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ABSTRACT

Carotenoids, plant pigments found in vegetables and

fruits, are common components of the human diet. Although

carotenoids are considered as one of the most promising cancer

chemopreventive agents, their mode(s) of action is unknown.

In this study, we explored the mechanism using eight

carotenoids of diverse structures and mammalian cell culture

systems, including mouse embryo fibroblast 10T1/2 cells, human

dermal fibroblast cells and mouse embryo teratocarcinoma F9

cells. We have found a novel action of carotenoids, that of

up-regulation of gap junctional intercellular communication.

This action is highly correlated with the inhibitory activity

of carotenoids on chemical carcinogen-induced neoplastic

transformation. Northern and Western blotting and

immunofluorescent microscopy demonstrate that the enhanced

junctional communication by carotenoids is achieved by

increased levels of connexin43 mRNA and protein, leading to an

increase in the number and size of gap junctional channels.

These effects appear to be independent of pro-vitamin A

potential, because carotenoids with or without pro-vitamin A

activities both increase gap junctional communication and

connexin43 gene expression but do not elevate the retinoid

inducible gene RAR-{3. These effects seem also to be unrelated

to the antioxidant properties of these diverse compounds,

because 1) the ability to enhance junctional communication is
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not correlated with the ability to inhibit lipid peroxidation;

and 2) the strong antioxidant a-tocopherol and methyl-bixin

are inactive in induction of connexin43 gene expression.

Gap junctional communication has been suggested to play

an important role in cell growth control, carcinogenesis,

embryogenesis, and pattern formation. The up-regulation of

junctional communication by carotenoids may provide a

fundamental mechanistic basis of carotenoid action in mammals.

The connexin43 gene encodes a major gap junctional protein in

mammals and this study establishes connexin43 as the first

gene found to be up-regulated by carotenoids. The biological

roles of carotenoids in mammals have been previously

considered limited to provitamin A activities and antioxidant

properties. This finding indicates an additional pathway may

exist through which carotenoids function, therefore, these

data may lead to a re-evaluation of carotenoid physiology in

mammals or the re-classification of carotenoids with regard to

pro-vitamin A activities.
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CHAPTER 1

INTRODUCTION

Cancer is a leading cause of death in the united states

(now at 500,000 cancer deaths per year, Perera, 1990) and many

other countries throughout the world. The ideal method of

cancer control is prevention. One important approach to

cancer prevention is through chemical intervention, i . e.

chemoprevention. Chemoprevention refers to the administration

of chemical agents to prevent initiation or promotion events

that occur during the process of neoplastic development.

Accumulated evidence indicates that dietary and other

lifestyle factors contribute to at least 70% of cancer deaths

(Greenwald et a l , 1989; Bertram et a l , 1987; Weisburger,

1991). Chemoprevention has been considered as an important

strategy for reducing incidence of human cancer (Bertram et

aI, 1987; Freudenheim and Graham, 1989; Greenwald et aI, 1989;

Trock et aI, 1990; Boone et aI, 1990; Miller, 1990). As Dr.

Peter Greenwald recently stated at the meeting titled vitamins

and Cancer Prevention (1991), in the united states, the

increased awareness in the scientific community of nutrition

in cancer prevention is reflected by the marked increase in

funding of nutrition research by the National Cancer

Institute, covering laboratory work (approximately 37 million

dollars in 1991), diet studies (approximately 30 million

dollars) and chemoprevention (approximately 20 million
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dollars). So far over 500 compounds from natural foods and

plant products with chemopreventive activity in humans or

animals have been reported (reviewed by Boone et aI, 1990),

but most of them have undesirable side effects, whereas

carotenoids, particularly p-carotene, have been considered as

the most promising chemopreventive agents for reducing the

risk of human cancer at several anatomic sites (Basu et aI,

1988; Ziegler, 1989; Krinsky, 1989a; Boone et aI, 1990).

However, at present the mode of carotenoid action remains

unknown. Therefore, studies into possible mechanism(s) would

be valuable for a better understanding of the carcinogenic

process, and for developing synthetic carotenoids that may

more effectively interfere with this process than the parent

compounds, and thus lead to improved chemopreventive

protocols.

1.1. CAROTENOIDS

1.1.1. CAROTENOIDS IN NATURE

Carotenoids are highly pigmented compounds produced by

higher plants, algae, many fungi, and some bacteria. They are

composed of eight isoprenoid units. So far, over 600 kinds of

carotenoids have been identified (Pfander, 1987; Bendich and

Olson, 1989). Carotenoids are usually subclassified as either

hydrocarbons (also called carotenes) or as oxygenated

carotenoids (also called xanthophylls).

Among the major pigments in the plant kingdom,
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carotenoids are the most widespread. Therefore, it is

expected that carotenoids have important functions in plant

life. Two well established primary functions of carotenoids

in all photosynthetic organisms are to act as accessory

pigments in photosynthetic process and to protect the plants

from photosensitized oxidation by acting as singlet oxygen and

free radical quenchers (Will and Scovel, 1989). The

photoprotective function of carotenoids has been demonstrated

in various living systems, from single cells to higher plants,

and animals to humans (Krinsky, 1989b; Will and Scovel, 1989).

1.1.2. CAROTENOIDS IN ANIMALS AND HUMANS

All carotenoids in humans and animals are obtained from

the diet because humans and animals can not synthesize

carotenoids de novo. Carotenoids are commonly found in

various fruits and vegetables. Therefore, they are ubiquitous

components of the human diet. In man, dietary carotenoids are

absorbed in the intestine, circulate in plasma and are found

in various tissues.

In the blood, carotenoids are transported in association

with lipoproteins. About 75% of the hydrocarbon carotenoids

«(j-carotene, lycopene, a-carotene) are associated with the

low-density lipoprotein (LDL) fraction (Krinsky et aI, 1958;

Mathews-Roth and Gulbrandsen, 1974), and the remaining 25%

with the high density lipoproteins (HDL) (Krinsky et a l ,

1958). LDLs and to a lesser extent, HDLs, are generally
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recognized as the main carriers of carotenoids in human blood

(Krinsky et aI, 1958; Kaplan et aI, 1987). In contrast, in

the plasma of birds, cattle and salmon, carotenoids are

primarily associated with HDLs (Brush, 1990; Schiedt, 1985).

Although many carotenoids are derived from the diet, the

amount and type that are absorbed are species-dependent

(Cutler, 1984).

Human plasma contains up to 20 different carotenoids of

diverse structure (Khachik et aI, 1990). Major carotenoids

found in human plasma or serum are p-carotene, lycopene and

lutein, (Parker, 1989; Barua et aI, 1989). Lycopene levels

usually exceed that of p-carotene in plasma and tissues

(Parker, 1989; Kaplan et aI , 1990; Schmitz et a l , 1991).

Alpha-carotene, p-cryptoxanthin and zeaxanthin are also

commonly found in the plasma (Parker, 1989). The plasma

concentration of total carotenoids in healthy persons is about

0.4-1.5 ug/ml or 0.8-8 uM/1 (Bendich and Olson, 1989). The

levels of both total and individual plasma carotenoids differ

considerably between individuals. This difference is probably

due to differences in dietary intake, sex, age, and health

conditions. The intestinal absorption of p-carotene is

regulated by the amount of dietary fat; the higher fat uptake,

the higher absorption (Dimitro and Ullrey, 1989). Women tend

to have higher serum concentrations of p-carotene and P

cryptoxanthin than men, but equal concentrations of lutein

(Parker, 1989), suggesting some selectivity may exist in the
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processes of uptake and release of carotenoids. In addition,

in vitro studies show that the cellular concentrations of

carotenoids with diverse structure do not increase as a linear

function of extracellular concentrations (Bertram et a I ,

1991), suggesting some natural limits may exist in cellular

uptake. cigarette smokers have lower levels of carotenoids

(Russell-Briefel et aI, 1985; Comstock et aI, 1988; Stryker et

aI, 1988; Palan et aI, 1989) and this reduction is not due to

a lower intake of dietary carotenoids but because smoking

itself reduces blood p-carotene level (Thompson and Duval,

1985; Stryker et aI, 1988). Smoking has a strong inverse

relation with plasma p-carotene but not vitamin E levels

(Stryker et aI, 1988). Oral contraceptive users had

significantly lower plasma levels of p-carotene but higher

retinol and this effect was synergized by smoking (Palan et

aI, 1989). The serum levels of a-, p-carotenes, P
cryptoxanthin, and lycopene as well as retinol and a

tocopherol were significantly reduced in liver cirrhosis

patients, and this reduction may be due to portal hypertension

and lymphatic circulation impairment (Rocchi et aI, 1991).

Various carotenoids are also found in a number of human

tissues, including adipose, liver, skin, corpus luteum,

adrenal, testis, breast, pancreas, retina (Parker, 1989; Kalan

et aI, 1990), kidney and lung (Schmitz et aI, 1991), oral

cavities and urogenital tract (Cameron et a l , 1989). They are

also found in breast colostrum (Patton et a L, 1990), and
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leukocytes (Mathews-Roth, 1978). The levels of total

carotenoids in human liver, kidney and lung tissues were

reported to be 21.0, 3.1, and 1.9 nmol/g tissue, respectively

(Schmitz et a l , 1991). Adipose tissues are usually considered

as the major storage sites for dietary carotenoids in humans

(Bendich and Olson, 1989; Dimitrov and Ullrey, 1989; Parker,

1989). Dimitrov and Ullrey (1989) suggested that the liver

was the major storage site for animals but not for humans.

However, more recently, Schmitz et al (1991) showed that the

human liver tissue always contained highest total carotenoid

concentration among tissues from the same subject. As noted

by Kaplan et aI, (1990), human tissues including liver,

adrenal and testes, which have larger number of low density

lipoprotein receptors and high rates of lipoprotein uptake,

seem to contain the highest levels of carotenoids. The kinds

and relative magnitude of carotenoid concentrations in the

tissues of each individual are similar to those found in their

plasma (Parker, 1989; Kaplan et aI, 1990).

studies on subcellular distribution of carotenoids in

animals and humans is very limited. Because of their

lipophilic nature, they probably dissolve in cell membranes

and thus alter physiological properties of the membrane. p

carotene was found to be bound to the erythrocyte membrane,

but its location in the membrane is probably different from

cholesterol (Verma and Wallach, 1975). It was recently

reported that in chick liver cells, the mitochondrial fraction
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contained the highest level of ~-carotene, followed by

lysosomes, microsomes, and nuclei, respectively (Mayne and

Parker, 1991).

1.1.3. SAFETY OF CAROTENOIDS IN ANIMALS AND HUMANS

Although the maximum dose of ~-carotene recommended by

the FDA is 300 mg daily, no known toxicity in humans has been

found after 20 years experience in patients with erythro

poietic protoporphyria (Bendich, 1988). It is generally

believed that ~-carotene represents an ideal protective agent

due to its lack of toxicity in both humans and animals even in

large doses (1000 mg/kg/day) and prolonged administration

(daily dose for several months) (Heywood et aI, 1985; Bendich,

1988; Prince et aI, 1991). After extensively reviewing the

literature, Arden and Barker (1991) concluded that although

canthaxanthin ingestion is associated with the development of

retinal crystals in some persons, there has been no evidence

showing that canthaxanthin contributes to any temporary or

permanent visual dysfunction. Animal studies show that ~

carotene is not mutagenic, carcinogenic, or embryotoxic

(Heywood et aI, 1985). The only known side effect of high

uptake of ~-carotene is carotenodermia, a benign orange

pigmentation of the skin (Mathews-Roth, et aI, 1974; Micozzi

et aI, 1988). Carotenodermia is reversible after the

supplementation is discontinued (Willett et aI, 1983). In

addition, an intermittent schedule, 90 mg every 6th day, can
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avoid the yellowing of skin but maintain the desired plasma

levels (Dimitrov and Ullrey, 1989). This known safety is

concordant with the kinetics of its conversion to vitamin A;

the conversion of p-carotene to vitamin A declines with

increasing l3-carotene intake. The safety of p-carotene

supplementation at doses of 15-50 mg/day has been demonstrated

in numerous clinical trails (Bendich, 1988). The clearance

rate (T1/2) for a single daily dose of 45 mg is 4-5 days and

for 150 mg 5-6 days (Dimitrov and Ullrey, 1989). It has been

found that p-carotene applied topically to human skin bleached

quickly (Mathews-Roth et aI, 1974).

1.1.4. METABOLISM OF CAROTENOIDS INTO RETINOIDS

Of over 600 carotenoids identified in nature, only about

50 can be converted to vitamin A in humans and animals

(Bendich, 1989; Klaui and Bauernfeind, 1981). Some carote

noids are absorbed unchanged. Among the major carotenoids

found in humans, 13- and a-carotenes and cryptoxanthins can be

converted into vitamin A, whereas lutein, canthaxanthin and

lycopene can not (Bendich and Olson, 1989).

The classical method to determine the pro-vitamin A

activity of a carotenoid is to first feed weanning rats with

a vitamin A-free diet. Under such conditions the growth of

the rats will be retarded, and then supply the test carotenoid

to see if growth is restored. Using this biological assay, a

number of investigations have elucidated the relationship
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between the chemical structure and vitamin A activities of a

series of carotenoids. Table 1 lists the pro-vitamin A and

non-provitamin A carotenoids.

Table 1. Some Pro- or Non-pro-vitamin A carotenoids·

Name

j3-carotene

a-carotene

r-carotene

j3-Apo-8'-carotenal

j3-ApO-12'-carotenal

citroxanthin

j3-cryptoxanthin

iso-cryptoxanthin

j3-zeacarotene

canthaxanthin

lycopene

lutein

Activity (%) ••

100

50-54

42-50

72

120

50

50-60

48

20-40

inactive

inactive

inactive

* Adapted from Bauernfeind (1972) with modification.
** Beta-carotene as 100%.

The mechanism of conversion of j3-carotene and other

provitamin A carotenoids to vitamin A by enzymatic cleavage

has been recently reviewed by Olson (1989).

9
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widely accepted that in mammals ~-carotene is converted to

vitamin A by the enzyme 15,15'-dioxygenase (ECl.13.11.21),

which converts one molecule of ~-carotene to two molecules of

retinal via central cleavage. This enzyme activity has been

found in the small intestine, liver, and corpus luteum

(Goodman, 1984). The presence of at least one unsubstituted

~-ionone ring is required for catalysis by this enzyme (Karrer

and Jucker, 1950; Krinsky, 1989a). Therefore, lutein and

lycopene, which are major carotenoids in humans but do not

have an unsuDstituted ~-ionone ring, and canthaxanthin, can

not be converted to vitamin A. Recently, this notion has been

further confirmed for canthaxanthin and lycopene in rats and

monkeys by using [ 14C ] labelling and HPLC (Mathews-Roth et aI,

1990). Because of this metabolic restriction, canthaxanthin

has been widely used to help define whether the chemopre

ventive actions of carotenoids are due to their provitamin A

activity. However, astaxanthin, canthaxanthin and zeaxanthin

can be converted into retinol or 3, 4-didehydroetinol in

rainbow trout and chicken (Schiedt, 1989).

The conversion of carotenoids to retinoids by an

eccentric cleavage has been proposed (Ganguly and Sastry,

1985; Olson, 1989). In eccentric pathway, one molecule of ~

carotene yields one molecule of retinal via a series of ~-apo

carotenoids of different chain lengths. This eccentric

cleavage mechanism has been supported by recent studies (Wang

et aI, 1991; Tang et aI, 1991). They found that incubation of
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p-carotene with the intestinal mucosa homogenates of human,

monkey, ferret and rat enzymatically produced p-apo

carotenoids and retinoids.

Both centric and eccentric pathways would result in the

formation of retinal, which in turn is reversibly reduced to

retinol, or irreversibly oxidized to retinoic acid.

Besides the enzymically-catalyzed metabolism, it was

reported that p-carotene could be chemically oxidized into a

variety of products, including the ~-apo-carotenals and

retinal. The chemical reaction of ~-carotene to oxidation

products was proportional to the amount of p-carotene present

(Hansen and Maret, 1988; Mordi et aI, 1991).

At high doses (200 mg/day), the conversion of ~-carotene

into vitamin A is very inefficient, and therefore no retinoid

like toxicity occurs (Heywood et aI, 1985).

1.1.5. BIOLOGICAL ACTIVITIES OF CAROTENOIDS IN HUMANS

The biological significance of the carotenoids in humans

has been explored in recent years. The best known function

for certain carotenoids is their provitamin A activity which

has been discussed earlier.

Another well-documented function is photoprotection.

Because of their conjugated polyene system, carotenoids have

the ability to quench photosensitizer triplets, oxygen

singlets and free radicals. Due to their photoprotective

ability , carotenoids have been successfully used to treat
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photosensitive diseases, such as erythropoietic protoporphyria

(Mathews-Roth et aI, 1974; Will and Scovel, 1989) and are

probably effective in the prevention of certain photo-induced

cancers (Will and Scovel, 1989). The levels of carotenoids

but not retinoids in serum and brain tissues are positively

correlated to the longevity of primate mammalian species

(Cutler, 1984). More recently it is found that carotenoids

delay the progression of atherosclerosis in humans (Gaziano et

aI, 1990). Carotenoids appear to playa protective role in

cataract formation (Jacques et a L, 1988). Sickle cell disease

patients showed significantly reduced plasma levels of

carotenoids, specifically, ~-carotene, a-carotene and ~

cryptoxanthin, compared with healthy controls (Henderson et

aI, 1989; Jain et aI, 1990). Since oxidative stress and free

radicals play a role in human aging and atherosclerosis

(Harman, 1986), cataract formation (Jacques et aI, 1988), and

sickle cell disease (Henderson et aI, 1989), the beneficial

roles of carotenoids may be associated with carotenoid

antioxidant property. Carotenoids are also used as common

food preservatives (as well as colorants) in food industry due

to their antioxidant property (Klaui and Bauernfeind, 1981).

There is growing evidence showing that carotenoids can

also enhance many aspects of the immune response, including

stimulation of T and B lymphocyte proliferation, induction of

effector cells capable of killing tumor cells, and enhancement

of the secretion of cytokines required for the communication
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between immunologically competent cells (reviewed by Bendich,

1989; Bendich, 1991; Schwartz et aI, 1990). Many immune cells

are capable of killing tumor cells, therefore, the protective

effects of carotenoids on cancer have been suggested to be

partially attributable to a stimulation of the immune response

(Bendich, 1989). This function is probably independent of

their provitamin A activity because carotenoids without

provitamin A activity, such as canthaxanthin, bixin,

astaxanthin and lycopene also enhance immunoresponses (Seifter

et aI, 1981; Bendich and Shapiro, 1986; Shklar and Schwartz,

1989; Prabhala et aI, 1989; Lingen et aI, 1959). In addition,

the mechanism of retinoid- and carotenoid-enhanced immune

responses of human peripheral blood mononuclear cells is

different: 13-cis-retinoic acid increases the percentage of

peripheral blood lymphoid cells expressing surface markers for

T-helper cells, while beta-carotene increases the percentage

of peripheral blood lymphoid cells expressing surface markers

for natural killer cells (Prabhala et aI, 1989; 1991). It

remains to be determined how carotenoids enhance immune

responses at the molecular level.

1.1.6. CHEMOPREVENTIVE ACTION OF CAROTENOIDS

In recent years there is more and more evidence showing

that carotenoids, particularly p-carotene, are the most

promising chemopreventive agents for reducing the risk of

human cancer. This is supported by the studies of in vitro
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organ and cell culture, experimental animals, and epidemiology

as well as human intervention trials. The evidence is still

incomplete but quite compelling.

Epidemioloqical studies. Over 60 epidemiologic studies

conducted in different parts of the world have shown an

inverse relationship between dietary intake or blood levels of

carotenoids and cancer risk at many sites, notable in lung and

oral cancers in cigarette smokers. Protection probably occurs

in other epithelial cancers, such as urinary bladder, breast,

gastric, oral, esophageal, cervical, endometrial, ovary,

colon, larynx, and rectal cancers (reviewed by Mathews-Roth,

1985; colditz, et aI, 1987; Bertram, et aI, 1987; Basu, et aI,

1988; Gaby and Singh, 1989; Santamaria and Bianchi, 1989;

Ziegler, 1989, 1991; Miller, 1990). A few studies, however,

showed no association between carotenoid levels in serum and

breast cancer risk (Willett, et aI, 1984; Wald et aI, 1984).

