture was diluted with 200 ml sodium chloride solution

(10%) and the carotenoids and vitamin E were extracted

three times with 200 ml hexane with BHT (0.1% in hexane)
as antioxidant. The hexane extract was combined and

evaporated to complete dryness under vacuum. The residue

was reconstituted in 10 ml methanol/ethyl acetate (3:1) for

HPLC analysis.

2.3. HPLC analysis

Samples were analyzed for five carotenoids (lutein,

zeaxanthin, h-cryptoxanthin, a-carotene, and h-carotene)
and two forms of vitamin E (a-tocopherol and g-tocopherol)

by a modified method [37]. Stock solutions of a-tocopherol

and g-tocopherol (Sigma Chemical, St. Louis, MO) and

zeaxanthin, lutein, and h-cryptoxanthin (Indofine, Chemi-

cal, Somerville, NJ) were prepared in ethanol containing 30

Ag/ml BHT and a-carotene and h-carotene (Sigma Chem-

ical) in hexane containing the same amount of BHT.

Calibration solutions were prepared from the above stock

solutions and a calibration table was established to carry out

the quantitative analysis of unknown samples. An external

standard method was used. A 25 Al aliquot of sample

solution was injected onto a Bakerbond narrow-pore C18

HPLC column (250�4.6 mm, 5 Al particle size, J.T. Baker,
Phillipsburg, NJ) after filtering through a 0.2 Al filter (Pall
Gelman Lab, Ann Arbor, MI). The flow rate was 1.1 ml/min

and column temperature was 308C. Compounds were

separated using gradual mixing of methanol containing

0.05% ammonium acetate, acetonitrile, and ethyl acetate

(Fisher Scientific). Each of the three solvents contained

0.05% triethylamine. A Hewlett-Packard 1050 HPLC

instrument (Hewlett-Packard, Wilmington, DE) with auto-

sampler and dual wavelength detector was used to analyze

samples at 445 and 292 nm for carotenoids and tocopherols,

respectively. Signals of two wavelengths were recorded

simultaneously and analyzed with the Hewlett-Packard

ChemStation software. Quality control procedures included

routine analysis of standard mixture. Our laboratory at the

UCLA Center for Human Nutrition participates in the NCI

National Institute of Standards and Technology Fat-Soluble

Vitamin Quality Assurance Program [38] and routinely

analyzes National Institute of Standards and Technology

reference sera.

2.4. Recovery

To determine recovery of the extraction, saponification,

and chromatography procedures, a known amount of h-
carotene in hexane standard solution was added to the fruit

sample before homogenization [26].

2.5. Avocado extract preparation for cell studies

The extract of avocado used in the cell culture studies

was obtained by homogenizing 42.7 g avocado in acetone

without adding the antioxidant. The homogenate was then

extracted successively with acetone by sonication. Solvent

was then concentrated completely to give 7.2 g residue. It

was added to cell cultures without further chemical

modification after sterile filtration through a 0.2 Am
Millipore filter.
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2.6. Cell lines

The human prostate cancer cell lines LNCaP and PC3

were obtained from the American Type Culture Collection

(Rockville, MD) and were maintained on nongelatinized

flasks in RPMI 1640 (Life Technologies, Grand Island,

NY). This was supplemented with 10% heat-inactivated

fetal bovine serum (FBS, Gemini, Calabasas, CA), 100 U/

ml penicillin, and 100 Ag/ml streptomycin (Life Technolo-

gies) at 378C in a humidified atmosphere of 5% CO2. Cells

were synchronized by FBS starvation for 24 h. Following a

24-h starvation period, cells were incubated with medium

containing 10% FBS. Cells grown to confluence were

detached by mild trypsinization for protein isolation.

2.7. XTT growth assay

Cell proliferation assays were performed by the XTTassay

as described previously [39]. The XTTassay when combined

with colorimetry provides an adequate assessment of cell

proliferation [40]. Briefly, 5000 cells were seeded in 100 Al
medium in each well of 96-well flat-bottomed microtiter

plates (Corning GlassWorks, Corning, NY). Cell populations

were harvested and plated when 75–80% confluent and

detached by mild trypsinization. Avocado extract was added

at various concentrations to each triplicate well. The final

extract solvent (70% THF and 30% ethanol) concentration

was V1%. At 24 and 72 h, XTT labeling mixture (Roche

Molecular, Indianapolis, IN) was added and cells were further

incubated for 4 h. The absorbance of the samples was

measured using a microplate (ELISA) reader (THERMOmax

Microplate Reader, Molecular Devices, Sunnyvale, CA). All

experiments were performed in duplicates.