More recent reports further confirm that increasing intake of

~-carotene or carotenoids from vegetables correlated with a

decrease in the risk of rectal cancer (Freudenheim et a L,

1990), stomach cancer (Chyou et aI, 1990), and prostate cancer

(Mettlin et aI, 1989). Conversely, low plasma levels of beta

carotene correlated with high risk of cancer in lung and

stomach (Stahelin et a.l , 1989). Low plasma levels of lycopene

was found to be associated with the high risk of ~ancer in

pancreas (Burney et aI, 1989; Comstock et aI, 1991) and rectum

(Malone et a L, 1987). It is also found that increased
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consumption of tomatoes, in which over 90% of total

carotenoids is lycopene (Gross, 1987), is associated with

decreased risk of lung cancer (Le Marchand et aI, 1989).

Moreover, a large prospective study begun in 1959 has shown

significantly lower beta-carotene levels for bronchus and

stomach cancer patients compared with survivors (Stahelin et

aI, 1991).

However, it should be pointed out that the above data

only demonstrate an association but not a cause and effect

linkage.

Experimental animal studies. The rodent model has been

widely used in animal studies of carcinogenesis. There are

over 20 studies reported in the literature showing that

besides UV-induced carcinogenesis, p-carotene and canthaxan

thin also diminish chemical carcinogen-induced skin, gastric,

breast, colon, and salivary gland tumors of mice, rats and

hamsters (Moreno et aI, 1991; reviewed by Mathews-Roth, 1985;

Krinsky, 1989c and Santamaria and Bianchi, 1989). Beta

carotene also caused the regression of oncogenic virus-induced

tumors in mice (Seifter et aI, 1982; Rettura et aI, 1982), and

inhibited the development of exocrine pancreas carcinomas in

rats and hamsters (Woutersen and Garderen-Hoetmer, 1988).

Beta-carotene, lycopene, and crocetin inhibited the growth and

development of transplanted brain tumor cells in rats (Wang et

aI, 1989). Crocetin also inhibited skin papillomas and Rous

sarcoma virus-induced tumors in rats and chicken (Gainer et
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aI, 1976; Wilkins and Wilkins, 1976).

Organ and cell culture studies. In contrast to the many

studies of retinoids in cell culture (reviewed by Bertram et

aI, 1989), much less work has been done with carotenoids. A

few in vitro studies have shown that ~-carotene inhibits

chemical carcinogen-induced neoplastic transformation of

murine mammary cells (Som et aI, 1984) and of mouse mammary

cells in organ culture (Manoharan et aI, 1989).

Research in vitro, which has been very instructive in

carcinogenic studies at molecular levels (Bertram et aI,

1992), has not been pursued extensively with carotenoids

because of difficulties in delivering highly lipophilic

carotenoids to target cells. This problem has been recently

solved by Bertram (1992) using tetrahydrofuran (THF) as a

delivery vehicle to create solutions of carotenoids in cell

culture medium at high concentrations. Using this delivery

system, Bertram et al (1991) have recently found that diverse

carotenoids inhibit chemical carcinogen-induced neoplastic

transformation in mouse embryo fibroblast 10T1/2 cells.

Human intervention trials. The findings above from cell

CUlture, animal and epidemiological studies strongly indicate

an anticancer activity exerted by carotenoids. These findings

and lack of toxicity have led to human intervention trials

with carotenoids. At present 13 human intervention trials are

underway measuring the ability of carotenoids to reduce the

incidence of human cancer (Krinsky, 1989a; Boone et aI, 1990;
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Malone, 1991). Unfortunately, none of these large-scale

studies is complete at the present time. A number of small

scale studies have been reported. Two clinical trials found

that oral p-carotene and vitamin A were both effective in

remission of oral leukoplakia, whereas canthaxanthin was not

effective, although it was accumulated in the oral mucosa at

a comparable level to that of p-carotene (stich et aI, 1989,

1991; Garewal, 1991). In contrast, a recent clinical trial

showed that supplement of 10 mg of (j-carotene daily for 3

months, had no effect on the regression or progression of

cervical dysplasia (de Vet et aI, 1991). Another report

showed that (j-carotene could not reduce the occurrence of

basal-cell and squamous-cell cancers of the human skin

(Greenberg et aI, 1990).

1.1.7. STAGES OF CARCINOGENIC PROCESS AFFECTED BY CAROTENOIDS

It has been well established that the development of

neoplasms involves a multi-step process that has been

operationally divided into three stages: initiation, promotion

and progression. Initiation appears to involve an

irreversible event of genetic damage (genotoxic) which results

in the formation of preneoplastic stem cells. The promotional

phase involves the stimulation of cell proliferation and as a

consequence, the expansion of the preneoplastic stem cells to

preneoplastic altered foci. This process is a reversible and

non-genotoxic damaging event. The progressional stage
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involves an irreversible event that occurs in the prolife

rating preneoplastic lesions that leads to the formation of a

malignant neoplasm.

The inhibitory action of carotenoids on in vitro

neoplastic transformation was reported to be mediated by

blocking the promotional phase of carcinogenesis in lOT 1/2

cells (Pung et al, 1987). The observation by Bertram's group

that carotenoids inhibited cell transformation even when

applied long after carcinogen exposure (Pung et al, 1987),

indicated that carotenoids did not interfere with the

initiation step. FUlly transformed cells were not inhibited

by carotenoids (Pung et al, 1987). The effect of carotenoids

was reversible and required continuous treatment. All of the

above evidence indicate that similar to retinoids, the target

of carotenoid cancer chemopreventive action is on the tumor

promotion stage. In animal studies , it was also reported that

feeding canthaxanthin (250 mg/kg) to rats was without effect

on the incidence of salivary gland tumors induced by chemical

carcinogen DMBA. Tumor weights, however, were significantly

lower in rats fed the dietary canthaxanthin supplements

compared with controls (Alam et al, 1988), indicating

canthaxanthin acts at post-promotion stage rather than at the

initiation phase.

1.1.8. MECHANISM(S) OF CAROTENOID ACTION

The mechanism by which carotenoids inhibit carcinogenic
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process is unclear. Currently two competing hypotheses have

been proposed to explain carotenoid action involving: 1) their

pro-vitamin A activity; or 2) their intrinsic antioxidant

property independent of provitamin A activity.

npro-vitamin A hypothesis". As discussed above, certain

carotenoids can be converted to vitamin A. such carotenoids

are termed pro-vitamin A carotenoids. since vitamin A and its

derivatives (retinoids) are also chemopreventive agents for

experimental carcinogenesis of many target sites, including

mammary gland, urinary bladder, lung, skin, liver, pancreas,

colon, esophagus and stomach (reviewed by Bertram et aI, 1987;

Moon, 1989), and the most extensively studied carotenoid is P
carotene which has the highest provitamin A activity, it has

been proposed that carotenoids prevent cancer by their

conversion to vitamin A (called "pro-vitamin A hypothesis").

A few lines of evidence seem to support this hypothesis. It

was found that vitamin A and p-carotene regressed leukoplakia

in the oral cavity of betel nut/tobacco chewers, but cantha

xanthin, without provitamin A activity, was inactive (stich et

aI, 1989). Mathews-Roth (1982) found that both p-carotene and

canthaxanthin inhibited UV-induced skin tumors whereas

chemically-induced skin tumors were only inhibited by P

carotene. These data imply the requirement for conversion of

p-carotene to vitamin A.

However, in epidemiological studies, a consistent pattern

of the inverse association between dietary intake of
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carotenoids but not preformed vitamin A and cancer incidence

has been reported in seventeen studies (reviewed by Gaby and

singh, 1989). In addition, studies have shown a lack of

association between serum vitamin A level and cancer risk, but

an inverse association between high serum carotenoid levels

and reduced cancer risk (Connett et aI, 1989; Willett et aI,

1984; Wald et aI, 1987). Carotenoids without provitamin A

activity in mammals, such as canthaxanthin, lycopene, crocetin

and lutein, have also been found to possess cancer

chemopreventive activity in vivo and in vitro.

In animal models, non-provitamin A carotenoids canthaxan

thin (Alam et aI, 1988; Schwartz and Shklar, 1988; Mathew

Roth, 1982; Santamaria and Bianchi, 1989; Schwartz et a L,

1988), lycopene (Wang et aI, 1989), and crocetin (Gainer et

aI, 1976; Wilkins and Wilkins, 1976; Wang et aI, 1989) have

been shown to have anti-tumor activities. Therefore, in their

recent review paper, Bendich and Olson (1989) concluded that

"carotenoids clearly show biological actions in animals

distinct from their function as precursors of vitamin A".

In cell culture studies, Dr. Bertram's group found that

not only p-carotene and a-carotene but also canthaxanthin,

lycopene and lutein inhibit chemical carcinogen-induced

neoplastic trans-formation in 10T1/2 cells (Pung et aI, 1988;

Bertram et aI, 1991). In some cases, canthaxanthin is even

more effective than p-carotene (Schwartz et aI, 1988; Bendich

and Shapiro, 1986; Pung et aI, 1988). Goswami et al (1989)
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found that 7 carotenoids inhibited DNA adduct; formation by

aflatoxin B1 in vitro and this inhibitory effect seems not to

depend on their biopotency as provitamin A sources, since

lutein, cryptoxanthin, and certain apo-carotenals whose

biopotency is less than 50% that of ~-carotene, were

significantly more effective than ~-carotene. However, in

their study, canthaxanthin was inactive. Beta-carotene,~

cryptoxanthin and canthaxanthin inhibited aflatoxin-induced

mutagenesis in bacteria, but lycopene had no effect (He and

Campbell, 1990).

"Antioxidant hypothesis". Ten years ago, Peto et al

(1981) first proposed that beta-carotene itself may have

anticancer properties as an antioxidant independent of its

pro-vitamin A activity. In recent years, this hypothesis has

received more attention. As stated earlier, canthaxanthin,

lutein, lycopene, and crocetin can not be converted into

active retinoids by mammals, therefore the above data suggest

that there may be a direct mode of antitumor action of

carotenoids independent of vitamin A activity. One common

property shared by diverse carotenoids is their antioxidant

activity (Burton and Ingold, 1984; Burton, 1989; Krinsky,

1989b) which has been suggested to contribute to the

chemopreventive activity of carotenoids (Peto et aI, 1981;

Bendich, 1989; Bendich and Olson, 1989; Krinsky, 1989ab; Gaby

and Singh, 1989; Malone, 1991; Mascio et aI, 1991). Active

oxygen and free radicals can induce lipid peroxidation in
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membranes, inactivate enzymes and proteins, and damage RNA and

DNA (Imlay and Linn, 1988). The biological consequences of

oxidative damage are proliferation, mutations, chromosomal

aberrations, cytotoxicity, cellular degradation related to

aging and carcinogenesis (Imlay and Linn, 1988). Increased

levels of active oxygen species and free radicals can be

genotoxic, causing DNA damage and promoting initiated cells to

neoplastic growth. Active oxygen species and free radical

generators, such as hydrogen peroxide and paraquat, usually

have tumor promoter activity, while many antioxidants, such as

vitamin E and vitamin Care anticarcinogens (reviewed by

cerutti, 1985; Troll and Wiesner, 1985; Ito and Hirose, 1989).

Lipid peroxidation has been shown to influence cell

proliferation, alter cell-ligand interactions and messenger

systems (O'Brian et aI, 1988). Membrane degradation products

can activate protein kinase C (Touny et aI, 1990), which in

turn stimulates cell proliferation.

The long conjugated polyene chain in the molecular

structure of carotenoids confers upon them an ability to

quench photosensitizer triplets, oxygen singlets, and free

radicals (Burton and Ingold, 1984; Burton, 1989). However, no

research has been conducted to study side by side carotenoid

antioxidant properties related to their inhibitory activity on

neoplastic transformation. There is no clear-cut evidence

showing that antioxidant properties of carotenoids are

responsible for their cancer chemopreventive action.
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Effects of carotenoids in 10Tl/2 cells. In the C3H/

10T1/2 system, Bertram's group has found that both

canthaxanthin, without known provitamin A activity, and ~

carotene inhibit chemically- and x-ray-induced transformation

(Pung et aI, 1989), suggesting a mechanism independent of

provitamin A activity. since there was no evidence of

carotenoid conversion to retinoids (Rundaug et aI, 1988), the

carotenoids were postulated to inhibit transformation by

acting as antioxidants (Pung et aI, 1989). This suggestion is

consistent with observations that the lipid-phase antioxidant

a-tocopherol also inhibits chemically- and x-ray-induced

transformation in the same cell line (Borek et aI, 1986 ;

Bertram, personal communication). Addition of ascorbic acid,

a water soluble antioxidant, at physiological concentrations

has been found to completely prevent carcinogen MCA-induced

transformation in 10T1/2 cells, even when added as late as 23

days after carcinogen exposure (Benedict et aI, 1980).

Similar to retinoids, the inhibitory effects of ascorbic acid

on transformation were reversible.

Both carotenoids and retinoids exert potent chemopre

ventive activity in 10T1/2 cells and certain similarities have

been found between the inhibitory action of retinoids and

carotenoids on the neoplastic transformation of this cell

line, including both action in the promotion phase of

carcinogenesis and reversibility of inhibition (Bertram et aI,

1989) • These similarities suggest a common mechanism of
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action, possibly involving conversion of carotenoids to

retinoids. This was further strengthened when we found that

~-carotene and canthaxanthin, like retinoids, strongly

increased GJC in 10T1/2 cells (Zhang et aI, 1991). Although

previous observations have shown that no conversion of [14C]~_

carotene into [14C] retinoids in the same cell line was

detectable by HPLC (Rundhaug et a L, 1988), and so far no

evidence for canthaxanthin, lutein and lycopene having

provitamin A activity in mammals has been reported, it is

still possible that the carotenoids could be cleaved through

chemical attack (Olson, 1988) to yield fragments with

retinoid-like activity or that the carotenoids used may be

contaminated with retinoids. Since the present sbudy involves

the action of retinoids, the mechanism by which retinoids

regulate gene expression will be briefly discussed.

1.1.9. MECHANISM OF RETINOID ACTION

Since the discovery of nuclear retinoic acid receptors

(RARs), a member of the steroid and thyroid hormone receptor

super-family, modulation of gene expression by retinoids is

believed to occur by activating RARs (reviewed by Evans, 1988,

Wolf, 1990, Hashimoto, 1991, Wahli and Martinez, 1991 and

Luca, 1991). The structure of steroid /thyroid/retinoid

receptors is diagramed in Fig. 1. Based on similarity of

their amino acid sequences, all of these receptor proteins can

be divided into six domains, A-F. Each domain is interchang-
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Fig. 1 structure of Retinoic Acid Receptors

Redraw from Wahli and Martinez (1991) with modification.
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able within the members of the family and possesses different

function(s) (Hashimoto, 1991). The N-terminal A/B domain has

transcriptional activation activity. The C domain contains

two zinc fingers responsible for DNA-binding. The first zinc

finger (nearer the N-terminus) determines binding specificity,

while the second zinc finger is believed to stabilize the

binding of the receptors to DNA. The E domain is the ligand

binding region. This domain is also considered to be the site

of ligand-dependent dimerization and the site of interaction

with other nuclear factors. The D domain between the DNA and

ligand binding domains is a hinge region and may be, in part,

responsible for the intranuclear localization of the

receptors. The function of the c-terminal F domain is

unknown. It may be involved in transactivation or

dimerization of the receptors.

RARs act as retinoid-dependent transcriptional factors

which bind to a specific promoter region, retinoic acid

responsive element (RARE), of a target gene and regulate the

gene expression. Such RAREs have been identified in RAR-~

gene (de The et aI, 1990; Hoffmann et aI, 1990; Sucov et aI,

1990; Zelent et aI, 1991), laminin B1 (Vasios et aI, 1989),

mouse cellular retinol binding protein I (Smith et aI, 1991)

and II genes (Mangelsdorf et a L, 1991), oct3 gene for an

embryonic transcription factor (Okazawa et aI, 1991),

complement factor H (Munoz-Canoves et aI, 1990), interleukin-2

gene (Felli et aI, 1991), apolipoprotein AI gene (Rottman et
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aI, 1991), human alcohol dehydrogenase gene ADH3 (Duester et

aI, 1991), and phosphoenolpyruvate carboxykinase gene (Lucas

et a L, 1991). So far three RARs have been identified in

humans and mice, that is, RAR Q (Petkovich et a L, 1987;

Giguere et aI, 1987), P (Brand et aI, 1988; Benbrook et aI,

1988), and T (Zelent et aI, 1989; Krust et aI, 1989; Ishikawa

et aI, 1991). A fourth receptor, hRXR-Q, which also responds

to retinoic acid but has low homology to RARs, has been

discovered (Mangelsdorf et a L, 1990). Similar to steroid

hormone receptors, the molecular weight of RARs is about 51 kD

(Gaub et aI, 1989). A number of isoforms has been identified

in each subtype of the receptors «Kastner et a L, 1990;

Giguere et aI, 1990; Hashimoto, 1991). The isoforms of a

sUbtype of the receptors are different only in their N

terminal regions and are produced by alternative splicing or

differential usage of the promoters. The genes for human RARs

have been mapped. Human RAR oc was encoded by chromosome 17

(Petkovitch, 1987) whereas the genetic loci for RARP and RART

were chromosome 3 and 12 respectively (Brand et a l , 1988 ;

Ishikawa et aI, 1990).

The expression of the RARs have been found to be organ

specific. RARoc was found to be expressed in most of the

tissues examined, whereas RARP transcripts were high in human

kidney, prostate, cerebral cortex (de The et aI, 1989) and in

rat lung, liver, heart (Rees et aI, 1989). RART was

predominantly expressed in skin (Zelent et aI, 1989). RXR was
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found to be highly expressed in liver, kidney, lung

(Mangelsdorf et aI, 1990). RAR a and r are usually constitu-

tively expressed in most cell types and tissues, whereas RAR

~ gene is directly induced by retinoic acid in many cell types

(Hashimoto, 1991), including murine embryonic teratocarcinoma

F9 (Zelent et aI, 1989; Hu and Gudas, 1990; Martin et aI,

1990), P19 cells (Song and Siu, 1989; Kruyt et aI, 1991),

RAC65EC cells (Song and Siu, 1989) and PCC4.azalR cells (Nervi

et aI, 1990); murine melanoma cells (Clifford et aI, 1990);

human teratocarcinoma cells (Miller et aI, 1991); tracheobron-

chial cells (Vollberg et aI, 1991); human umbilical vein

endothelial cells (Fesus et aI, 1991), and especially, human

dermal fibroblasts (Elder et aI, 1991). Table 2 lists the

characteristics of the three human RARs.

Table 2. comparison of Human RARs·

RAR-a RAR-~ RAR-r

Chromosome 17 3 12

Number of isoforms 2 3 2

Distribution universal restricted restricted

Expression steady inducible steady

Stability of stable unstable stable
the protein

Stability of stable unstable stable
the Transcripts

* From Hashimoto (1991) with modification.
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1.2. GAP JUNCTIONAL COMMUNICATION

In our studies, we found that carotenoids elevate GJC

(Zhang et aI, 1991). This cellular process has been

demonstrated to play an important in the regulation of

neoplastic transformation (Yamasaki, 1990; Mehta et ai , 1986),

and appears related to retinoid action in 10T1/2 cells

(Hossain et a l , 1989). Since regulation of GJC (GJC) and

connexin43 (Cx43) gene expression are the major elements of

this dissertation research, GJC and its role in cell growth

control and carcinogenesis are discussed below.

1.2.1. STRUCTURE OF GAP JUNCTIONS

Gap junctions are clusters of hydrophilic channels

traversing connecting plasma membranes of coupled cells.

These channels have an inner diameter of about 15-20 A which

allows for the passage between communicating cells of

inorganic ions and small water-soluble compounds up to about

1000 daltons, such as small metabolites, building blocks of

bimolecular synthesis, high energy phosphates and regulatory

signals. Larger molecules such as proteins can not pass

through the channels. The channels do not open to the

exterior, are nonspecific and allow for passive diffusion.

Like other membrane channels, junctional channels are gated

pathways, that is, the channels can open or close depending on

physiological conditions.

Each gap junctional channel is made of two tightly joined
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Each gap junctional channel is made of two tightly joined

hemichannels, each donated by one of the two participating

cells (Loewenstein, 1981). Each hemichannel is termed a

connexon, and two connexons in register are paired to form a

continuous aqueous channel by end-to-end joining. The

structure of the connexon is a unique hexamer. Each connexon

is composed of 6 transmembrane protein subunits. These

subunits are hexagonally arranged so as to form the wall of a

center aqueous pore. The subunits may slide on each other in

a counterclockwise fashion to achieve the open state (Zampighi

and Unwin, 1988). The channels exist in either a fUlly open

or fully closed state (Verselis et aI, 1986; Burt and Spray,

1988).

The involvement of gap junctions in intercellular

communication was demonstrated by Loewenstein I s group, by

showing that communication-competence in cells goes hand in

hand with the presence of gap junctions (Azarnia et aI, 1974;

Larsen et aI, 1977).

1.2.2. CONNEXINS

Gap junctional channels are composed of transmembrane

proteins. These proteins are termed connexins (Beyer et aI,

1987) and they belong to the same family.

According to sequence homology, a number of connexins

have been identified in mammals as listed in Table 3.
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Table 3. Mammalian connexins Identified*

Name specfes" of
cDNA clone

Total # of
amino acids

size of mRNA
(kb)

Cx26 r 226 (r, m) 2.5

Cx31 m 270 (m, r) 2.3, 1.9

Cx31.1 m 271 (m) 1.6

Cx32 r 283 (r, m) 1.6

Cx37 m 333 (m) 1.7

Cx40 m 358 (m) 3.5

Cx43 r, m, h 382 (r, m) 3.1

Cx45 m 396 (m) 2.3

Cx46 r 416 (r) 3.0

* from Willecke et aI, (1991) with modification.
a r: rat, m: mouse, h: human

As a major family of transmembrane proteins, connexins

exist in a wide variety of vertebrate organs. They range in

size from about 20 to 70 kD, depending on tissues. The

connexins are a multigene family. It has been demonstrated

that at least 5 different connexin transcripts can be

expressed at different levels in one cell type (Willecke et

aI, 1991). The amino acid sequences of connexins are

conserved with significant sequence similarity found in

connexins from organs derived from all three embryonal layers.
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For example, there is about 40 to 60% homology among CX32,

highly expressed in liver" which is derived from endoderm, Cx43

in heart derived from mesoderm, and Cx70 in lens derived from

ectoderm (Kistler et aI, 1988). In addition to mammals,

connexins have been found in fish, insect, and chicken (Beyer,

1990). Recently, it is reported that plant mesocotyl

plasmodesmata, which functions as gap junctions do in mammals,

also contain at least two different proteins homologous with

Cx43 (Yahalom et aI, 1991). Since cx43 has been found to be

expressed in so many types of cells and tissues, it has been

suggested that Cx43 may have had an ancestral role for

mammalian connexins and Cx32 and Cx26 may have derived from

Cx43 by different deletions and other genetic alterations

(Willecke and Traub, 1990).

Based on hydropathy plots and tested by proteolysis and

immunocytochemical studies, it has been proposed that

different connexins have a similar organization with respect

to the plasma membrane as diagramed in Fig. 2. The derived

total amino acid sequence of Cx32 indicates there are four

transmembrane hydrophobic regions, of which the third

transmembrane has amphiphilic property. Later studies on the

secondary structure of Cx43 proposed a quite similar

topological model to that of CX32, but with a longer

cytoplasmic domain (Yancey et aI, 1988).

The major points of this model are that the connexin

spans the plasma membrane 4 times to form a M-shape structure.
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Figure 2. Topological model of connexins in the

junctional plasma membrane.

The two extracellular domains each contains three

invariant cysteines (represented by circled C). Both the N-

and c-terrninal regions are face into the cytoplasm. The

length and amino acid sequences in the cytoplasmic loop (A)

and c-terrninal tail (B) are divergent among different members

of the connexin family.

Redraw from Beyer et al (1990) with modification.
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The two predicted extracellular domains are the most conserved

regions, each containing three invariant cysteine residues.

The putative transmembrane domains are somewhat less well

conserved. Both the N- and C-terminal regions are in the

cytoplasmic face of the membrane. The length and amino acid

sequences in the C-terminal and intracellular loop A are

divergent among different members of the connexin family.

Therefore, the carboxyl-terminal regions may be involved in

tissue specificity and as targets for gating control.

Based on the structural features described in Fig. 2, one

would predict that the highly conserved extracellular loops

may be necessary for recognition and docking to the same

region of their counterparts, i.e., the hemichannels, in

the opposing membrane. Another prediction would be that the

connexins could interact heterologuously with each other.

To my knowledge, so far only the gene for Cx32 has

been cloned and sequenced (Miller et a L, 1988). The Cx32 gene

has two exons. Its complete protein coding sequence is wi thin

one uninterrupted block. This rules out the possibility that

the different members of the connexin protein family are from

differential splicing of the same gene such as occurs in the

potassium channel protein family. There is a 6.1 kb intron in

5 '-untranslated region of the transcript. Both 51 mapping and

primer extension experiments showed that there are multiple

transcription start sites. Another interesting characteristic

is that sequences near the transcription start sites and

36



within the 3'-end of the intron are homologous to cyclic AMP

response element sequence. This finding appears very

important because the cAMP response element has been shown to

have enhancer characteristics. Therefore, these sequences

could confer the basis for the molecular mechanism of the up

regulation of GJC by cAMP. Southern blots show a single copy

of this gene per haploid genome.

Unfortunately, the structure of Cx43 gene is not defined

yet.

1.2.3. BIOLOGICAL ROLES OF GJC

GJC has been suggested to regulate a number of cellular

events (reviewed by Loewenstein, 1981; pitts and Finbow, 1977;

Caveney, 1985).

Tissue homeostasis. The most basic physiological role of

the channels is the maintenance of tissue homeostasis by

transferring essential biological precursors, such as

nucleotides, sugar phosphates, amino acids, inorganic ions,

choline phosphate, and etc. (Pitts and Finbow, 1977). Due to

the limitation of the channel diameter, large macromolecules

such as DNA, RNA, proteins, glycoproteins can not be

transferred, thereby maintaining cellular identity.

Rhythmic contraction of heart and uterus. A well

established role of GJC is in rhythmic contraction of heart

and uterus. In heart and term myometrium, gap junctional

channels serve to distribute ionic signals for contraction
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throughout the muscle mass (Sheridan and Atkinson, 1985).

Embryogenesis and Pattern Formation. More and more data

showing that GJC play an important role in embryogenesis and

tissue development (Caveney, 1985). GJC is pervasive at early

stage of embryogenesis and becomes compartmentalized as

development proceeds. De novo assembly of gap junctions

begins during compaction in the eight-cell stage of mouse

embryo development, and intercellular coupling regulated by

gap junctions is required for maintenance of the compacted

state (Kidder, 1987). zygotic expression of cx43 gene is

critical for preimplantation morphogenesis of mouse

(Valdimarsson et aI, 1991). GJC is needed for normal oocyte

growth and maturation (Eppig, 1982) and early embryonic

development (Ducibella et aI, 1975). Microinjection of the

antibody against junctional protein into mouse embryos at the

eight cell stage blocks communication in the progeny cells,

causing morphological defects (Warner et a l , 1984). The

existence of different communication compartments in

developing embryos has been reported in many studies (Weir and

Lo, 1984; Lo, 1988; van den Biggelaar and Serras, 1988).

These compartments are groups of cells which are already

destined to form a certain tissue (Weir and Lo, 1984). During

the final stage of development, i.e., tissue differentiation,

gap junctions have been found to be absent in some cases

(Caveney, 1985; Kam et aI, 1987). Fraser et al (1987, 1988)

reported that the disruption of communication interfered with
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the patterning process in hydra. Similar findings were

reported by Allen et al (1990) in the developing chick limb

bud model.

1.2.4. ROLES OF GJC IN CELL GROWTH CONTROL AND SUPPRESSION OF

CARCINOGENESIS

A large body of literature (reviewed by Trosko et aI,

1990; Klaunig and Ruch, 1990; Saez et aI, 1990; Yamasaki and

Fitzgerald, 1990) strongly suggests that GJC plays an

important role in cell growth control and carcinogenesis.

Cancer cells are communication-incompetent. The

hypothesis of gap junctional transmission of signals for

control of cell growth and differentiation was originally

proposed by Loewenstein and Kanno as early as 1964. Although

the signals are still unknown, the evidence is quite

compelling. Based on the hypothesis, they predicted that

cells which are communication incompetent, would be growth

regulation incompetent; such cells would be potentially or

actually cancerous. The evidence for this was first

demonstrated by Loewenstein and Kanno (1966) by showing that

cancerous cells, which had presumably lost growth control, did

not communicate, whereas their normal counterparts were

capable of cell communication.

Subsequent studies demonstrate that junctional competence

and growth-control competence often go hand in hand (Azarnia

et a l , 1977; Larsen et aI, 1977; Klaunig and Ruch, 1990;
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Yamasaki, 1990). It was shown that the loss of GJC in

transformed cells correlates with their metastatic potential

(Nicholson et aI, 1988). Highly metastatic rat mammary cells

also showed fewer gap junctions (Ren et aI, 1990). Recent

studies indicate that GJC is progressively lost during the

multistep transformation process in rat ovarian cancer (stein

et a L, 1991). Moreover, gap junctional genes were found to be

aberrantly expressed in tumor cells (Oyamada et aI, 1990).

Tumor promoters inhibit GJC. Tumor promoters at non

cyto-toxic concentrations inhibit GJC between various

mammalian cell lines including 10T1/2 cells (Yotti et a l ,

1979; Hossain et aI, 1989; Zhang et aI, 1991; for review see

Klaunig and Ruch, 1990). Therefore, it has been suggested

that the blockade of GJC is related to the carcinogenic

properties of tumor promoters by stimulating cell

proliferation of initiated cells. Inhibition of GJC by tumor

promoters may allow the cells in the initiation phase of

carcinogenesis to express their transformed phenotype. This

hypothesis was substantiated by Rivedal et al (1985) who

showed that a TPA-resistant cell line did not transform or

exhibit decreased GJC after TPA treatment, whereas TPA

sensitive cells exhibited both. TPA-induced inhibition of GJC

was associated with a decreased number of gap junctions in

Chinese hamster V-79 cells (Yancey et aI, 1982). The

inhibition was rapid (Enomoto et aI, 1981) and reversible even

in the presence of RNA or protein synthesis inhibitors
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(Yamasaki et aI, 1983). These results suggest that phorbol

esters affect the organization of functional gap junctions

rather than inhibiting the expression of the protein

components. Another class of tumor promoter, phenobarbital,

was however shown to decrease the expression of Cx32 in rat

liver cells (Mesnil et aI, 1988) indicating the existence of

different pathways to inhibit GJC.

Growth factors decrease GJC. Platelet- derived growth

factor (PDGF) and epidermal growth factor (EGF) , which

stimulate cell growth, have been found to inhibit GJC in

various mammalian cell types. The changes in GJC are among

the earliest cellular responses to PDGF and EGF (Maldonado et

aI, 1988). PDGF stimulates cell growth and is required for

neoplastic transformation in lOT 1/2 cells (Mordan,

1989) . Oncoqenes block GJC. GJC has been shown to be

inhibited by several oncogenes including src (Atkinson et aI,

1981; Azarnia and Loewenstein, 1984; Chang et aI, 1985), ras

(Atkinson and Sheridan, 1984; EI-Fouly et aI, 1989; Bignami et

aI, 1988, Vanhamme et aI, 1989; Brissette et aI, 1991), neu

and mos (Atkinson and Sheridan, 1984) as well as the

polyomavirus middle T gene (Azarnia and Loewenstein, 1987) and

SV40T (Rosen et aI, 1988; Stein et aI, 1991). Over-expression

of src gene product pp60V
-
1lC tyrosine protein kinase in NIH 3T3

cells caused down-regulation of GJC and this was correlated

with the inhibition of GJC (Azarnia et aI, 1988). Recently

Crow et al (1990) showed that in Rous sarcoma virus infected
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cells, tyrosine phosphorylation of Cx43 correlated with the

loss of communication. similar conclusions were reported by

Hyrc and Rose (1990) who demonstrated that a 40-45 kD protein

was heavily phosphorylated by v-src. Several Ha-ras

transfected cell lines showed a similar loss of GJC (EI-Fouly

et aI, 1989; Bignami et aI, 1988, Vanhamme et aI, 1989). The

expression of other oncogenes and proto-oncogenes has also

been shown to be involved in the modulation of GJC (Beer et

aI, 1988; Atkinson and Sheridan, 1984).

Enhanced GJC leads to suppression of carcinogenesis. The

above evidence strongly suggests that the loss of GJC is

associated with the development of neoplasia. Conversely,

there is strong evidence showing that the incidence of

tumorigenesis can be blocked by elevated GJC.

Inhibition of tumor cell growth by normal cells. Tumor

cell growth can be inhibited by the contact with normal cells

which was first reported by Stoker et al (1966) and Borek and

Sachs (1966) in hamster and rat cells. This phenomena was

also observed in 3T3 cells and C3H/10T1/2 cells in which the

chemical carcinogen-initiated or UV-irradiated cells did not

undergo full transformation when cocultured with normal cells

(Sivak and Van Duuren, 1967; Bertram, 1977, 1979; Mordan et

aI, 1983; Hershman and Brankow, 1986). A similar observation

was made for rat 208F cells in which the total number and size

of foci formed by oncogene-transfected cells were strongly

reduced by co-cultured normal cells (Martin et aI, 1991). In
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vivo studies by Watanabe et al (1988) showed that unirradiated

thyroid cells can inhibit carcinoma formation in radiation

initiated cells.

cAMP which suppresses cell growth enhances GJC. Cyclic

AMP has been reported to elevate GJC in many systems (De Mello

and van Loon, 1987; Spray and Burt, 1990; Veld et aI, 1985).

This action of cAMP was shown to be mediated through enhanced

expression and subsequent phosphorylation of connexins (Saez

et aI, 1986a; Traub et aI, 1987). In 10T1/2 cells, the growth

of fully transformed cells were inhibited by normal cells

(Bertram, 1977) and this growth inhibition was increased by

cAMP-phosphodiesterase inhibitors (Bertram, 1979; Bertram et

aI, 1982) or by adenyl cyclase activators (Bertram and

Faletto, 1985; Mehta et aI, 1986). The lack of any growth

inhibition by the drugs in absence of normal cells suggested

that cellular cAMP is involved in promoting GJC between the

normal and transformed cells. Indeed, cAMP-induced growth

control was found to be highly correlated with the increase in

GJC (Mehta et aI, 1986; Hossain, 1991). Similar effects were

reported by Yamasaki's group where the transformed phenotype

was completely reversed by cAMP in the presence of normal

cells and it was associated with an induction in heterologous

GJC between these cell types (Yamasaki and Katoh, 1988).

Drugs which inhibit transformation elevate GJC. In 3T3

cells, TPA blocked GJC and enhanced chemical carcinogen

induced transformation, while retinoic acid inhibited this
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activity of TPA (Enomoto and Yamasaki, 1985). In 10T1/2

cells, it has been demonstrated that retinoids which are

potent tumor inhibitors cause profound enhancement of GJC and

this activity is highly correlated with the inhibition of

neoplastic transformation (Hossain et aI, 1989). Furthermore,

this induction of GJC is strongly correlated with a decreased

cell saturation density; an effect equated to enhanced cell

growth control (Mehta et aI, 1989; Hossain, 1991). si.milar

effects have been also demonstrated for carotenoids in the

same system (Zhang et aI, 1991). In addition, drugs which

enhance GJC between normal and tumor cells in vivo strongly

inhibit experimental lung metastasis (Janik et aI, 1980).

Transfection of connexin genes in communication-deficient

tumor cells results in growth control. Recently, several

experiments have shown that transfection of connexin genes

into communication-deficient tumor cells results in growth

control. A human hepatoma cell line SKHep1 is communication

incompetent, however after transfecting the cells with cx32

cDNA, GJC was markedly increased and correspondingly, the cell

proliferation rate was reduced (Eghbali et aI, 1990).

Subsequently, the clone cells containing the Cx32 cDNA were

injected into athymic nude mice, and the growth rate of tumors

in vivo was remarkably reduced (Eghbali et a L, 1991). A

similar in vitro observation was made by Zhu et al (1991).

They transferred Cx43 cDNA into cancerous C6 glioma cells

which are communication-deficient, and found that GJC was
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increased and, correspondingly, the cell proliferation rate

was reduced. Recently, Loewenstein's group has incorporated

Cx43 gene into the genome of communication-deficient

transformed 10Tl/2 cells (Mehta et aI, 1991), and they found

the GJC is restored and the cell growth is inhibited.

All the above lines of evidence strongly suggest that

establishment of intercellular communication between normal

and transformed cells can allow the passage of growth

regulatory signals from normal to the transformed cells

causing the growth arrest of the latter.

1.3. OBJECTIVES AND RATIONALE OF THE STUDY

1.3.1 OBJECTIVES

According to the above discussion, a major unanswered

question is whether carotenoids have their own intrinsic

cancer chemopreventive activity as antioxidants or whether

this activity is dependent on their pro-vitamin A activity.

Therefore, the main focus of my thesis research is to test

both "antioxidant" and "pro-vitamin A" hypotheses by using in

vitro cell culture model system, C3H/10Tl/2 cell line as well

as human fibroblasts and murine embryonic teratocarcinoma F9

cell line.

The major questions that are asked in the present study

are:

1. Do carotenoids protect cells from oxidative damage as

does the antioxidant a-tocopherol? If yes, does this activity
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correlate with their ability to inhibit neoplastic

transformation?

2. Does the antioxidant potency of a series of

carotenoids correlate with the number of conjugated double

bonds possessed by these molecules?

3. Do carotenoids without pro-vitamin A activity also

show the same effects as those with pro-vitamin A activity?

4. Like retinoids, do carotenoids that inhibit

transformation also enhance GJC? If yes, do these two

activities correlate?

6. If carotenoids do enhance GJC, is it due to their

protection of cell membranes from oxidative damage?

7. If carotenoids do enhance GJC, what is the time course

and dose response of the induction? Is the induction

reversible?

8. If the carotenoids do increase GJC, do they also up

regulate the levels of Cx43 mRNA and protein as do retinoids?

9. If the levels of Cx43 mRNA and protein are indeed

elevated by the carotenoids, what is the time course and dose

response of the induction? Is the induction of Cx43 mRNA and

protein correlated with the induction of GJC?

10. If the carotenoids do increase the levels of Cx43

mRNA and protein, do they also increase the number of gap

junctional plaques in cell-cell contact as do retinoids?

11. If carotenoids do up-regulate GJC and Cx43 gene

expression in 10T1/2 cells, are these effects of carotenoids
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only limited to 10Tl/2 cells or can be observed in other cell

lines, such as human dermal fibroblast cells and mouse

embryonal teratocarcinoma F9 cells?

12. If the carotenoids induce cx43 gene expression, do

they also activate retinoic acid-inducible gene RAR-beta as do

retinoids?

13. If the carotenoids do up-regulate GJC and Cx43 gene

expression, do tumor promoter okadaic acid and growth stimu

lating factor PDGF antagonize these effects of the

carotenoids?

1.3.2. RATIONALE

Justitication tor using mouse embryo fibroblast C3H/10T

1/2 cell line. The principal cell line used in this study was

C3H/10T1/2 cells. This cell line, developed in the laboratory

of Charles Heidelberger (Reznikoff et aL, 1973a, b), is a

subtetraploid line of fibroblasts derived from C3H mouse

embryos. They are non-tumorigenic in syngeneic immuno

suppressed hosts, have a very low spontaneous transformation

rate when properly handled and were selected to exhibit a high

degree of post-confluence inhibition of cell proliferation

which is a major criterion of the non-malignant phenotype of

fibroblasts. This cell line is used in the present study

because it has been shown to mimic many aspects of

carcinogenesis in animals and humans and therefore is a

reliable model for chemopreventive studies at cellular and
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molecular levels (Bertram, 1985, 1989). In addition, in this

cell line both retinoids and carotenoids have been

demonstrated to inhibit physical and chemical carcinogen

induced neoplastic transformation (Merriman and Bertram, 1979;

Rundhaug et aI, 1988; Hossain et aI, 1989; Pung et aI, 1989;

Bertram et aI, 1991), and to enhance GJC (Mehta et aI, 1989;

Hossain et aI, 1989; Zhang et aI, 1991).

In order to assure the meaningfUl detection of

antioxidant and provitamin A activities, eight naturaly

occurring carotenoids and two synthetic compounds, analogous

to carotenoids, were tested along with the retinoid TTNPB and

a-tocopherol. Their structures are shown in Fig. 3 and 4.