2.8. Propidium iodide-based flow cytometric DNA

fragmentation assay/cell cycle analysis

Cell cycle analysis was performed by DNA staining with

propidium iodide (PI). Briefly, 2�106 adherent cells were

detached by trypsinization. Detached cells and the floating
Table 1

Concentrations of carotenoids and vitamin E in the avocado (Ag/100 g)

Lutein Zeaxanthin h-Cryptoxanthin

January 2001

Sample 1 213 8 24

Sample 2 217 9 22

Sample 3 266 11 21

April 2001

Sample 4 341 13 31

Sample 5 340 10 24

Sample 6 327 9 23

May 2001

Sample 7 361 18 32

Sample 8 267 10 21

Sample 9 306 11 25

MeanFSD 293F55 11F3 25F4

Maximum 361 18 32

Minimum 213 8 21
dead cells were centrifuged and washed twice with 1 ml cold

1�PBS (Life Technologies). Supernatant was aspirated;

cells were resuspended in 1 ml PBS; 3 ml cold 100%

ethanol was added; and cells were incubated at �208C
overnight. The cells were washed twice with 1 ml 1�PBS.

After the last wash, 100 Al PI solution (50 Ag/ml PI+0.05

mg/ml RNase A, Sigma Chemical) was added and the cells

were incubated protected from light at room temperature for

at least 2 h prior to analysis. DNA analysis was performed

using fluorescence channel 3 in an Epic XL flow cytometer

(Coulter Electronics, Miami, FL).

2.9. Western blot analysis

PC-3 cell lines were incubated for 24 h in the presence or

absence of 250 Ag/ml avocado extract. The cells were then

detached by trypsin treatment and lysed at 48C in RIPA buffer

[50 mmol/l Tris-HCl (pH 7.4), 1% NP40, 0.25% sodium

deoxycholate, and 150 mmol/l NaCl supplemented with one

tablet of protease inhibitor cocktail (Boehringer Mannheim,

Indianapolis, IN)]. The cell lysates (20 Ag/lane) were then

electrophoresedon10%SDS-PAGE(Bio-Rad,Hercules,CA)

and subjected to Western blot analysis. The proteins were

transferred onto Hybond nitrocellulose membranes (Amer-

sham Life Sciences, Piscataway, NJ). The membranes were

blocked for 1 h at room temperaturewith 5%blocking solution

and then incubated with the respective antibody overnight at

48C. Goat anti-p21, anti-p27, and h-actin polyclonal anti-

bodieswere purchased fromSantaCruzBiotechnology (Santa

Cruz, CA). After washing with PBS/0.1% Tween 20 three

times, the membranes were incubated for 30 min with

horseradish peroxidase-conjugated anti-goat IgG antibody

(Santa Cruz Biotechnology) and developed using an ECL

Western Blotting detection kit (Amersham Life Sciences).

2.10. Statistics

PRIMS statistical analysis software (GraphPad Software,

San Diego, CA) was used for statistical analysis. Data are
a-Carotene h-Carotene g-Tocopherol a-Tocopherol

19 51 746 3059

19 48 515 3278

29 57 503 3073

29 81 261 2676

22 53 207 2559

24 58 201 2548

30 71 200 3237

21 56 177 2537

29 66 193 2873

25F5 60F11 334F204 2871F301

30 81 746 3278

19 48 177 2537



Table 2

Comparison of carotenoids in avocados (Ag/100 g)

Lutein Zeaxanthin h-Cryptoxanthin a-Carotene h-Carotene g-Tocopherol a-Tocopherol

Hass avocado (this study) 293 11 25 25 60 334 2871

USDA-NCC, 1998 [41,42] N/A N/A 36 28 53 N/A N/A

Heinonen et al. [26] 320a N/A 38 19 34 N/A N/A

a Lutein+zeaxanthin.
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expressed as meansFSEM. Effects on cell proliferation and

cell cycle distribution were evaluated by one-way ANOVA.

Dunnet’s multiple comparison test was used to identify

significant treatment effects (PV0.05) for the XTT studies

and Tukey’s multiple comparison test was used to assess

significant seasonal differences (PV0.05).
3. Results

3.1. Carotenoid and vitamin E content

The concentrations of the carotenoids, lutein, zeaxanthin,

h-cryptoxanthin, a-carotene, and h-carotene in the nine

avocado samples from three harvesting times (January,

April, and May 2001) are shown in Table 1. In addition to

these carotenoids, concentrations of two forms of vitamin E,

a-tocopherol and g-tocopherol, were also measured in the

same samples (Table 1). Recovery after chemical extraction

and saponification was determined for h-carotene and was

97.3% on average. The results of this study were compared

with results reported previously by the U.S. Department of

Agricultural Nutrition Coordinating Center (USDA-NCC)

Carotenoid Database (1998) [41,42] as well as published

results from other laboratories [25,26] (Table 2).