The chosen compounds were considered to be sUfficiently

comprehensive to assure a meaningful comparison of antioxidant

and provitamin A characteristics. The reasons to choose these

chemicals are specified as follows:

Justification for selected carotenoids.

1. Dietary importance.

They are major carotenoids found in fruits and vegetables

and found in human blood and tissues. Beta- and a-carotenes

are commonly found in dark green leafy vegetables and various

fruits. Beta-carotene is also widely used as colorant in

butter, ice cream, margarine, and salad oil (Klaul and

Bauernfeind, 1981). Beta-cryptoxanthin is the most abundant

carotenoid in papaya and citrus fruits, such as orange and

lemon. Lycopene accounts for 90-95% of total carotenoids in
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Figure 3. structures of natural carotenoids tested.
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Figure 4. structures of TTNPB and synthetic compounds

tested.
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tomatoes (Gross, 1987). Lutein is a major carotenoid in green

leafy vegetables. Canthaxanthin is found in various edible

mushrooms and algae, and is a major carotenoid in shellfish

and birds (Brush, 1990). Canthaxanthin is widely used as

colorant in salad dressings, sausage and barbecue sauce (Klaul

& Bauernfeind, 1981), and also in artificial crab meats

(Franke et aI, personal communication).

2. Provitamin A activity.

In mammals, P- and a-carotenes, and p-cryptoxanthin have

known provitamin A activity, whereas the others do not (Klaui

and Bauernfeind, 1981). Comparison of the effects of these

two groups of carotenoids should provide evidence that the

effects are dependent or independent of provitamin A activity.

3. Diverse structures.

a). Differences in the number of conjugated double bonds

The number of conjugated double bonds in carotenoid

molecule parallels their ability to quench singlet oxygen

(Foote et aI, 1970). These chosen carotenoids represent a

series in which the extent of conjugation varies, while the

overall number of carbon atoms remains constant: all of them

have 40 carbon atoms except bixin with 25 carbon atoms. The

number of conjugated double-bonds are 13 for canthaxanthin, 11

for p-carotene, p-cryptoxanthin, lycopene and methyl-bixin, 10

for a-carotene and lutein, and 3 for phytoene. A comparison

of the effects of these compounds should reveal if there is a

correlation between these parameters.
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b). Ring structure

Lycopene, the precursor of p-carotene in plants,

represents an acyclic analogue of p-carotene containing the

same number of conjugated double bonds and should reveal

whether the rings in p-carotene are important to its function.

Methyl-bixin is an acyclic analogue of canthaxanthin,

containing the same number of conjugated double bonds as p

carotene. Phytoene, the precursor of lycopene in plants, is

a straight chain hydrocarbons with fewer conjugated double

bonds.

c). Ring substitutions

Beta- and a-carotenes do not have substitutions in their

rings. Canthaxanthin has two keto groups, p-cryptoxanthin has

one hydroxyl group, and lutein has two hydroxyl groups in

their rings. Additionally, the inhibitory potency of these

carotenoids has recently been studied in 10T1/2 cells (Bertram

et aI, 1991).

Justification for using TTNPB. since the direct

detection of low rate of conversion of carotenoids to

retinoids is beyond current technology, an alternative

analogous strategy was used to test the "pro-vitamin A

hypothesis" , comparing the biological effects of the

carotenoids with those of retinoids. If carotenoids act by

conversion into retinoids, they should show similar effects to

those of retinoids, such as enhancement of GJC (Hossain et aI,

1989) by increasing the levels of Cx43 mRNA and protein

54



(Rogers et a L, 1991), and up-regulation of retinoic acid

receptor mRNAs (de The et a L, 1990; Hu and GUdas, 1990; Martin

et a L, 1990; Nervi et a l , 1990). The synthetic retinoid

tetrahydrotetramethyl-napthalenylpropenylbenzoic acid (TTNPB),

is more stable in 10T1/2 cells than retinoic acid which is

rapidly metabolized by the cells (Rundhaug et aI, 1987) and

its activity has been shown to be analogous to other active

retinoids in the same system (Hossain et a l , 1989). Moreover,

it has been shown that TTNPB binds to the alpha, beta, and

gamma forms of RAR receptors with similar affinities as

retinoic acid (Levin et aI, 1991). Therefore TTNPB was used

as a positive control in certain experiments, including

effects on the expression of gap junctional gene and retinoid

receptor genes.

Justification for using a-tocopherol. Alpha-tocopherol

(also called vitamin E) is a well known lipid phase chain

breaking antioxidant and it has been shown to have

chemopreventive activity mainly due to its antioxidant

properties (reviewed by Mergens and Bhagavan, 1989).

Therefore, this chemical was utilized side by side with

carotenoids in all experiments. If carotenoids inhibit

transformation and enhance GJC by their antioxidant activity,

this drug should show similar activities to those noted for

active carotenoids.
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CHAPTER 2

MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. CELL LINES USED IN THIS STUDY

The cells used in this study are listed in Table 4. The

most extensively studied cell line in this study is the mouse

embryonic fibroblast C3H/10T1/2 cell line. Besides the 10T1j2

cell line, human dermal fibroblast and murine teratocarcinoma

F9 cells were also used in molecular studies. The human

dermal fibroblast cell line was cloned by Dr. Bertram's group

and early passage of clone 2 and 3 were used. The F9 cell

line was kindly provided by Dr. Gudas's group.

Table 4. Cell Lines Used in This Study

Name Source

Mouse Embryonic Fibroblast C3H10T1j2

Human Dermal Fibroblast Clone 2 and 3

Murine Embryonic Teratocarcinoma F9
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2.1.2. DRUGS USED IN THIS STUDY

carotenoids. Eight carotenoids: a-carotene, ~-carotene,

canthaxanthin, lycopene, lutein, ~-cryptoxanthin, trans

methyl-bixin and phytoene were studied (Fig. 3). Lycopene,

lutein, and ~-carotene were purchased from sigma Chemical Co.

(st. Louis, MO). Canthaxanthin, ~-cryptoxanthin, a-carotene,

phytoene, and trans-methyl-bixin were gifts from Hoffmann

LaRoche (Nutley, NJ).

synthetic compounds. C28- and C22-polyene-tetrone-

diacetals (Fig. 4) were synthesized by the group of Dr. Sies,

University of Dusseldorf.

Others. TTNPB was a kind gift from Hoffman-LaRoche

(Nutley, NJ). Alpha-tocopherol was purchased from sigma

Chemical Co. (st. Louis, MO).

2.2. METHODS

2.2.1. CELL CULTURE

lOT1/2 Cells. C3H/10T1/2 cell line was cultured in basal

medium Eagles's with Earle's salts (GIBCO), supplemented with

the same lot of 5% fetal bovine serum (Hyclone Laboratories)

and 25 ug/ml gentamicin sulfate and were incubated at 37°C in

5% C02 in air as described previously (Reznikoff et aI, 1973;

Bertram et aI, 1991). Unless otherwise mentioned, cells were

seeded in plastic culture dishes (Falcon). When confluent

after one week seeding, the medium was changed to 3% fetal

bovine serum and thereafter. Drug treatment started with the
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first medium change unless otherwise indicated. Cell counts

were done with an electronic Coulter counter.

Clone and culture of human dermal fabroblast cells. The

source of the human materials was discarded neonatal foreskins

obtained after routine circumcision. Primary human foreskin

fibroblast cultures were obtained from finely chopped whole

foreskins after digestion with trypsin. After removal of the

trypsin by centrifugation, the pellet was dispersed in Basal

Eagle's medium containing 10% fetal calf serum. The culture

condition was the same used in previous studies in 10T1/2

cells.

Kurine embryonal teratocarcinoma F9 cells. F9 cell line

was kindly supplied by Lorraine J. Gudas (1974) and cultured

as described by the supplier. Briefly, the cells were

cultured in Dulbeccos Modified Eagle's (DME) medium (Flow

labs) containing 10% fetal calf serum (Hyclone Laboratories)

and 25 ug/ml gentamicin sulfate and were incubated at 37°C in

5% C02 in air. Cells were seeded in ISO-rom plastic culture

dishes. Since this transformed cell line rapidly lifts off

from the culture dish after attaining confluence, they were

treated on the 2nd day after seeding or when they were

subconfluent.

2.2.2. TREATMENT WITH DRUGS

Handling. Since all drugs used, especially carotenoids,

are very sensitive to light, heat and oxygen, special handling
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was taken throughout of the study. Direct sunlight and UV

light can induce cis-trans photoisomerization of the drugs and

lead to photodestruction. Pure carotenoids and retinoids are

best kept as crystalline solids. After first opening an

original bottle of the drug, they were aliqoted into small

dark brown vessels (usually 1 mg/vessel) under nitrogen,

tightly sealed and wrapped in aluminum foil and stored at 

70°C to protect from UV light, warming and water. The

solutions were kept under nitrogen in the dark at -70°C. The

concentrations were checked by measuring absorption at given

wavelength and concentrations adjusted according to the

readings. Solutions showing >10% degradation were discarded.

In order to minimize the risk of contamination with water,

stored drugs were allowed to reach room temperature before

being opened. During treatment and medium change of cell

cUltures, the light in the hood was off.

The purity of carotenoids and synthetic compounds were

checked by HPLC.

Treatment. All carotenoids and synthetic compounds used

were delivered into cell cultures with tetrahydrofuran (THF)

as a solvent (99.9%, purchased from Aldrich Chemical Co.) as

previously described (Bertram et aI, 1991), and TTNPB and a

tocopherol by acetone unless indicated. Concentrations of the

drugs were determined by their UV absorbance and from

published extinction coefficients. cultures were mildly

agitated after the addition of the drugs. The final
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concentration of acetone or THF in the culture medium was

0.5%.

2.2.3. LIPID PEROXIDATION ASSAY

Cellular lipid peroxide levels were assayed by measuring

the amount of thiobarbituric acid (TBA) -reactive material

according to a modified TBA fluorometric method (Yagi, 1987).

Cells in 60 mm dishes were washed twice with PBS and scraped

from the dish with a rubber policeman into 4 ml of 0.083 N

H2S04 and 0.5 ml of 10% phosphotungstic acid. After incubation

for 5 min. at room temperature, it was centrifuged at 3000 rpm

for 10 minutes and the supernatant removed. This step is to

remove water-soluble TBA reactive substances in order to

increase specificity. The pellet was suspended in 4.0 ml

water and 1.0 ml TBA reagent (equal volumes of aqueous 0.67%

TBA and glacial acetic acid) and incubated at 95°C for 60 min

in a wax bath. After cooling, 4.0 ml of n-butanol was added

and the mixture vortexed vigorously to extract the TBA

reactive material. with incubation a pink fluorescent

chromogen is formed by reaction of one molecule of MDA

(malondialdehyde) with two molecules of TBA. MDA is formed by

decomposition of lipid peroxides during the acid-heating stage

of the test. The mixture was centrifuged for 10 min at 3000

rpm and the n-butanol layer was removed for spectro

fluorometric analysis at 553 nm with excitation at 515 nm

using a fluorescence spectrophotometer (Perkin-Elmer) •
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1, 1, 3,3-tetramethoxypropane was used as a standard. Cellular

levels were expressed in terms of malondialdehyde equivalents

/dish (MDA-Eq). Cells were sampled from duplicate culture

dishes and the variation was generally within 5%.

2.2.4. GAP JUNCTIONAL COMMUNICATION ASSAY

Cell cultures were grown in 60 mm dishes and treated

with drugs after confluence. GJC was measured by microinjec

tion of the fluorescent tracer dye, Lucifer Yellow CH (Sigma)

as previously described (Hossain et aI, 1989). This dye was

reported to travel through gap junctions and was utilized in

previous studies (Mehta et aI, 1986; 1989; Hossain et aI,

1989). Micropipettes were prepared from glass capillary tubes

with the aid of a Flaming-Brown micropipette puller, model P

80/PC (Sutter Instrument Co., Novata, CA) and they were back

filled with a 10% solution of lucifer yellow (in 0.33 M LicI).

The fluorescent dye was microinjected into a single cell with

an Eppendorf Microinjector. The total number of fluorescent

neighboring cells was counted after 10 minutes of the

microinjection and served as an index of gap junctional

communication. The communicating networks were digitized

using a video camera and stored in a computer for later

photography.

2.2.5. WESTERN BLOTTING OF CONNEXIN43

Isolation of proteins. Cell cultures were grown in 150
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mm dishes and were treated after reaching confluence. Oishes

were washed with ice-cold PBS containing 1 mM NaF and 1 mM

PMSF and cells were scraped from the dish with a rubber

policeman into 10 ml of the same solution. After

centrifugation at 3000 rpm for 10 minutes, cell pellets were

either frozen at -70°C or lysed in 30-50 ~l of lysis buffer

(1% NP-40, 0.05 M iodoacetamide, 10 mM PMSF, 1 mM EOTA, 1 ~M

leupeptin, 2 ~g/ml aprotinin, 0.7 ~g/ml pepsta-tin in borate

bUffer, pH S.O) for 1-2 hours at 4°C in microcentrifuge tubes.

Lysates were then centrifuged at 10,000 g for 15 minutes and

the supernatant was used as the source of Cx43 and assayed for

protein content by a commercial PKC kit (Pierce Chemical Co.,

Rockford, Ill) according to the manusfacture's instruction.

Protein electrophoresis and Western blotting. Cell

lysates containing equal amounts of protein (usually 35-50

ug/lane) were mixed with 2X SOS sample buffer with 10% of ~

mercaptomethanol. After at least 15 min reaction at room

temperature without boiling, the samples were electrophoresed

on a 10% SOS-polyacrylamide minigel (Biorad, Richmond, CA) at

200 V according to Laemmli (1970). Pre-stained protein

standard was also loaded for the indication of both molecular

weight and transference. After electropheresis, the proteins

were transferred to immobilon membrane (Millipore, Bedford,

MA) at 4°C for 35 minutes and the membrane was blocked with

blotto (5% non-fat dry milk in PBS) overnight at 4°C. The

blot was then reacted with a rabbit polyclonal antibody
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(raised against a 15-mer synthetic polypeptide located in the

c-terminal domain of rat heart CX43) diluted 1:200 in

blotto:borate (1:2, v/v). After this 1 hour incubation at

room temperature, the blot was washed with excess borate

buffer for one hour with 4 changes of the buffer. l~I-protein

A (a kind gift from Dr. A. Benedict, Department of

Microbiology, University of Hawaii) was diluted in

blotto:borate to achieve a concentration of 106 cpm/10 ml of

solution and the blot was incubated with the solution for 1

hour at room temperature, followed by one hour wash in borate

buffer. The blot was then gently pressed against absorbent

paper to get rid of excess liquid, wrapped in plastic foil and

exposed to Kodak X-Omat AR film with double intensifying

screens at -70°C for about 2-3 days.

After obtaining the autoradiograph, the membrane was

stained with Coomassie R solution (methanol:glacial acetic

acid:water = 50:10:40 (v/v», destained with 50% methanol/25%

acetic acid, and photographed as internal control for

normalizing the amount of total protein loaded for each

sample.

2.2.6. IMMUNOFLUORESCENT DETECTION OF GAP JUNCTION PLAQUES

This analysis was essentially performed as previously

described (Rogers et a L, 1990). Cells were seeded on Permanox

plastic slides (Nunc Inc., Illinois) for fluorescent

microscopy since conventional plastic dishes autofluoresce and
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interfere with the FITC signal and cells when grown on glass

have a different morphology from that on plastic. Treatment

with carotenoids was carried out after cell confluence. After

7 days of treatment, slides were briefly washed in warm PBS

and fixed in methanol (-20°C) for 2 minutes followed by a 10

minute incubation in cold PBS. The slides were blocked for

one hour in PBS containing 5% BSA and 0.2% Na-azide at 4°C and

then washed twice in cold PBS with slow rocking for 10

minutes. The slides then were briefly dipped in blotto. The

same primary anti-connexin43 antibody as used in Western

blotting was diluted 1: 20 (v/v) with blotto:borate and applied

on the slides which were incubated at 4°C for 30 minutes. The

slides were rinsed in cold PBS for 10 minutes and in high salt

PBS (0.5 M NaCI in PBS) for 20 minutes followed by another

wash in PBS. FITC-conjugated second antibody (goat anti

rabbit IgG F(ab)2 fragment (Sigma Chemical Co.) was diluted in

1:40 of blotto:borate, added to the slides and incubated for

30 minutes at 4°C. After this, slides were washed as above

and mounted in 50% glycerol in PBS (pH 7.2) containing 100

jJ.9/ml p-phenylenediamine HCI to retard photobleaching (Johnson

and Araujo, 1981). The slides were covered with coverslips

and sealed with clear nail polish. Immunofluorescent

microscopy of the slides was performed using a zeiss Axioplan

microscope. Gap junction plaques were identified by

fluorescent dots in contacting cell membranes as observed by

others (Rogers et aI, 1990; Musil et aI, 1990; Dermietzel et
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aI, 1987b). Images of both phase and fluorescent microscopy

were digitized and stored in the computer for future

photography.

2.2.7. NORTHERN BLOTTING OF CONNEXIN43 AND RAR mRNAs

Isolation of total RNA. In Northern blotting of Cx43 and

RAR-beta mRNAs, 2 and 50 P-150 rom dishes of 10Tl/2 cells were

used, respectively. Dishes were washed with cold PBS

containing 10 roM EDTA and cells were removed from the dish by

scraping in the same solution and pelleted by centrifugation

at 3,000 rpm for 10 minutes. The total RNA was isolated by

using RNA isolation solvent RNAzol™B kit (TM Cinna

Scientific, Inc., Friendswood, Texas) with some modifications.

The cell pellets were dissolved in 1 ml of RNAzol™ B solution

and 0.1 ml chloroform and mixed well with vigorously shaking.

After incubated in ice for 5 minutes, the mixture was

centrifuged at 10,000g for 15 minutes at 4°C. The upper

aqueous phase containing RNA was carefully transferred to a

1. 5 ml Eppendor tube and mixed with equal volume of cold

isoprotopene. After incubated for 15 minutes, the RNA was

pelleted by centrifugation at 10,000g for 15 minutes at 4°C

and then the white pellet was washed once with cold 75%

ethanol, vacuum dried and dissolved in DEPC-treated water.

For total RNA, a 2 ~l of this solution was then diluted with

700 ~l of sterile water to determine the concentration and

purity of total RNA by UV spectroscopy at 260/280 nm. The
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ratio of O. D 260/0. D 280 was over 1. 7.

Isolation of poly(A) + RNA. Because the low abundance of

RAR-beta mRNA, poly{A+) RNA instead of total RNA had to be

used. The poly{A+) RNA was isolated from above total RNA by

using PolyATtract™ mRNA isolation system III kit (Promega,

Madison, WI).

Agarose gel electrophoresis and Northern blotting. A 4.5

ul of total RNA (10 ug) or poly{A+) RNA (4.5 ug) or standard

RNA ladder (Bethesda Research Laboratories, Gaithersburg, MD)

was mixed with 3.5 ul formadehyde, 10.0 ul deionized formamide

and 2.0 ul of 5x formaldehyde gel-running buffer (0.1 M MOPS,

pH 7.0, 40 mM sodium acetate and 5 mM EDTA, pH 8.0), and then

incubated at 65°C for 15 min. After denaturation, a 2.0 ul of

gel loading buffer (50% glycerol, 1 mM EDTA and 0.25%

bromophenol blue) was added to the mixture. The samples and

standard RNA ladder were then loaded on a 1% agarose/2.2 M

formaldehyde gel and run for about 3.5 hours at 60 V. After

that the RNA marker lane was cut out and stained in ethidium

bromide, while the rest was washed with sterile water for 10

min, and then balanced with 20x SSC for 20 minutes (lx SSC=

0.15 M NaCl, 0.015 Na citrate, pH 7.0). The gel was then

inverted and blotted overnight onto Hybond™-N+ nylon membrane

(Amersham, Oakville, Ontario, Canada) by capillary action

using 20x SSC buffer. After transfer, the blot was washed for

10 minutes in 20x SSC and vacuum baked at 80°C for 1 hour.

Hybridization with eDNA probes. The blot was washed
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three times in a plastic seal a-meal bag; the first 30 minute

wash was with 4x SET (Ix SET = 0.015 M NaCl, 0.002 M EDTA,

0.03 M Tris, pH 7.4) at room temp. The second 3 hour wash was

with 4x SET/50% deionized formamide /0.1% SDS/10x Denhardt's

(100X denhardt's = 2% BSA, 2% Ficoll 400,000 MW, 2%

Polyvinylpyrrolidone 360,000 MW) at 42°C, the third wash (30

minutes at 42°C) contained 10 ug/ml poly adenylic acid/250

ug/ml denatured salmon sperm DNA/0.1% Na-pyrophosphate along

with the materials present in the second wash. During the

washes, 50 ng of cDNA probe for Cx43 or RAR-beta or GAPDH was

radiolabeled with [a32p ] deoxycytidine triphosphate

(dCTP) (300Ci/mmol) (leN Biomedicals Inc., Costa Mesa, CA)

using Oligolabeling kit (Pharmacia, Piscataway, NJ). The G2A

cDNA clone of rat heart Cx43 was a gift from Dr. E. Beyer,

Harvard University (Beyer et aI, 19B7). The cDNA clone of

human RAR-beta was a gift from Dr. P. Chambon in France (Brand

et aI, 19B7). The cDNA clone for glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was parchased from Clontech Labs., Inc.

The labeled cDNA was purified from unincorporated

radioactivity by passing it through a commercially available

column (Schleicher and Schuell). This labeled cDNA was boiled

at 100°C for 5 minutes, mixed with hybridization solution at

a concentration of 106cpm/ml and the blot was hybridized

overnight at 42°C.

On the next day, the blot was washed twice with 4x

SET/lOx Denhardt's/O.l% SDS/0.1% Na-PPi/10 ug/ml Poly A first
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at room temperature and then at 55°C for 30 minutes. The next

three washes were with 4x SET/0.1% SDS/0.1% Na-PPi for 20

minutes at 55°C followed by two stringent washes with O. sx

SET/0.1% SDS/0.1% Na-PPi at 65°C for 20 minutes. The final

post-hybridization wash was with 4x SET at room temperature

for 20 minutes after which the blot was gently wiped with

paper towel, encased in plastic wrap and autoradiographed in

Kodak X-Omat AR film at -70°C using double intensifying

screens.

Re-probing of the membranes. After the first hybridi

zation of the membranes with RAR-beta probe, the radioactivity

was stripped off by following manufacturer' s instruction. The

adequacy of stripping was confirmed autoradiographically.

2.2.8 CELL FREE TRANSLATION

Preparation of Wheat Germ Extract for Cell-Free

Translation. This was performed as described by Davies and

Kaesberg (1973) with modification. Wheat germ flakes (a gift

from Dr. Samuel M. Sun, Plant Molecular Physiology, University

of Hawaii) were sieved on #16 US Standard Test Sieve and a 2

g of the largest golden yellow flakes was ground dry till a

powder. A 4.6 ml of extraction buffer (10 roM Hepes, pH 6.0/50

roM potassium acetate/2 roM magnesium acetate/5 roM

dithiothreitol (DTT) was added to the powder and mixed well

with a spatula. The mixture was centrifuged in Sorvall at

15.5 K rpm for 15 min and then the supernatant was discarded.
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A 1 ml of the remainder was applied to a Sephadex G-25 column

and the peak fractions coming off the void volume were

collected. The column buffer contained 20 mM Hepes, pH 7.4,

120 mM potassium acetate, 5 mM magnesium acetate and 5 mM DTT.

The collection was centrifuged at 15.5 K rpm for 15 min and

then the supernatant was discarded. The bottom extract was

aliguoted into 50 ul/Eppendor tube and stored at -BOoC.

Cell Free Translation of Total RNA. The isolation of RNA

was performed the same as the above described. Equal amount

of total RNA (10 ug) was translated with the above wheat germ

cell-free extract as described by Sun et al (1975). The

translation reaction (total volume was 25 uI) contained 10 ug

total RNA, 20 mM Hepes/KOH, pH 7.6, 4 mM magnesium acetate, BO

mM potassium acetate, 1 mM DTT, 5 mM ATP, 0.5 roM GTP, 1 mM of

19 amino acids except methionine, and 5 ul wheat germ extract.

The mixture was incubated at 30°C for 90 min. The incorpora

tion of 3sS-methionine into proteins was measured as TCA

precipitable protein radioactivity • The equal amount of

radioactive translation products (200000 cpm) were separated

by 15% SDS-PAGE electrophoresis. The vacuum-dried gels were

then autoradiographied by exposing to X-ray film at -BOoC for

two days.

69



CHAPTER 3

RESULTS

3.1. EFFECTS OF CAROTENOIDS AND ALPHA-TOCOPHEROL ON LIPID

PEROXIDATION AND ITS RELATIONSHIP TO INHIBITION OF

NEOPLASTIC TRANSFORMATION IN 10Tl/2 CELLS

To investiqate the antioxidant hypothesis of carotenoid

action, we studied the relationship between structure and

activity of a series of carotenoids, and the well known

antioxidant a-tocopherol (also called vitamin E), for their

abilities to modulate lipid peroxidation, and its relationship

with neoplastic transformation.

3.1.1. INHIBITION OF LIPID PEROXIDATION BY CAROTENOIDS AND

ALPHA-TOCOPHEROL

As shown in Fiq. 5, all carotenoids tested stronqly

inhibited lipid peroxidation as measured by the production of

TBA reactive materials, but their potencies were quite

different. At 10~ M and the two weeks of treatment, lutein

and p-cryptoxanthin showed about 82% inhibition of lipid

peroxidation, methyl-bixin and canthaxanthin 67%, and a- and

p-carotenes and lycopene 48%. As expected, a-tocopherol was

the most effective inhibitor of lipid peroxidation.

In time-course studies, we have found that in controls,

TBA reactive material increased rapidly over the initial 10
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Figure 5. Inhibition of lipid peroxidation by

carotenoids and alpha-tocophero~ in lOT 1/2 cel~s.

10T1/2 cells were seeded at 1000 cells/60 rom dish. After

confluent on the 7th day of post-seeding, the cells were

treated with 10-5 M of carotenoids or a-tocopherol for two

weeks with weekly medium change and re-treatment. Data points

are the means ± SE of two dishes each.

Columns:

1, a-tocopherol;

2, lutein;

3, ,a-cryptoxanthin;

4, methyl-bixin;

5, canthaxanthin;

6, a-carotene;

7, ,B-carotene;

8, lycopene.
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days of culture and then reached a plateau. Alpha-tocopherol

was again the most effective inhibitor of this rise in lipid

peroxidation (Zhang et aI, 1991).

3.1.2. DOSE-RESPONSES FOR CAROTENOID AND ALPHA-TOCOPHEROL

EFFECTS ON LIPID PEROXIDATION

To better determine relative potencies for inhibition of

lipid peroxidation by carotenoids and a-tocopherol, dose

response studies were performed with six carotenoids and a

tocopherol. The confluent cells were treated with the drugs

at concentrations ranging from 3x10-7 to 10-sM against solvent

THF or acetone as negative controls for two weeks with weekly

medium change and re-treatment. The concentrations used here

were the same as used in previous transformation assays

(Bertram et aI, 1991).

The effects of provitamin A carotenoids and a-tocopherol

are shown in Fig. 6, the effects of compounds without

provitamin A activity are shown in Fig. 7. After 14 days of

continuous treatment, it was found that the minimal

concentration of 3x10-7 M used in this study produced a maximum

response for all carotenoids tested in the following order of

potency: methyl-bixin, canthaxanthin, lutein and lycopene

(F ig . 7). Beta-carotene and a-carotene did not produce

statistically significant dose response slopes (Fig. 6).

Again, a-tocopherol was the most potent of the compounds

tested (Fig. 6).
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Figure 6. Dose response for inhibition of lipid

peroxidation by pro-vitamin A carotenoids and a-tocopherol in

10Tl/2 cells.

10T1/2 cells were seeded at 1000 cells/60 rom dish. After

confluent on the 7th day of post-seeding, the cells were

treated with carotenoids or a-tocopherol for two weeks with

weekly medium change and re-treatment. Data points are the

means ± SE of two dishes each.

• a-carotene;

v p-carotene;

0, a-tocopherol.
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Figure 7. Dose response for inhibition of lipid

peroxidation by non-pro-vi tamin A carotenoids in lOT1/2 cells.

10Tl/2 cells were seeded at 1000 cells/60 rom dish. After

confluent on the 7th day of post-seeding, the cells were

treated with carotenoids for two weeks with weekly medium

change and re-treatment. Data points are the means ± SE of

two dishes each.

• lutein;

0, methyl-bixin;

., canthaxanthin;

D.., lycopene.
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statistical analysis of dose response slopes demonstrated

that a-tocopherol, methyl-bixin, canthaxanthin, lutein, and

lycopene had highly significant negative slopes (P=O.OOOl,

0.0001, 0.0001, 0.009, 0.0002 respectively) in the above order

of potency. p-Carotene was borderline significant (P=O.06),

while the response to a-carotene was not significant.

Interestingly, all 4 non-provitamin A carotenoids tested were

much stronger inhibitors of lipid peroxidation than the pro

vitamin A carotenoids tested.

It was reported that in in vitro chemical reaction, the

order of ability of carotenoids to quench singlet oxygen was

lycopene, canthaxanthin, a-carotene, p-carotene, lutein,

cryptoxanthin and a-tocopherol (Di Mascio et a I , 1989). Here,

it is obvious that the ability of carotenoids to inhibit lipid

peroxidation is not consistent their ability to quench singlet

oxygen, suggesting that production of singlet oxygen might not

be important in lipid peroxide formation in the 10T1/2 cells

under our experimental conditions. Indeed, it has been

suggested that in 10T1/2 cells hydrogen peroxide, but not

singlet oxygen, may be important in causing cellular damage

leading to neoplastic transformation (Kennedy et aI, 1984).

3.1.3. RELATIONSHIP BETWEEN THE EFFECTS OF CAROTENOIDS AND

a-TOCOPHEROL ON LIPID PEROXIDATION AND NEOPLASTIC

TRANSFORMATION

statistical analysis was performed to see if the
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inhibition of carotenoids on lipid peroxidation is related to

their ability to inhibit chemical carcinogen-induced

neoplastic transformation. As seen in Figure 8, when levels

of lipid peroxidation of the treated cells (expressed as

percentage of the controls) were plotted against the

transformation frequency data from Bertram et al (1991), it

showed that inhibition of lipid peroxidation by carotenoids

was not correlated with their ability to inhibit neoplastic

transformation (r = 0.30). This lack of statistical

correlation also applied to the effects of a-tocopherol on

lipid peroxidation and transformation.

The above results demonstrate that carotenoids indeed

inhibit lipid peroxidation in terms of TBA reactive materials,

but no correlation exists between the abilities of carotenoids

and a-tocopherol to inhibit lipid peroxidation and to inhibit

neoplastic transformation. This inconsistence does not favor

the antioxidant hypothesis. Therefore, we further tested pro

vitamin A hypothesis.

3.2. EFFECTS OF CAROTENOIDS AND a-TOCOPHEROL ON GJC AND ITS

RELATIONSHIP TO INHIBITION OF NEOPLASTIC TRANSFORMATION

Retinoids have been demonstrated to be very potent

inhibitors of physical and chemical carcinogen-induced

neoplastic transformation in the lOT 1/2 cell culture system

(Merriman and Bertram, 1979; Bertram, 1980). Bertram's group

has previously demonstrated that the action of retinoids as
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Figure 8. Relationships between transformation and lipid

peroxidation.

Transformation data taken from (Bertram et aI, 1991) and

lipid peroxidation data from Fig. 6 and 7. The Pearson

correlation coefficient was 0.30, indicating no correlation

between the two events.., a-carotene;

v , p-carotene;

0 a-tocopherol.

.... lutein;

0, methyl-bixin;

+, canthaxanthin;

6 , lycopene.
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inhibitors of neoplastic transformation in lOT 1/2 cells is

highly correlated with their ability to up-regulate GJC

(Hossain et aI, 1989). GJC appears to play an important role

in cell growth control (Mehta et aI, 1986; Loewenstein, 1987)

and suppression of carcinogenesis in vitro and in vivo

(Yamasaki and Katoh, 1988). Therefore, it has been proposed

that in the 10T1/2 cell model system, the enhancement of GJC

by retinoids provides a mechanistic basis for their cancer

chemopreventive action (Hossain et aI, 1989; Bertram et aI,

1992) •

To test if carotenoids inhibit carcinogen-induced

neoplastic transformation of the 10T1/2 cells through the same

mechanism as retinoids, we studied the effects of diverse

carotenoids on GJC and its relationship with their ability to

inhibit carcinogen-induced neoplastic transformation. The

results are presented in this section.

3.2.1. ENHANCEMENT OF GJC BY CAROTENOIDS AND ALPHA-TOCOPHEROL

IN 10T1/2 CELLS

The effects of 8 carotenoids of diverse structure (Fig.

3) and a-tocopherol on GJC of mouse embryo fibroblast 10T1/2

cells were investigated by dye microinjection as described in

method section. The cultures were not previously exposed to

3-MCA in order to avoid heterogeneity in the cell monolayer.

As shown in Fig. 9, after a two-week treatment with the drugs

at the maximally active concentration of 10~ M, canthaxanthin,
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Figure 9. Effects of carotenoids and a-tocopherol on GJC

in lOT 1/2 cells.

10T1/2 cells were seeded at 1000 cells/60 rom dish. After

confluent on the 7th day of post-seeding, the cells were

treated with 10-5 M of carotenoids or -tocopherol for two

weeks with weekly medium change and re-treatment. Data points

are the means ± SE of 15 microinjections performed in two

dishes each.

Columns:

1, methyl-bixin;

2, a-tocopherol;

3, lycopene;

4, lutein;

5, a-carotene;

6, ~-carotene;

7, canthaxanthin;

8, ~-cryptoxanthin.
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~-cryptoxanthin, ~-carotene, lutein, lycopene, and a-carotene

increased GJC in the above order of potency, whereas methyl

bixin was inactive. Alpha-tocopherol, a chain-breaking

antioxidant, also enhanced GJC but it was much less effective

than the active carotenoids.

As shown in Fig. 10, after 5 days of treatment, phytoene

at 10-5 M also significantly enhanced GJC, but at lower

concentration of 10-6 M was without effect. Interestingly, oc

carotene, at low concentration of 10-6 M but not at high

concentration of 10~ M, enhanced communication.

We further showed that this induction of GJC by active

carotenoids was time- and dose-dependent.

3.2.2. TIME COURSE OF INDUCTION OF GJC BY CAROTENOIDS

In these time course studies, the highest concentration

(10~ M) used in transformation assay for carotenoids was used.

In long term time course studies, the confluent 10T1/2 cells

were treated similarly to the transformation experiment

(Bertram et aI, 1991), that is, carotenoids were given weekly

with the medium change and the experiment was continued for 5

weeks with weekly measurement of GJC. This is a typical time

course for the transformation assay (Bertram et aI, 1991).

The experiment shown in Fig. 10 is representative of 3

separate experiments which differed in control communication

values but showed little variation in percentage of induction

of communication relative to controls. For example, after 27
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Figure 10. Induction of GJC by carotenoids in lOT1/2

cells.

Confluent cells were treated with carotenoids for 5 days

and then sUbjected to GJC assay. Data points are the means

± BE of 15 microinjections performed in two dishes each.

Columns:

1, THF control;

2, 10_6 M phytoene;

3, 10-5 M phytoene;

4, 10_6 M lycopene;

5, 10-5 M lycopene;

6 10_6 M a-carotene;

7, 10-5 M a-carotene;

8, 10_6 M canthaxanthin;

9, 10.5 M canthaxanthin;

10, 10_6 M p-carotene;

11, 10-5 M p-carotene.
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days of treatemnt, p-carotene, canthaxanthin and lutein

induced communication by 1013 ± 28%, 976 ± 106% and 841 ± 44%

of controls respectively (means ± SD).

As seen in Fig. 11, junctional transfer was markedly

increased by p-carotene, canthaxanthin and lutein and the

increase was sustained over the four-week period of

observation. Lycopene also increased GJC, however after 14

days of treatment no further increase was observed in contrast

to the progressive rise in junctional communication induced by

the other three carotenoids. The control cultures treated

with solvent THF increased their communication only marginally

over this time of period.

To determine the minimum time required for the

carotenoids to cause a significant increase in GJC, a short

term time course study for the most potent carotenoid

canthaxanthin at the highest concentration (10-5 M) was

conducted with daily measurement and the result is shown in

Figure 12. It was observed that the enhancement of GJC by

canthaxanthin required several days of treatment; no effect

was detectable before 2 days of treatment. On the fourth day

of treatment, junctional communication was significantly

higher than the solvent control (P < 0.001) and continued to

increase thereafter. This delay in the action of

canthaxanthin on GJC is different from that of retinoids;

retinoids have been found to produce similar effects in 18 hrs

(Hossain et aI, 1989).
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Figure 11. Long-term effects of carotenoids on GJC in

10T1/2 cells.

The cells were seeded at 1000 cells/60 mm dish and

treated with 10-5 M carotenoids dissolved in THF when confluent

on the 7th day and weekly thereafter. Junctional

communication was indexed by the number of cells to which

Lucifer Yellow was transferred within 10 min of injection into

a test cell. Data points are the means ± SE of 15

microinjections performed in two dishes each.

0, 0.5% THF control;

V, ,a-carotene;

., canthaxanthin;

., lutein;

t::.. , lycopene.
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Figure 12. Time course of enhancement of junctional

communication by canthaxanthin in 10T1/2 cells.

Confluent cells were treated with either 0.5% THF (open

circle) as control or canthaxanthin 10-5 M (solid circle), and

the cultures were probed at the indicated times. The

experiment shown is representative of 2 separate experiments.

These were consistent to within 10% after normalizing to their

respective controls.
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3.2.3. DOSE-RESPONSE FOR INDUCTION OF GJC BY CAROTENOIDS

To better determine relative potencies for the

enhancement of GJC by carotenoids and a-tocopherol, dose

response studies were performed with seven carotenoids and ex

tocopherol. The confluent 10T1/2 cells were treated with the

drugs at the concentrations over the range from 3x10-7 M to 10-5

M against solvent THF or acetone as negative controls for two

weeks with weekly medium change and re-treatment. The

concentrations used here were the same as used in previous

transformation assays (Bertram et aI, 1991).

The effects of provitamin A carotenoids and ex -tocopherol

are shown in Fig. 13, the effects of compounds without

provitamin A activity are shown in Fig. 14. The experiment

shown here is representative of two separate experiments.

After normalizing to the controls, the values were consistent

to within approximately 10%. statistical analysis of dose

response slopes demonstrated a relationship between dose and

induction of communication in the following order of potency:

canthaxanthin, ~-cryptoxanthin, ~-carotene, lutein, lycopene

and a-carotene, while methyl-bixin was without effect at

concentrations up to 10-5 M. Alpha-tocopherol, a potent lipid

phase chain-breaking antioxidant, showed a tendency to enhance

junctional communication but its effect did not reach

statistical significance; the response to a-tocopherol was

just below the level of significance (P>O.09).

From these results it appears that the ability of
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Figure 13. Dose response for enhancement of junctional

communication by pro-vitamin A carotenoids and a-tocopherol

in 10T1/2 cells.

10T1/2 cells were seeded at 1000 cells/60 rom dish. After

confluent on the 7th day of post-seeding, the cells were

treated with carotenoids or -tocopherol for two weeks with

weekly medium change and re-treatment. Data points are the

means ± SE of 15 microinjections performed in two dishes each.
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Figure 14. Dose response for enhancement of junctional

communication by non-provitamin A carotenoids in 10T1/2 cells.

10T1/2 cells were seeded at 1000 cells/60 rom dish. After

confluent on the 7th day of post-seeding, the cells were

treated with carotenoids for two weeks with weekly medium

change and re-treatment. Data points are the means ± SE of

15 microinjections performed in two dishes each.

-, canthaxanthin;

., lutein;

.6., lycopene;

o , methyl-bixin.
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carotenoids to enhance junctional communication is unrelated

to the provitamin A status of the carotenoids tested, because

non-provitamin A carotenoids canthaxanthin, lutein and

lycopene were as active in the induction of GJC as pro-vitamin

A carotenoids were.

3.2.4. REVERSIBILITY OF CAROTENOID-INDUCED GJC

Consistent with the effects on neoplastic transformation

and cell saturation density (Pung et aI, 1988), the induction

of GJC by carotenoids was found to be reversible.