Among five carotenoids measured, lutein was present in

the highest concentration, accounting for 70% of total

carotenoids. Variations in carotenoids and tocopherol con-

tents from season to season and from samples in harvest

were observed. Contents of lutein (measured at Ag/100 g)

varied from 232 to 336 in samples from two harvesting
Fig. 1. Proliferation of PC-3 and LNCaP prostate cancer cells after

treatment with avocado extract using XTT assay. Values are meansFSEM

(n =4). P V0.05.
times and from 267 to 362 from samples in same harvest.

The lutein content of avocado is considered high among

commonly eaten fruits. Other lutein-containing fruits

include tangerines, oranges, and persimmons, but these

fruits contain significant amount of zeaxanthin as well. The

highest lutein content was obtained in green vegetables

such as kale and spinach (N10 mg/100 g). Lettuce contains

similar amount of lutein as that of avocado. Content of

a-tocopherol varied from 2594 to 3137 in samples from two

harvesting times and from 2537 to 3237 from samples in

same harvest.

3.2. Cell proliferation

An acetone extract of the California Hass avocado, which

was dried and reconstituted in culture medium, significantly

inhibited the proliferation of the human prostate cancer cell

lines PC-3 and LNCaP. The control experiments with

acetone extract alone [V0.3%, (v/v)] had no effect on cell

proliferation. Both PC-3 and LNCaP cells demonstrated a

dose-dependent inhibition of proliferation. Doses of avocado

extract required to cause 50% reduction in the viability of

PC-3 and LNCaP cells (LD50) were calculated to be 295.0

and 97.6 Ag/ml, respectively. The greatest inhibition (60.8%)

was observed in the LNCaP prostate cancer cell line at

100 Ag/ml (Fig. 1).

Because of the possible activity of lutein in prostate cell

growth inhibition, we examined the antiproliferative action

of lutein in PC-3 and LNCaP cells. Lutein had only minimal

effect on PC-3 cells (11%) at 8 Amol/l. Lutein had to effect

on the cell growth of LNCaP cells (Fig. 2).
Fig. 2. Proliferation of PC-3 cells after treatment with pure lutein using

XTT assay. Values are meansFSEM (n =4). P V0.05.
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3.3. Cell cycle analysis

Because the PC-3 cell line was less sensitive to growth

inhibition, this cell line was chosen for cell cycle analysis.

PC-3 cells were shown to accumulate at G2/M after 72 h

treatment with avocado extract in a dose-dependent fashion.

At both 25 and 50 Ag/ml, more than 50% of PC-3 cells were

at G2/M phase compared with only 31% in the control group

(Pb0.05), as depicted in Fig. 3.

3.4. Western blot analysis

The activity of cyclin/cyclin-dependent kinase (CDK)

complexes (the key regulators of the cell cycle) is negatively

regulated by the CDK inhibitor (CDKI) proteins [43]. Of the

two main families of CDKI proteins [the INK4 family (p15,

p16, p18, and p19), which inhibit CDK4 and CDK6, and the

Cip/Kip family ( p21, p27, and p57), which inhibit

numerous CDKs], p21 and p27 have been most extensively

studied in tissue culture. p21 acts downstream of numerous

signaling pathways and can be induced by p53, trans-

forming growth factor-h, and other antimitogenic stimuli

[44–47]. In tissue culture systems, p21 is up-regulated and

appears to play a role in governing progression through the

cell cycle [48–50]. In addition, p21 is induced in some cell

types during senescence and terminal differentiation and it is

thought to play a key role in down-regulation of CDK

activity in these settings [51–53].

p27 is constitutively expressed in many cells, and the

level of this protein is elevated in G0 phase and declines as

cells in culture enter the cell cycle. p27 may play an

important role in governing the growth factor restriction

point by ensuring that CDK activity is suppressed during G0

and early G1 phase [54].
Fig. 3. Cell cycle analysis of PC-3 cells following incubation with a range

of doses of avocado extract.
F

p

Because p21 and p27 are the CDKIs most extensively

used in tissue culture, we elected to study the effect of

avocado extract in prostate cancer cell lines.