In this experiment, confluent 10T1/2 cells were first

induced to communicate extensively with 10·s M canthaxanthin

treatment for 11 days, and then the cultures were divided into

two groups; one continued to receive canthaxanthin treatment,

and the other had the drug withdrawn. After 3 days of removal

of the drug, GJC was measured. As seen in Fig. 15, the dye

transfer was decreased within 3 days of the drug removal and

continuously went down thereafter. In cultures maintained in

the continuous presence of the compound, GJC was sustained.

These results indicate that the induction of GJC by

carotenoids is reversible.

The inducton of GJC by retinoids in 10T1/2 cells was

previously found to be reversible too (Hossain et aI, 1989).

This reversibility supports the idea that GJC is involved in

the promotional phase of carcinogenesis which has been well

defined to be a reversible process.
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Figure 15. Reversibility of carotenoid-induced GJC in

10Tl/2 cells.

The confluent 10Tl/2 cells were treated with 10,sM

canthaxanthin or THF control (open circle) for 11 days, and

then the cultures were divided into two groups; one continued

to receive canthaxanthin treatment (open trangle), one had the

drug withdrawn (solid circle). After 3 days of removal of the

drug, junctional communication was measured.
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3.2.5. CORRELATION BETWEEN THE EFFECTS OF CAROTENOIDS ON

NEOPLASTIC TRANSFORMATION AND ON GJC

statistic analysis was performed to evaluate relationship

between induction of GJC and inhibition of neoplastic

transformation by carotenoids. The dose response data on GJC

of the treated cells was plotted against the dose response

data on transformation frequency of MCA-exposed cells treated

identically. As shown in Fig. 16, the enhancement of GJC by

diverse carotenoids was strongly correlated with their ability

to inhibit methylcholanthrene-induced neoplastic

transformation (r = -0.75, P=0.005).

3.2.6. RELATIONSHIP BETWEEN THE EFFECTS OF CAROTENOIDS ON

LIPID PEROXIDATION AND ON GJC

We further explored the mechanism by which carotenoids

increase GJC. Gap junctions are composed of transmembrane

proteins termed connexins (Beyer et aI, 1990). These proteins

and unsaturated lipids in the membrane can be prime targets

for free radical reactions. There is evidence showing that

oxidant stress can block GJC (reviewed by Spray et aI, 1988;

Klaunig and Ruch, 1990 and Saez et aI, 1990). Since we find

carotenoids to strongly inhibit lipid peroxidation (Fig. 5-7),

it is possible that carotenoids increase GJC by protecting

junctional proteins from oxidative damage. To test this

possibility, we examined the relationship between the

induction of GJC and the inhibition of lipid peroxidation by
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Figure 16. Correlation between GJC and transformation.

Transformation data taken from (Bertram et aI, 1991),

GJC data from Fig. 13 and 14. The Pearson correlation

coefficient was -0.75, indicating a strong negative

association between the two events.-, a-carotene;

t::.. ,8-carotene;

0 a-tocopherol.

• , lutein;

0, methyl-bixin;

+, canthaxanthin;

\1, lycopene.
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Figure 17. Relationship between lipid peroxidation and

GJC.

Lipid peroxidation data from Fig. 6 and 7 and GJC data

from Fig. 13 and 14. The Pearson correlation coefficient was

0.12, indicating no correlation between the two events.

• , a-carotene;

V , fi-carotene;

0 , a-tocopherol.

• lutein;

<> methyl-bixin;

• canthaxanthin;

A lycopene.
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carotenoids and a-tocopherol. The data on GJC of the treated

cells was plotted against the data on lipid peroxidation.

statistical analysis showed that inhibition of lipid

peroxidation by carotenoids or by a-tocopherol was not

correlated with their ability to increase GJC (r=0.12, Fig.

17). This indicates that the induction of GJC by carotenoids

is unlikely to occur through protection of cell membranes from

oxidative damage. This was further strengthened by later

studies on synthetic carotenoids (their structures shown in

Fig. 4).

The synthetic compound ~8-polyene-tetrone-diacetal (~8

PTD) has been found to be significantly more potent than its

short chain analog C22-polyene-tetrone-diacetal (Czz-PTD) in

quenching singlet oxygen (Devasagayan et a L, 1992). When

tested for its ability to inhibit MCA-induced neoplastic

transformation in lOT 1/2 cells under identical conditions to

those used for natural carotenoids (Bertram et aI, 1991), Cn 

PTD was found to be almost as active as canthaxanthin, the

most potent carotenoid among all other 6 natural carotenoids

yet tested in 10Tl/2 system, whereas ~8-PTD was inactive

(Pung, personal communication). Accordingly, as shown in Fig.

18, after one week of treatment, ~2-PTD increased GJC, while

C28-PTD was without activity. Because the inactive compound

C28-PTD was found to be more stable than the active C22-PTD

under conditions of the assay (Franke, personal

communication), the lack of activity of ~8-PTD can not be due
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Figure 18. Effects of synthetic compounds on GJC in lOT

1/2 cells.

10T1/2 cells were seeded at 1000 cells/GO mm dish. After

confluent on the 7th day of post-seeding, the cells were

treated with synthetic carotenoids for one week and then the

cells were probed for GJC. Data points are the means ± SE of

15 microinjections performed in two dishes each.

Columns:

1,

2,

3,

THF controli

-5
C2S-PTD 10 Mi

-5C22-PTD 10 M.
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to pharmocokinetic reasons. These results, again, show a

correlation between the induction of GJC and inhibition of

neoplastic transformation, but a clear dissociation from

antioxidant activity. This is further strengthened by the

following experiments about the effects of free radical

generator benzoyl peroxide on carotenoid-induced GJC.

3.2.7. EFFECTS OF BENZOYL PEROXIDE ON CAROTENOID-INDUCED GJC

Logically, if carotenoids elevate GJC by their

antioxidant properties, they will antagonize with oxidants,

such as free radical generators, on GJC. To test this

possibility, we studied the effects of free radical generator

benzoyl peroxide on carotenoid-induced GJC.

Since 10T1/2 cells are not suitable for such experiments

due to their poor communication; there are usually only a few

cells communicated (see Fig. 11), we had to choose a cell line

with high levels of basal GJC. For this purpose, CC5 cells

were used. The confluent cells were first induced to

communicate extensively by 5 days of treatment with 10-5 M {3

carotene or THF control, and then each of the cultures were

divided into two groups; one treated with 2 J,£g/ml benzoyl

peroxide, and the other without the benzoyl peroxide

treatment. After 1 hour of benzoyl peroxide treatment,

junctional communication was measured. As seen in Fig. 19,

one hour of benzoyl peroxide treatment caused a decrease in

dye transfer to about 50% of that of before the benzoyl
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Figure 19. Effects of benzoyl peroxide on p-carotene

induced GJC in CCS cells.

The confluent CC5 cells were first induced to communicate

extensively by 5 days of treatment with 10-5 M p-carotene or

THF control, and then each of the cultures were divided into

two groups; one treated with 2 ~g/ml benzoyl peroxide, and one

without the benzoyl peroxide treatment. After 1 hour of BP

treatment, junctional communication was measured in 2

dishes/data point using about 10 microinjected cells/dish.

Data show means ± SEe
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peroxide treatment in both p-carotene- and THF-treated

cultures as well as the medium alone group. These results

indicate that oxidation indeed decreases GJC and this

inhibition can not be totally reversed by carotenoids.

The above results demonstrate a novel action of

carotenoids, that is up-regulation of GJC, and this action of

carotenoids is strongly correlated with their cancer

chemopreventive activities. Our further question is how

carotenoids up-regulate GJC at the molecular level. This will

be discussed in the following section.

3.3. MOLECULAR MECHANISM OF CAROTENOID ACTION: EFFECT ON

CONNEXIN43 AND RAR-P EXPRESSION

Previous studies on retinoid action in the 10T1/2 cell

cu l,ture system have shown that the enhancement of GJC by

retinoids is achieved by increased expression of cx43 mRNA and

protein (Rogers et aI, 1990). It has been recently

demonstrated that in 10T1/2 cells, Cx43 is the major gap

junctional protein (Rogers et aI, 1990). This protein was

first described in rat heart (Beyer et aI, 1987) and was shown

to form functional gap junctions (Fishman et aI, 1990). To

test if carotenoids increase junctional communication through

the same mechanism, the effects of carotenoids on Cx43 gene

expression of 10T1/2 cells were examined. In these

experiments, three carotenoids beta-carotene, canthaxanthin

and lycopene were utilized, which represent active carotenoids
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with pro- and non-pro-vitamin A activities, respectively.

3.3.1. EFFECTS OF CAROTENOIOS ANO ALPHA-TOCOPHEROL ON Cx43

PROTEIN LEVELS

Carotenoids but not alpha-tocopherol increase Cx43

levels. Western blotting was performed to determine if

increased GJC were accompanied by an increase in cx43

synthesis as observed for retinoids. For the analysis of Cx43

protein levels, confluent 10T1/2 cells were treated with the

indicated carotenoids and a-tocopherol at the maximal

concentration of 10~ M for 7 days. Cell lysates were reduced

with 10% of ~-mercaptoethanolprior to SOS-PAGE, because cx43

was reported to form disulfide bridges (Manjunath and Page,

1986) and appeared as high molecular weight dimers (Rogers et

a I , 1990). In the Western blotting experiment, a rabbit

polyclonal antibody against the C-terminal 15 residues of rat

heart connexin43 was used. As shown in Fig. 20, after 7 days

of treatment, p-carotene, canthaxanthin and ~-cryptoxanthin

dramatically increased the level of Cx43 protein. Lycopene

and lutein also increased Cx43 protein level but less

effective than ~-carotene, canthaxanthin and ~-cryptoxanthin

(Fig. 20), whereas methyl-bixin was inactive. This is

consistant with the induction of GJC (Fig. 11). Alpha

tocopherol was totally inactive, indicating that the mechanism

by which carotenoids elevate communication is different from

that of the antioxidant vitamin E.
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Figure 20. Effects of carotenoids and a-tocopherol on

Cx43 protein in lOT1/2 cells.

Confluent cultures were treated with carotenoids and a

tocopherol 10-5 M for 7 days. After that they were lysed. The

cell extract was solubilized and reduced with ,B-mercapto

ethanol. Equal amounts of protein (55 J.Lg) were loaded in each

lane of SDS-PAGE. Gel electrophoresis, Western transfer and

detection of Cx43 were performed according to the methods

described in Methods section. The film was exposured for 2.5

days.

Lanes:

1, control;

2, lycopene;

3, ,B-carotene;

4, a-tocopherol;

5, canthaxanthin;

6, lutein;

7, ,B-cryptoxanthin;

8, control;

9, methyl-bixin.
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One question we needed to obtain the answer is why

lycopene is much less active than canthaxanthin and P
carotene. One possibility could be due to the lower cellular

uptake and less stability of lycopene than p-carotene and

canthaxanthin. Bertram et al (1991) have shown that cellular

uptake of carotenoids after 7 day treatment with 10-5 M

canthaxanthin and p-carotene was 0.7 and 0.5 nMol/106 cells,

respectively, but for lycopene was only about 0.1. Such a

large difference in bio-availability could significantly bias

interpretation of structure/activity studies. This potential

problem has been shown in retinoid studies (Rundhaug et aI,

1988). The weak action of retinoic acid in contrast to other

retinoids in 10T1/2 system has been found to be due to its

rapid metabolism into inactive compounds (Rundhaug et a L,

1988). Once changed to every 3 days of treatment, retinoic

acid was shown to have similar effects to other retinoids

(Hossain et aI, 1989). To test this possibility, treatment

with lycopene at 10-5 M was changed from a weekly treatment to

treatment every 3 days for one week. As shown in Figure 21,

this enhanced treatment of lycopene for one week caused the

induction of Cx43 protein to a degree that was comparable to

that of p-carotene and canthaxanthin, indicting that the

reduced activity of lycopene is probably due to the lower

cellular level of lycopene achieved relative to that of P
carotene and canthaxanthin. As expected, the treatment with

TTNPB caused an induction of Cx43 protein levels in 10T1/2
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Figure 21. Induction of Cx43 protein by carotenoids in

10T1/2 cells.

Confluent cultures were treated with TTNPB 10-8 M for 3

days or p-carotene and canthaxanthin 10-5 M for 7 days or

lycopene and a-tocopherol 10-5 M for 7 days with every 3 days

of re-treatment. After that the cells were lysed. The cell

extract was solubilized and reduced with p-mercaptoethanol.

Equal amounts of protein (35 ~g) were loaded in each lane of

SDS-PAGE.

Lanes:

1, control;

2, a-tocopherol;

3, canthaxanthin;

4, lycopene;

5, p-carotene;

6, TTNPB.
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cells which is consistent with the previous observations

(Rogers et aI, 1990). The magnitude of the increase in Cx43

protein levels induced by canthaxanthin and ~-carotene for 7

days is comparable to that observed after treatment with TTNPB

at 10~ M for 3 days (Fig. 21).

In carotenoid- and retinoid-induced cultures, the

immunoreactive bands were observed as doublets. It appears

likely that in accordance with previous observations in

retinoid-treated 10T1/2 cells (Rogers et aI, 1990), the upper

45 kd protein band represents the phosphorylated form of Cx43

(Rogers et aI, 1990). Crow et al (1990) also reported that

the fibroblast Cx43 consist of 3 proteins with apparent

molecular weights of 43, 45 and 47 kD, and only 45 and 47 kD

proteins were phosphorylated on serine amino acids. They

demonstrated that these phosphoproteins represent

phosphorylated forms of the cx43. Cx43 phosphorylation at

serine residues has been shown to be required for gap

junctional competence (Musil et aI, 1990). The mechanistic

significance of Cx43 phosphorylation/dephosphorylation in lOT

1/2 cells will be discussed in detail in the later studies of

inhibitory action of phosphatase inhibitor okadaic acid on

carotenoid- and retinoid-induced GJC and Cx43 expression.

The increase in the level of Cx43 protein after

carotenoid treatment was consistent with the increase in dye

transfer as shown in Figure 26 A and B. Consistent with this

induction of GJC, the induction of Cx43 protein by carotenoids
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was found to be time- and dose-dependent.

Time course of induction of canthaxanthin-induced CX43.

In the time course studies of Western blotting, the treatment

of cell cultures was the same as in the time course studies of

GJC (Fig. 12). The confluent 10T1/2 cells were treated with

the maximal concentration (10~ M) of the most potent

carotenoid canthaxanthin used in GJC studies. As shown in

Fig. 22, within 2 days of treatment with canthaxanthin

increases in the level of Cx43 were detected. This

immunolabeling increased progressively over the 7-day period

of observation. This time-course of induction of Cx43 protein

level preceded the induction of GJC (Fig. 12).

Dose response of induction of canthaxanthin-induce4 CX43.

In the dose response studies of western blotting, the

treatment of cell cultures was similar to the dose-response

studies of GJC. The confluent cells were treated with the

most potent carotenoid canthaxanthin at concentrations over

the range from 3x10~ to 10~ M against solvent THF as negative

controls for two weeks. This range of concentration spans the

minimum to maximum biological response range for induction of

GJC (Fig. 13 and 14). As shown in Fig. 23, a progressive

increase in immunolabeling was seen over the entire dose

range.

The above data show that active carotenoids beta

carotene, canthaxanthin and lycopene but not the antioxidant

vitamin E elevate the level of Cx43 protein in a time- and
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Figure 22. Time course of induction by canthaxanthin of

Cx43 protein levels in lOT1/2 cells.

Confluent cells were treated with 10-5 M of canthaxanthin

for the indicated length of times.

Lane 1, THF control; lane 2-6, treated with

canthaxanthin for 1, 2, 3, 4, and 7 days, respectively.
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Figure 23. Dose response of induction by canthaxanthin

of Cx43 protein levels in lOT1/2 cells.

Confluent cells were treated with canthaxanthin at

indicated concentrations for two weeks. Equal amount of

protein (35 ug) was loaded per lane on SDS-PAGE. The film

was exposured for 3 days. Lane 1, THF control; lane 2-5,

3X10-7 , 10-6 , 3x10-6 and 10- 5 M of canthaxanthin, respectively.

123



1 2 3 4 5

Cx43. • .......-

124



dose-dependent manner and that this induction of Cx43 protein

level is well correlated to the induction of GJC. In the next

experiments, we further used cx43 cDNA and performed Northern

blot analysis on the cx43 mRNA levels.

3.3.2. CAROTENOIDS INDUCE Cx43 mRNA LEVEL

Induction of Cx43 mRNA levels by carotenoids. Confluent

cultures were treated with active carotenoids beta-carotene,

canthaxanthin and lycopene at concentrations of 10.5 M for 7

days. When Northern blots of total RNA from control and

carotenoid-stimulated cells were probed with a full length of

Cx43 cDNA under high stringency conditions, a 3.1-kb band was

detected (Fig. 24). This is the reported transcript size for

Cx43 (Beyer et aI, 1989; Rogers et aI, 1990). As seen in

Figure 24, the steady-state level of cx43 mRNA was markedly

elevated by ~-carotene, canthaxanthin, and to a lesser extent

by lycopene. This reduced activity of lycopene is presumably

due to lower cellular levels of lycopene as previously shown

in Western blot (Fig. 21).

Time course of induction of Cx43 maNA levels by

canthaxanthin. In the time course studies of Northern

blotting, the treatment of cell cultures was the same as in

the time course studies of Western blot of Cx43 proteins (Fig.

22). The confluent 10T1/2 cells were treated with

the maximal concentration (10·s M) of the most potent

carotenoid canthaxanthin. As shown in Fig. 25, within 2
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Figure 24. Induction of Cx43 mRNA levels by carotenoids

in lOT1/2 cells.

Confluent 10T1/2 cells were treated with carotenoids (lO

s M) once or with THF control for 7 days. 10 ~g of total RNA

was loaded per lane, electrophoresed and transferred to

Hybond-N+ membranes. Hybridization with cx43 cDNA was

performed as described in the method section.

Lanes:

1, THF control;

2, beta-carotene;

3, canthaxanthin;

4, lycopene.
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Figure 25. Time course for induction of Cx43 mRNA levels

by carotenoids in lOT1/2 cells.

Confluent cells were treated with 10-5 M canthaxanthin

for the indicated length of times. 10 ~g of total RNA was

loaded per lane, electrophoresed and transferred to Hybond-N+

membranes. Hybridization with Cx43 cDNA was performed as

described in the method section. Lane 1, THF control; lane

2-6, 1, 2, 3, 4, 7 days of canthaxanthin treatment,

respectively.
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days of treatment with 10·s M canthaxanthin, increases in the

steady state level of Cx43 mRNA were detected. This

induction progressively continued over the 7-day duration of

the observation. This time-course of induction of Cx43 mRNA

level preceded to the induction of Cx43 protein levels (Fig.

22). Again, the induction of Cx43 mRNA levels by carotenoids

was slower than that induced by TTNPB (Rogers et aI, 1990).

3.3.3. CAROTENOIDS INCREASE GAP JUNCTION PLAQUE FORMATION

To be functional, connexins must integrate into the

plasma membrane, assemble into hemi-channels, dock with hemi

connexons of adjacent cells to form a connexon, and aggregate

into clusters or plaques of gap junctions. These gap

junctional plaques can be identified by double antibody

immunofluorescence techniques. Previous studies have shown

the presence of gap junctions using this method (Dermietzel et

aI, 1987b; Rogers et aI, 1990). Therefore, indirect

immunofluorescent microscopic analysis of gap junction plaques

was performed to determine if the increase in Cx43 mRNA

and protein induced by carotenoids is accompanied by an

increase in the number of detectable gap junctional channels.

As seen in Fig. 27, canthaxanthin treatment caused a

dramatic increase in fluorescent gap junctional plaques in

regions of cell-to-cell contact relative to controls. The

linear arrangement of these plaques clearly defined the region

of intercellular contact which was not obvious in phase
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Figure 26. Increased GJC is accompanied by increased

formation of gap junctional plaques in lOT1/2 cells.

Panels A and B. photomicrograph of dye transfer after

microinjection of Lucifer Yellow. A, THF solvent control; B,

canthaxanthin 10- 5 M. Junction permeability was assayed by

microinjection of fluorescent dye Lucifer Yellow CH into cells

of confluent cultures treated for 7 days.

Panels C-F. Immunofluorescent detection of gap junctional

plaques induced by canthaxanthin. 10T1/2 cells were seeded

on Permanox plastic slides and treated post-confluence for one

week with canthaxanthin 10.5 M. Cultures were fixed, labeled

with the same Cx43 antibody as used in Western blotting, and

then with FITC labeled goat anti-rabbit IgG F (ab)2 fragment.

C, E, solvent control; phase image and respective fluorescent;

D, F, canthaxanthin 10- 5 treated; phase image and respective

fluorescent. Gap junctional plaques are indicated with

arrows.
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Figure 27. Induction of immunofluorescent junctional

plaque formation by carotenoids.

Cell cultures, treatment and immunofluorescent microscopy

were performed i.dentical to that shown in Fig. 26.

Panels A, B. ,e-carotene 10-5 M treated; phase image and

respective fluorescent; Panel C, D. lutein 10-5 M treated;

phase image and respective fluorescent; Panel E, F. lycopene

10-5 M treated; phase image and respective fluorescent.
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microscopy due to flattening of carotenoid-treated cells.

Very few such plaques were seen in control cultures; a finding

consistent with the limited amount of Cx43 shown in Fig. 20 to

23. Treatments with other active carotenoids p-carotene,

lutein and lycopene were also showed similar effects (Fig.

27) . Treatments with methyl-bixin and a-tocopherol were

inactive (data not shown). The presence of extensive gap

junction plaques in cells after treatment with carotenoids

indicates that carotenoid-induced Cx43 protein become

localized in regions of the cellular plasma membranes where

gap junctions would be expected to form, that is, carotenoid

treatment results in an increase in the number and size of gap

junctional channels.

Therefore, the above data indicate that the enhancement

of gap junction communication by carotenoids is achieved by

increasing the levels of connexin43 mRNA and protein and thus

the number of junctional channels.

3.3.4. EFFECTS OF CAROTENOIDS AND RETINOIDS ON THE PROFILE

OF TRANSLATABLE mRNA LEVELS IN 10T1/2 CELLS

After the demonstration that carotenoids, like retinoids,

also induce Cx43 mRNA levels, we further performed in vitro

cell free translation of total RNA to compare the profiles of

translatable mRNAs between the treatment of carotenoids and

retinoids. Confluent 10T1/2 cells were treated with TTNPB at

10-8 M for 3 days or with p-carotene at 10-5 M for 7 days.
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After treatment, total RNA was isolated from the cells and

then subjected to cell-free translation. As shown in Fig. 28,

there was no obvious difference between the levels of

translatable mRNA profiles of the treatments with retinoids

and carotenoids. Interestingly, however, the level of a

transcript for a 18 kd product was dramatically reduced and

the level of a transcript for a 30 kD product was remarkable

increased by the treatments with both classes of the compounds

(Fig. 27). The down-regulation of the transcript for a 18 kd

product was found to be cell-cycle related (data not shown).

By using in vitro 3sS-methionine labelling, Rundhaug (1989)

also observed a decrease by both retinol and TTNPB in levels

of two 3sS-methionine labelled protein bands with Mrs of 18 and

19 kD.

The data presented in this section indicate that

carotenoids enhance GJC by increasing cx43 gene expression.

The present studies establish Cx43 as the first gene whose

expression is up-regulated by carotenoids.

Since both provitamin and non-provitamin A carotenoids

beta-carotene, and canthaxanthin and lycopene increased levels

of Cx43 mRNA and protein, while the antioxidant a-tocopherol

was not effective, these data indicate that carotenoid

enhanced cx43 gene expression appears unrelated to their

provitamin A activity or antioxidant properties. However, it

has been previously found that retinoids also increase the

levels of Cx43 mRNA and protein in the same system (Hossain
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Figure 28. Effects of carotenoids on translatable mRNA

profiles in lOT1/2 cells.

Confluent 10T1/2 cells were treated with retinoids at

10'6 M for 3 days or with l3-carotene at 10-5 M for 2 weeks.

After the treatment, the total RNA was isolated form the cells

and then subjected to cell-free translation as desbribed in

the methods section.

reaction.

Lanes:

10 ug of total RNA was used in each

1, standard protein marker (kD) ;

2, wheat germ control;

3, acetone control;

4, retinol;

5, l3-carotene

6, THF control;

7, reteoic acid.
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et aI, 1989), both retinoids and carotenoids down-regulate the

levels of a translatable mRNA for a 18 kd product and no

obvious difference was observed in translatable profiles

between retinoid- and carotenoid-treatments (Fig. 28). The

above data can not absolutely rule out the possibility that a

low rate of conversion of carotenoids into active retinoids by

chemical oxidation, although canthaxanthin and lycopene can

not be enzymically converted to retinoids in mammals. To test

these possibilities, we studied the effects of carotenoids on

the expression of the retinoid-inducible gene RAR ~.

3.3.5. EFFECTS OF CAROTENOIDS AND RETINOIDS ON RAR-~

mRNA LEVELS

As shown in Fig. 29, after 3 days of treatment, retinoid

TTNPB at 10-8 M strongly increased the steady state level of

RAR ~ mRNA in 10Tl/2 cells, whereas the 7 days of treatment

with canthaxanthin at 10~ M failed to increase the level of

RAR ~ mRNA. This strongly indicates that carotenoid action is

independent of pro-vitamin A status. Induction of RAR ~ mRNA

by retinoic acid has been reported in several other cell

types, inclUding murine embryonic teratocarcinoma F9 (Zelent

et aI, 1989; Hu and Gudas, 1990; Martin et aI, 1990), P19

cells (Song and Siu, 1989; Kruyt et aI, 1991), RAC65EC cells

(Song and Siu, 1989) and PCC4.azalR cells (Nervi et aI, 1990);

murine melanoma cells (Clifford et aI, 1990); human

teratocarcinoma cells (Miller et aI, 1991); tracheobronchial
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Figure 29. Effects of canthaxanthin and TTNPB on the

levels of Cx43 and RAR-P mRNA in 10Tl/2 cells.

The confluent cells were treated with 10-8 M TTNPB for 3

days or 10-5M canthaxanthin (CTX) for 7 days. Poly A RNA was

isolated by using Poly A TRAT™ kit. 6 ug of poly(A)+ RNA was

loaded in each lane. After Northern transfer, the membrane

was first probed with RAR-~ cDNA, re-probed with GAPDH cDNA

as internal control, and then with Cx43 cDNA probe.
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cells (Vollberg et a l , 1991); human umbilical vein endothelial

cells (Fesus et aI, 1991); and human dermal fibroblasts (Elder

et aI, 1991). Here we demonstrate for the first time that

mouse embryonic fibroblast cells express RAR P gene and it is

inducible by TTNPB.

The findings in this section provide the first evidence

that carotenoids induce GJC in 10T1/2 cells by increasing Cx43

gene expression. It is also demonstrated that this carotenoid

action is independent of their pro-vitamin A or antioxidant

properties. However, we do not know whether the effects of

carotenoids on GJC and Cx43 gene expression is universal or

only limited to 10T1/2 cells. Some criticisms may be raised

for using 10T1/2 cells due to: 1) its murine origin and

immortalized character, and 2) its poor basal GJC. To test if

carotenoid effects on GJC and Cx43 gene expression apply in a

more general manner and to test the validity of this model

system for carcinogenesis studies in humans, we have studied

carotenoid effects on GJC and the gene expression of cx43 and

RAR P in human fibroblasts and F9 cells and these cells gave

similar responses to that of in 10T1/2 cells.

3.4. EFFECTS OF CAROTENOIDS ON GJC, Cx43 AND RAR-BETA

EXPRESSION IN HUMAN DERMAL FIBROBLAST AND F9 CELLS

3.4.1. CAROTENOIDS ENHANCE GJC IN HUMAN DERMAL FIBROBLASTS

The early passage (5-10) of human dermal fibroblast cells
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obtained from neonatal foreskins were used in these studies.

As shown in Fig. 30, treatment with canthaxanthin at 10-~ for

7 days caused a significant increase in gap junctional

communication. other active carotenoids in 10T1/2 cells were

also shown similar induction (data not shown).

3.4.2. CAROTENOIDS INCREASE Cx43 PROTEIN LEVELS IN HUMAN

DERMAL FIBROBLASTS

As shown in Fig. 31, Western blots with connexin 43

antibody revealed that the human dermal fibroblast cells when

treated for 14 days with canthaxanthin or (j-carotene at 10-5 M

were found to exhibit major increases in the level of Cx43

protein just as observed in 10T1/2 cells. Treatment with

TTNPB at 10-8 M for 3 days also increased Cx43 protein levels.

Lycopene showed a marginal effect. The lesser effect of

lycopene than (j-carotene and canthaxanthin is presumbly due to

lower cellular uptake of lycopene than (j-carotene and

canthaxanthin as shown in 10T1/2 cells (Fig. 21). Clone 2 and

3 were found to have similar responses to these drugs (Fig. 31

A and B).

3.4.3. CAROTENOIDS AND RETINOIDS INCREASE Cx43 mRNA LEVELS

IN F9 CELLS

Mouse teratocarcinoma cell cultures were treated with

TTNPB at 10-8 Mor the most potent carotenoid canthaxanthin at
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Figure 30. photomicrographs of carotenoid effects on GJC

in human dermal fibroblast cells.

A and Bare THF control cells. A, phase; B, fluorescent

image after microinjection with Lucifer Yellow.

C and D are the treatments with canthaxanthin at 10-5M

for 7 days. C, phase; D, fluorescent image as the above.
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Figure 31. Carotenoids and TTNPB increase Cx43 protein

levels in human dermal fibroblast cells.

Confluent cultures were treated with carotenoids at 10.5

M for two weeks or TTNPB at 10-8 M for 3 days. After that

they were lysed. The cell extract was solubilized and reduced

with ,8-mercaptoethanol. Equal amounts of protein (40 1J.g) were

loaded in each lane of SDS-PAGE. Gel electro-phoresis,

Western transfer and detection of cx43 were performed as

described in method section 2.2.5.

A, clone 2; B, clone 3.

Lanes:

1, control;

2, TTNPBi

3, beta-carotene;

4, canthaxanthin;

5, lycopene.
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10.5 M for 5 days on the second day after seeding. When

Northern blots of poly (A) RNA from control and carotenoid- and

retinoid-stimulated cells were probed with a full length of

Cx43 eDNA under high stringency conditions, a 3.1-kb band was

detected (Fig. 32 A). As seen in Fig. 32 A, the steady-state

levels of Cx43 mRNA was markedly elevated by canthaxanthin

followed by TTNPB. To our knowledge, this is the first report

that TTNPB induces Cx43 expression in F9 cells. It has been

reported that retinoic acid induce Cx3? expression in F9 cells

(Willecke et aI, 1991).

Since both retinoids and carotenoids elevate Cx43 gene

expression in F9 cells as observed in 10T1/2 cells, it needs

to be tested whether this action of carotenoids is dependent

on their conversion into retinoids or not in this system. We

therefore as in 10T1/2 cells, studied the effects of

carotenoids on RAR-p gene expression.

3.4.4. EFFECTS OF CAROTENOIDS AND TTNPB ON RAR P mRNA LEVELS

IN F9 CELLS

As shown in Fig. 32 B, after 5 days of treatment,

retinoid TTNPB at 10.8 M strongly increased the steady state

level of RAR P mRNA in F9 cells, whereas just like in 10T1/2

cells, the 7 days of treatment with canthaxanthin at 10~ M

failed to increase the steady state level of RAR P mRNA. This

again strongly indicates that carotenoid action is independent

of provitamin A status in cancerous cells as well as in 10T1/2
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Figure 32. Effects of canthaxanthin and TTNPB on Cx43

and RAR-p gene expression in murine embryo teratocarcinoma F9

cells.

Cells were cultured as previously described in the

Methods section. On the 2nd day after seeding, the cells were

treated with drugs for 5 days. Poly(A)+ RNA was isolated by

using Poly A TRAT™ kit. 4.5 ug of poly(A)+ RNA was loaded in

each lane. After Northern transfer, the membrane was first

probed with RAR-{3 cDNA (B), re-probed with GAPDH cDNA as

internal control (C), and then with Cx43 cDNA probe (A).

Lanes:

1, THF control;

2, TTNPB 10-8 M (dissolved in THF);

3, canthaxanthin 10-SM.
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cells. This induction of RAR p mRNA by TTNPB in F9 cells is

consistent with other reports in which retinoic acid instead

of TTNPB was used (Zelent et al, 1989; Hu and Gudas, 1990;

Martin et al, 1990).

The data presented in this section provide evidence that

the novel action of carotenoids on induction of GJC and Cx43

gene expression is not just limited to 10Tl/2 cells but can be

observed in murine cancerous cells and, especially in human

cells. These data once again support the idea that 10Tl/2

cell line is a reliable model system for general molecular

studies as well as for transformation studies. Another

important finding is that, just as found in 10Tl/2 cells, the

action of carotenoids on GJC and Cx43 gene expression appears

to be independent of their pro-vitamin A status.
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CHAPTER 4

DISCUSSION

The demands to reduce human cancer morbidity and

mortality place a heavy burden on prevention. Of over 1000

compounds tested, the retinoids and carotenoids have obtained

most attention and possess great promise for cancer

chemoprevention (Boone et a L, 1990). However, the high

toxicity of retinoids greatly limits their use, while

carotenoids have no known toxicity and are considered as the

most promising agents for cancer chemoprevention. Although a

large body of literature supports the cancer chemopreventive

effects of carotenoids, so far there are no reports

elucidating the mechanism of chemopreventive action of these

compounds. The present study provides a mechanistic basis for

cancer chemopreventive action of carotenoids, that is, up

regUlation of gap junctional intercellular communication.

Actually, the ramifications of research into effects on

GJC by carotenoids extend far beyond an investigation of their

cancer chemopreventive activities. Since GJC involve

homeostasis (Loewenstein, 1987), embryogenesis and pattern

formation (Dehaan and Chen, 1990), cell growth and

differentiation (Loewenstein, 1987; Mehta and Loewenstein,

1991), and carcinogenesis (Bertram, 1990; Yamasaki, 1990), the

discovery that carotenoids up-regulate GJC presented in this

study may provide a fundamental mechanism of these diverse
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biological actions of carotenoids in mammals. The potential

for dietary carotenoids to up-regulate GJC may thus provide an

important new insight into carotenoid action in mammals,

especially those mammals, including man, which absorb large

amounts of dietary carotenoids into the circulation (Parker,

1989).

In the literature, there are several reports on the

effect of retinoids on GJC (Yamasaki and Enomoto, 1985;

Yamasaki and Katoh, 1988; Shuin et aI, 1983; Prutkin, 1975;

Elias et aI, 1980; Davidson et aI, 1985; pitts et aI, 1986;

Mehta et aI, 1986; Mehta et aI, 1989; Hossain et aI, 1989;

Mehta and Loewenstein, 1991), but no report on carotenoids.

Previous studies conducted with the 10T1/2 assay system have

demonstrated that both retinoids (Merriman and Bertram, 1979)

and carotenoids (Pung et aI, 1988; Bertram et aI, 1991) are

capable of inhibiting chemically-induced neoplastic

transformation when administered during the post-initiation

stage of carcinogenesis. Additionally, this action of both

groups of compounds is reversible upon drug withdrawal. The

data presented here extends this similarity to the level of

mechanism by demonstrating an excellent degree of correlation

between the inhibition of transformation by carotenoids and

their ability to up regulate GJC. A similar correlation has

been previously demonstrated for retinoids and a functional

role for this phenomenon proposed (Hossain et aI, 1989).

Modulation of gap junctional communication has been
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previously demonstrated by Bertram's group and others to be

critically involved in the transformation process. This

conclusion stems from the use of agents which inhibit or

stimulate GJC and from observations of the effects of

cell/cell interactions. A strong case can be made that

inhibitors of GJC, such as the phorbol ester tumor promoters

in vitro (Yoti et aI, 1977; Enomoto and Yamasaki, 1985), or

the rodent liver tumor promoter phenobarbital (Mesnil et aI,

1988), owe much of their promoting activity to the ability to

disrupt interactions between normal and initiated cells

(reviewed by Yamasaki, 1990). Moreover there is increasing

evidence that agents or procedures that enhance GJC lead to

increased growth control of normal or malignant cells and to

the suppression of morphological transformation in carcinogen

initiated cells. Much of this evidence has been derived in

the 10T1/2 cell system. In these cells expression of

neoplastic transformation is critically dependent upon the

colony size attained by the initiated cells prior to

confluence; if distributed in small colonies surrounded by

normal cells transformation is suppressed; if in large colo

nies, such as are created under the conditions of a standard

transformation assay, transformation occurs efficiently

(Mordan et a L, 1983). It was originally proposed that central

cells in such large colonies were effectively shielded from

the influence of surrounding normal cells and were thus

allowed to convert from an initiated to a transformed cell
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(Mordan et a L, 1993). It should be noted that initiated

10T1/2 cells appear morphologically and behaviorally

indistinguishable from parental 10T1/2 cells in response to

retinoids (Mordan et aI, 1985) and we presume also to

carotenoids. When exposed to retinoids (Merriman and Bertram,

1979) and certain carotenoids (Pung et aI, 1988)

transformation is inhibited, regardless of colony size. The

data presented here allows us to extend the hypothesis,

proposed earlier to account for retinoid action (Hossain et

aI, 1989), that gap junctions serve as conduits for growth

regulatory molecules. In this model, retinoid or carotenoid

treatment places carcinogen-initiated cells in an expanded

network of junctionally communicating cells dominated by

parental non-transformed cells. Under such conditions

morphological transformation is suppressed.

It is of interest that neither retinoids (Merriman and

Bertram, 1979) nor carotenoids (Pung et aI, 1988) can suppress

the ability of morphologically transformed cells to form foci

within a monolayer of 10T1/2 cells (i.e. they are ineffective

once the transformation event has occurred). Consistent with

this observation, retinoids fail to up-regulate heterologous

communication between non-transformed and transformed cells

(Mehta et aI, 1986). However, heterologous junctional

communication, which in control situations is essentially

zero, can be restored by agents which elevate cellular cAMP

levels; under these conditions even established tumorigenic
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cells become growth arrested in direct proportion to their

junctional communication with quiescent non-transformed cells

(Mehta et aI, 1986). The ability of normal cells to inhibit

the expression of neoplastic transformation is not restricted

to 10T1/2 cells but has been observed for example, in hamster

cells (Stoker et aI, 1966), in rat cells (Borek and Sachs,

1966), in UV-irradiated 3T3 cells (Sivak and Van Duuren,

1967), in retrovirus infected keratinocytes (Dotto et a.l.,

1988), in cell repopulation experiments involving carcinogen

initiated keratinocytes (Hennings et aI, 1990), in radiation

initiated thyroid cells in vivo (Watanabe et aI, 1988), and in

oncogene-transfected rat 208F cells (Martin et aI, 1991).

Gap junctional channels have been proposed as passage for

growth regulatory signals from one cell to another

(Loewenstein, 1987). As discussed in the Introduction section,

a large body of literature shows that 1) rapidly dividing

cells have few junctions; 2) various tumor cells are gap

junctional communication defective or unable to communicate

with surrounding normal cells, even if they maintain

homologous gap junctional communication; 3) growth-inhibiting

agents, such as cAMP, retinoids and carotenoids, increase GJC,

while growth-stimulating agents, such as tumor promoter TPA

and growth factors decrease GJC; 4) the growth of tumor cells

is inhibited when they communicate with normal cells; 5) gap

junctional genes are aberrantly expressed in tumor cells; 6)

certain oncogene products, such as SV40T and src gene
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products, block GJC; and 7) transfection of gap junctional

genes into cancerous cells causes retardation of tumor cell

growth. These lines of evidence, along with our present

observations, strongly suggest that GJC plays an important

role in cell growth control and inhibition of carcinogenesis.

Therefore, we propose that the up-regulation of GJC by

carotenoids play an important role in the inhibition by

carotenoids of carcinogen-induced neoplastic transformation.

However, in the present study as well as previous studies

on retinoids, we have only shown a strong correlation between

enhancement of gap junctional communication and inhibition of

neoplastic transformation by carotenoids or retinoids.

Whether it is a cause-effect relationship is not clear.