Treatment with avocado extract for 24 h resulted in an

up-regulation of the CDKI p27 (Fig. 4). However, treatment

had undetectable changes on the presence of CDKI p21

(Fig. 4).
4. Discussion

Avocado is a fruit typically viewed only as a source of

monounsaturated fats in the diet. However, the appearance

of the fruit suggested that it might also contain lutein based

on its yellow-green color. In the present study, we

demonstrated that the California Hass avocado contains

several carotenoids and that it is one of the richest sources of

lutein among commonly eaten fruits while also containing

significant amounts of vitamin E. Previously, Heinonen et al.

reported on the lutein, h-cryptoxanthin, a-carotene, and

h-carotene content of avocados from Finland but did not

identify the variety studied [26]. In addition, the lutein

concentration reported is the combination of lutein and

zeaxanthin concentrations, as these were not separated as

in our study. Another study reported h-carotene and a-

tocopherol contents in Hass and Fuerte varieties but failed

to detect lutein or other carotenoids [25]. By comparison

with these prior studies, we have conducted a more

comprehensive analysis, which demonstrates the presence

of five carotenoids and two tocopherols in a strain of

California Hass avocados. In addition, by studying several

harvests, important seasonal factors that could cause

variations in the carotenoid composition of avocados

were examined in this study. Finally, our data on

carotenoid content amplify and enhance but do not

contradict the data available from other studies [25,26,41].

Among five detectable carotenoids in the avocado, the

most abundant carotenoid was lutein, accounting for 70% of

all carotenoids at 5-fold the amount of h-carotene and 10-

fold that of a-carotene and h-cryptoxanthin. We found that

concentrations of lutein as well as other antioxidants varied

from season to season and from sample to sample. The
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carotenoid compositions of fruits are influenced by several

factors including stage of maturity, time of harvest, and

strain variations [55]. However, in our study, we controlled

for cultivar/variety, processing and storage, growing con-

ditions, and geographic locations that were held constant for

the California Hass avocado. Thus, the observed variations

among avocados represent biological differences due to

environmental and/or genetic factors.

Because a diet high in fruits and vegetables is associated

with a decrease risk of prostate cancer [56,57], we

investigated the effects of an acetone extract of avocado

on the proliferation of androgen-dependent and androgen-

independent prostate cancer cell lines. The acetone extract

inhibited proliferation of the human prostate cancer cell

lines. Inhibition was more pronounced in the androgen-

dependent LNCaP cells than PC-3 cells (Fig. 1). PC-3

proliferation was 60% inhibited at 300 Ag/ml dose, whereas

100 Ag/ml of dose resulted in the same degree of inhibition

in the LNCaP cells. This dose-dependent inhibition promp-

ted further study of the individual components of the extract.

The high lutein content of the avocado and the known

antiproliferative and antitumor properties of this carotenoid

[58–61] suggested that lutein might be responsible for this

effect. However, treatment with lutein alone did not account

for the marked cellular inhibition. We have showed

proliferation of PC-3 and LNCaP prostate cancer cells after

treatment with avocado extract at concentration range of

100–500 Ag/ml in Fig. 1. At the highest concentration of

500 Ag/ml, avocado extract contains 0.015 Amol/l lutein,

which is ~100 times less concentrated than that of the pure

lutein we tested in Fig. 2. The greater inhibition seen using

the avocado extract compared with pure lutein suggests that

other carotenoids, vitamins, and various components

extracted into the acetone might have contributed to the

observed growth inhibition of prostate cancer cells [62–67].

For example, vitamin E (a-tocopherol and g-tocopherol) has

been shown to inhibit PC-3 and LNCaP cell growth in

several studies [63–66]. h-Carotene has been reported to

modulate both PC-3 and LNCaP cell growth and undergo

intracellular metabolism to retinol [67].

The observed cell growth inhibition led us to examine the

effect of avocado extract on the cell cycle of prostate cancer

cells. After 72 h of treatment with avocado extract,

synchronized cells accumulated in significant numbers in

the G2/M phase. In addition, the number of cells in G0/G1

phase remained high at all treatment doses. This is

consistent with cell cycle arrest. The large proportion of

cells that remained in the quiescent stage was supported by

our analysis of cell cycle proteins. The high levels of CDKI

p27 were seen with high numbers of quiescent cells, and

those levels fall once cells enter the cell cycle [68].

Our studies demonstrated that the avocado is one of the

richest sources of dietary lutein among commonly eaten

fruits and also contains other carotenoids and vitamin E.

Levels of these phytochemicals vary from season to season
and from sample to sample. Our studies also provide

preliminary evidence of potential anticancer activities of

the lipid-soluble bioactive substances in the avocado

supported by observations of cell cycle arrest resulting

from down-regulation of p27. The effects of multiple

bioactive substances in the avocado could not be reproduced

by purified lutein, suggesting that multiple lipid-soluble

bioactive substances may interact to produce the observed

effects. Because the avocado also contains a significant

amount of monounsaturated fat, these bioactive carotenoids

are likely to be absorbed into the bloodstream, where in

combination with other diet-derived phytochemicals they

may contribute to the significant cancer risk reduction

associated with a diet of fruits and vegetables.
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