Although evidence for the role of GJC in carcinogenesis is

quite compelling, it is still incomplete. Genetic analysis of

transformation-sensitive and -resistant BALB/c 3T3 cell

variants suggested that the regulation of GJC and the

susceptibility to chemical carcinogen-induced transformation

are genetically separate traits, and that the loss of GJC

alone can not explain the high susceptibility of A31-1-13

cells to induction of transformation (Katoh and Yamasaki,

1991) . It was recently shown that the extent of growth

suppression of oncogen-transformed foci by normal cells is

dependent on the type of transforming oncogenes and on the

type of normal fibroblasts rather than on the extent of GJC

between transformed and normal cells (Martin et a l., 1991). It
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remains to be seen whether the induction of GJC by carotenoids

or retinoids is functionally related to the inhibitory action

of transformation. To address this question, we can try to

block GJC and then to see if carotenoids or retinoids still

inhibit transformation. A good way to block GJC for at least

5 weeks which is required for the development of transformed

phenotype is to transfer anti-sense connexin DNA into the

genome of 10Tl/2 cells. Such study is being conducted by

Bertram's and Lau' s groups at Cancer Research Center of

Hawaii. Their preliminary results have shown that the

transfection of anti-sense Cx43 eDNA into with or without

TTNPB-treated 10Tl/2 cells remarkably reverse the induction of

GJC and Cx43 protein expression stimulated by TTNPB. The

saturation density of the transfected TTNPB-treated cells has

been found to be higher than non-transfected TTNPB control

(Hossain, personal communication). It remains to be seen

whether the transfection with anti-sense Cx43 cDNA will

abolish the inhibitory actions of retinoids and carotenoids on

neoplastic transformation. The above results are consistent

with a previous report by Mehta et al (1991) in the same cell

culture system but using the opposing strategy. They have

transferred sense Cx43 gene into communication-deficient

transformed 10Tl/2 cells, and found that the GJC is restored

and the cell growth is inhibited.

The existence of growth regulatory signals that travel

through gap junctions and regulate cell growth has been
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suggested by many authors (Loewenstein, 1981; Noner and

Loewenstein, 1989; Yamasaki, 1990; Mehta et aI, 1986).

However, it is still unclear whether these signals are growth

inhibitory (being transferred from normal to initiated cells)

or stimulatory (being lost from initiated cells to surrounding

normal cells). By analogy with tumor suppressor genes which

must be deleted or mutated in order that neoplasia develop,

the concept of transfer of anti-proliferative signals is

attractive. This is supported by the evidence that when

normal and transformed cells were hybridized, hybrid cells

usually assumed the normal phenotype (Harris, 1988; Stanbridge

et aI, 1982; Martin and Yamasaki, 1991). The dominance of

normal cell phenotype over tumor cells indicates the presence

of growth inhibitory signal(s) in normal cells. As to the

chemical nature of these hypothetical signals, as has been

described recently (Hossain et aI, 1992), it may be expected

that they would be hydrophilic and have low protein binding.

Due to the size of the junctional channel pore, these

molecules or ions will have a size less than 1200 daltons. An

additional expectation is that such signals be capable of

rapid generation and efficient destruction or sequestration.

These criteria rule out the involvement of macromolecules,

e.g., proteins or mRNAs exhibiting growth inhibitory

properties, while certain small molecules, such as cAMP, Ca++

and inositol triphosphate, which have been shown to travel

through gap junctions (Fletcher et a l , 1987; Saez et a l ,
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1989), would satisfy these criteria.

Even though the molecular mechanism of carotenoid action

is not yet completely understood, the enhancement of GJC can

explain much of the chemopreventive activity of carotenoids.

The increase in GJC by carotenoids were in accordance with

their effects on cell growth, neoplastic transformation and

the suppression of transformed phenotypes. Since active

carotenoids are also highly potent in the present study, but

have little or no toxicity, they offer a much better

alternative than retinoids with considerable side effects as

chemopreventive agents. This finding establishes that

carotenoids are chemopreventive not chemotherapeutic agents.

This information is useful for designing clinical trials. In

this context it should be noted that serum levels of beta

carotene that have been reported after high-dose

administration approximate the concentrations of 10~ to 10~ M

(Mathews-Roth et a L, 1974; Prince et a l , 1991), which are

comparable to the concentrations used in our cell culture

studies. The discovery of novel biological activities for

dietary carotenoids would call for a re-evaluation of diet and

could lead to the development of yet more potent agents.

In 10T1/2 cell culture system, previous studies have

shown that the enhancement of GJC by retinoids is achieved by

increased expression of Cx43 gene (Rogers et aI, 1990). The

present study shows that this is also true for the carotenoid

action on GJC in the same system. The role of Cx43 in
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establishing GJC was demonstrated by Werner et al (1989) and

Fishman et aI, (1990). They showed that introduction of Cx43

cDNA into frog oocytes or hepatoma cells resulted in

junctional competence in these cells. The present studies

establish that Cx43 is the first carotenoid-inducible gene to

be described in mammals. Since carotenoids without known pro

vitamin A activity, such as canthaxanthin and lycopene, as

well as beta-carotene, are also capable of inducing Cx43 gene

expression (Fig. 20-25), it is suggested that the effect of

carotenoids on Cx43 gene expression appears unrelated to their

pro-vitamin A activity.

However, both retinoids and carotenoids show striking

similarities, such as both reversibly inhibit neoplastic

transformation at the promotional stage and both increase GJC

by increasing Cx43 mRNA and protein levels. The differences

are that the time required for up-regulation of Cx43 gene

expression by carotenoids was longer (24 hours) than by

retinoids (6 hours), and that the concentrations required to

cause induction of GJC and cx43 gene expression by active

carotenoids were about 10-fold higher (10~ M) than those for

retinoids (10-7 M). These phenomena suggest that a low rate of

conversion of carotenoids into active retinoids in cell

culture by oxidative damage or other processes might occur.

This rate (should it occur in vivo), would be insufficient to

support normal growth (the classical assay for vitamin A

activity) since there is no evidence that canthaxanthin or
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lycopene can be enzymically converted to retinoids in mammals

(Olson, 1989). Furthermore, in the same cell culture system,

Bertram's group (Rundhang et aI, 1988) was unable to detect

the active retinoid products converted from C·14-labeled {3

carotene by a highly sensitive HPLC means. The recently

discovered nuclear receptors for retinoic acid with high

affinity (10-9 to 10-8 M) (Zelent et aI, 1989; Yang et a L, 1991)

raises the possibility that a very low level of conversion of

carotenoids, at which the conversion can not be detectable by

current low specific activity of [C14
] labelling, into

retinoids could activate the retinoid receptors. However, the

evidence that canthaxanthin did not alter the expression of

RAR-{3 gene, a retinoid-inducible gene, in both 10Tl/2 and F9

cells (Fig. 29 and 32) strongly indicates that the induction

of Cx43 gene expression by canthaxanthin is independent of

conversion of carotenoids to active retinoids capable of

activating the RAR-{3 gene. However, we can not absolutely

exclude the possibility that these carotenoids are activating

a novel receptor, perhaps part of the RXR family of receptors

(Mangelsdorf et aI, 1990, 1991; Yu et aI, 1991), with ligand

binding affinity for retinoids and carotenoids, capable of

inducing Cx43 but not RAR-{3 gene expression.

An alternative explanation for the inhibition of

transformation and induction of GJC and Cx43 gene expression

by carotenoids involves their antioxidant properties. {3

Carotene, for example, has been demonstrated to be a highly
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active chain-breaking antioxidant, especially at low p02

levels (Burton & Ingold, 1984), while lycopene is reported to

be the most potent carotenoid in its ability to quench singlet

oxygen (Di Mascio et a L, 1989). Inhibition of oxidative

damage could contribute in two ways to cancer chemoprevention

by carotenoids: First, oxidative damage to unsaturated

membrane phospholipids is known to create products with tumor

promoting activities (Cerutti, 1985), while damage to DNA can

yield products which are potentially mutagenic (Imlay & Linn,

1988; Breimer, 1990). Second, oxidative stress can reduce GJC

(Ruch & Klaunig, 1988). However, in the 10T1/2 cell system,

the ability of carotenoids to inhibit the formation of TBA

reactive material (taken as an index of lipid peroxidation)

was not found to correlate with their ability to inhibit

transformation (Fig. 8) nor with their ability to up-regulate

GJC (Fig. 17). The lipid-phase antioxidant a-tocopherol was

most active in preventing lipid peroxidation (Fig. 5, 6), yet

it exhibited only limited activity in the transformation assay

(Bertram et aI, 1991), and in the GJC assay (Fig. 9, 13).

Alpha-tocopherol was inactive in induction of Cx43 gene

expression. Methyl-bixin, less potent than a-tocopherol, but

more potent than lycopene as an inhibitor of lipid

peroxidation (Fig. 7) did not stimulate GJC (Fig. 14), induce

Cx43 gene expression (Fig. 20) or inhibit neoplastic

transformation (Bertram et aI, 1991). Moreover, the number of

conjugated double bonds, which is believed responsible for the
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strong antioxidant properties of carotenoids (Foote et aI,

1970), is not directly related to the ability of carotenoids

to increase GJC, since methyl-bixin and ~8-polyene-tetrone

diacetal with 11 such bonds were totally inactive, whereas ~

carotene, ~-cryptoxanthinand lycopene with the same number of

such bonds were very effective. Moreover, carotenoids with

fewer such bonds than that of the inactive carotenoids, such

as a-carotene with 10, C~-polyene-tetrone-diacetalwith 9 and

phytoene with 3, were also active. All together, these data

suggest that the induction of GJC and Cx43 gene expression by

carotenoids is independent of their antioxidant properties,

and the antioxidant properties of carotenoids play only a

minor role, if any, in their action as inhibitors of

neoplastic transformation of 10T1/2 cells. The TBA method is

highly sensitive and, as modified by Yagi (1987), is selective

for a spectrum of membrane damage. It seems unlikely that the

more specific assays would lead to the discovery of

correlations between cancer chemopreventive activity and

protection from oxidative damage.

Therefore, our present results strongly suggest that the

carotenoid actions in mouse cells, that is, inhibition of

neoplastic transformation, enhancement of GJC and Cx43 gene

expression are independent of their provitamin A activity or

antioxidant properties. The present data suggest that certain

carotenoids have a hitherto undetected ability to regulate

gene expression or that their classification as non-provitamin
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A carotenoids needs to be re-evaluated. It should be pointed

out that in the past, the biological activity of carotenoids

in mammals was considered limited to their provitamin A roles

and much of the research was related to this area. Recent

years, since Peto et al (1981) first raised the question, "Can

dietary beta-carotene materially reduce human cancer rates?",

the focus of carotenoid research has shifted to studies

related to their properties as antioxidants (Krinsky, 1989).

However, our present studies suggest an additional pathway may

exist through which carotenoids function, these data may thus

lead to a re-evaluation of carotenoid physiology in mammals or

the classification of pro-vitamin A carotenoids needs to be

re-evaluated.

Our present studies have been extended to human cells

and transformed cells in culture and find that, as in 10T1/2

cells, certain carotenoids induce GJC (Fig. 30) and Cx43 gene

expression (Fig. 31, 32), indicating that the novel action of

carotenoids on GJC and Cx43 gene expression is not limited to

10T1/2 cells but can be observed in a more general manner.

structure/activity studies reveal that keto and hydroxyl

groups on the ring do not influence the ability to increase

GJC and Cx43 gene expression, since canthaxanthin with two

keto groups and p-cryptoxanthin with hydroxyl groups were as

effective as p-carotene which does not have keto or hydroxyl

groups. The chromophore ring is not absolutely required but

it may strongly increase the ability through increasing
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cellular uptake and stability, because lycopene which does not

have the ring was also active but to a lesser extent than the

ones having the ring and it is probably due to the lower

cellular uptake and less stability of lycopene than

canthaxanthin (Bertram et aI, 1991; Fig. 21). Moreover, the

acyclic synthetic compound ~2-polyene-tetrone-diacetalalso

increases GJC and inhibits transformation.

The molecular mechanism of carotenoids or retinoids on

Cx43 gene expression is yet to be elucidated. Since the

discovery of retinoic acid receptors (RARs) , the direct

effects of retinoids on gene expression have been proposed

to be mediated by RARs (for reviews, see Evans, 1988, Wolf,

1989, and Hashimoto, 1991). It remains to be shown whether

cx43 gene contains the RARE sequences and it remains to be

determined whether a similar mechanism exists by which

retinoids up-regulate Cx43 gene expression. since no

receptors for carotenoids have yet been identified, the

mechanism by which carotenoids regulate Cx43 gene expression

is unknown. Since both retinoids and carotenoids increase the

phosphorylation of cx43 protein (Rogers et aI, 1990; Fig. 20

23), we have studied the effects of okadaic acid, a protein

phosphotase inhibitor, on carotenoid- and retinoid-induced GJC

and Cx43 expression in 10T1/2 cells. We found that okadaic

acid reversed induction of GJC and Cx43 protein expression by

the carotenoids beta-carotene and canthaxanthin and the

retinoid TTNPB (Fig. 33-36) , suggesting the phosphorylation
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/dephosphorylation of cx43 might be involved in the induction

of carotenoid- and retinoid-induced GJC and Cx43 expression.

The mechanism of okadaic acid effect on retinoid- and

carotenoid-induced GJC is unclear. RARs and some other

steroid/thyroid nuclear receptors have been shown to be

phosphoproteins (Carson-Jurica et aI, 1990; , 1991). The

phosphorylation-dephosphorylation process has been proposed to

be a control mechanism for the regulation of the binding of

ligand and DNA to the receptors, transactivation of the

receptors, and nucleocytoplasmic shuttling of the receptors

(Nielsen et aI, 1977; Auricchio et aI, 1981; Migliaccio and

Auricchio, 1981; Biilly et aI, 1986; Tienrungroj et aI, 1987;

Reker et aI, 1987; Boyle et aI, 1988; Migliaccio et aI, 1989;

DeFranco et aI, 1991). Phosphorylation of Cx43 seems to be

important for assembly of functional gap junctional channels

(Musil et aI, 1989). Further study is needed to determine

whether retinoid- and carotenoid-induced Cx43 gene expression

is involved in the phosphorylation of RARs or other receptors.

Pretreatment with the protein synthesis inhibitor,

cycloheximide, did not decrease retinoid-induced Cx43 mRNA

levels (Hossain, 1991), suggesting that prior activation of

other genes (e.g., RAR-P) is not required for TTNPB action on

Cx43 gene expression. Similar findings were reported for the

induction of Era-1 mRNA by retinoic acid (LaRosa and GUdas,

1988) . TTNPB thus induces cx43 gene expression possibly

through interacting with existing RARs. In this regard, RAR-
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alpha is a likely candidate because it was reported to be

constitutively expressed at a higher level (Hu and Gudas,

1990) and TTNPB showed high affinity towards RARoc (Mangelsdorf

et aI, 1990).

It is unclear why a significant increase in Cx43 mRNA and

protein levels induced by canthaxanthin was observed after one

day of treatment (Fig. 25) vs 6 hours of retinoid treatment

(Rogers et al, 1990). The possibility of a much slower

cellular uptake of canthaxanthin as well as other carotenoids

(at least 24 hours, Bertram et a L, 1991) than that of

retinoids (within 5 hours, Rundhaug et aI, 1987) may appear

relevant.

Since carotenoids did not increase retinoid-inducible

gene RAR ~ expression (Fig. 29, 32), a further important but

difficult question is how carotenoids up-regulate gene

expression. One possibility could be like retinoids, by

binding to receptor-like proteins. The base for this

speculation is that various carotenoid binding proteins have

been found in animals (reviewed by Zagalsky, 1976; Goodwin,

1984 and Findlay et a L, 1990). One of carotenoid binding

proteins, crustacyanin A2 found in lobster has been recently

purified and sequenced (Keen et aI, 1991). This protein has

been found to have significant sequence homology with human

plasma retinol-binding protein (REP). Moreover, its predicted

3 dimensional structure is also similar to REP. Therefore

this protein has been classified as a new member of REP
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family. Of cause, RBP is different from RARs. However, this

new finding, the discovery of several sUbtypes of RARs and

their isoforms, and the similarity of carotenoids in molecular

structure to retinoids, all together suggest that other

carotenoid binding proteins like RARs might exist. Recently,

the first carotenoid binding protein from rat liver has been

partially characterized by Okoh and Lakshman (1990 FASEB

Summer Research Conference). We know that retinoids bind to

RARs and by this binding they activate gene expression. If

such receptors for carotenoids exist in mammals, these could

function in an analogous way to nuclear retinoid binding

proteins. A search for such carotenoid binding proteins could

be an interesting project.

Studies on acyclic carotenoids and retinoids seem to be

supportive of the existence of other receptors, which in turn

supports this "carotenoid receptor hypothesis". The synthetic

compound C22-polyene-tetrone-diacetyl (Fig. 18) and natural

carotenoid crocetin (Pung, personal communication) have short

straight chains (20 carbon atoms for crocetin and 22 for Cn

polyene-tetrone-diacetyl) than lycopene (44 carbon atoms) and

absolutely can not form a p-ring-like structure, but it is

capable of inhibiting transformation and increasing GJC.

Crocetin has been also shown to inhibit skin papillomas and

Rous sarcoma virus-induced tumors in rats and chicken (Gainer

et aI, 1976; Wilkins and Wilkins, 1976). It is interesting

that certain acyclic retinoids, such as polyprenoic acid and
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7-hydroxy derivative of acyclic retinoid, also showed similar

effects to that of retinoic acid in terms of inhibition of

human cancerous cell growth (Fukutomi et aI, 1990; Muto et aI,

1991). structure/activity/RAR-binding affinity studies

suggest that binding to RARs requires both the ring and free

carboxyl group at the end, but these structural features are

not required for a compound to have retinoid actions (Sani,

1991; Bollag, 1991; Kochhar et aI, 1991; Hartmann, 1991; Muto

and Moriwaki, 1991). Moreover, other retinoids except

retinoic acid and TTNPB have low affinity toward RARs. These

together raise the question as to how other retinoids and

especially acyclic retinoids elicit biological responses.

They may bind to other sUbtypes of RAR-like receptors. The

discovery of many orphan receptors without known ligands makes

this speculation very attractive. Another point which may

support my "carotenoid receptor hypothesis" is that both

retinoids and steroids are terpenes derived by assembly of

isoprene units. This link between known classes of ligands

suggests that other terpenoids which are capable of regulating

gene expression might act through the same molecular

mechanism, that is, by activating nuclear receptors. In

support this suggestion, it has been recently found that plant

hormones gibberellic acid and auxin, which are terpenoids,

regulate plant gene expression probably also by activating

nuclear receptors (Srivasta, 1991; Hesse et aI, 1989; Prasad

and Jones, 1991; Napier and venis, 1991). Carotenoids are

170



terpenoids too, and here we find that they also induce gene

expression. Therefore, deductive reasoning should allow me to

propose the "carotenoid receptor hypothesis".

10T1/2 cell system has been shown to closely mimic in

vivo events and, the current study further strengthens this

association at the molecular level, and extends the carotenoid

effects to other cell culture systems, human dermal

fibroblasts and murine embryo teratocarcinoma F9 cells.

Future studies are needed to determine how carotenoids induce

cx43 gene expression, which genes are regulated by carotenoids

and how they are involved in anti-carcinogenesis, and to

elucidate the identity and mode of action of the predicted

growth regulatory signal (s) and whether these signals are

modulated by carotenoids.
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APPENDIX 1.

ADDITIONAL FIGURES

Figure 33. Tumor promoter okadaic acid inhibits

carotenoid-induced GJC in 10Tl/2 cells.

Confluent cells were first induced to highly communicate

with canthaxanthin 10.5 M for 7 days and then treated with

okadaic acid at 10 nM for 24 hours. GJC was assayed

thereafter.

Columns:

1, control;

2, canthaxanthin treated

3, okadaic acid treated

4, canthaxanthin and then okadaic acid

5, canthaxanthin, okadaic acid and then

PDGF (10 ng/ml, 15 min)
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Figure 34. Tumor promoter okadaic acid inhibits TTNPB

induced gap junctional c~mmunication (GJC) in 10T1/2 cells.

Confluent cells were first induced to highly communicate

with TTNPB 10-8 M for 3 days and then treated with okadaic acid

at 10 nM. GJC was assayed thereafter.

Columns:

I, THF control;

2, TTNPB;

3, okadaic acid;

4, TTNPB and okadaic acid 2 days;

5, TTNPB and okadaic acid 24 hrs.
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Figure 35. Time course of inhibition by okadaic acid of

TTNPB-induced gap junctional communication GJC in 10Tl/2

cells.

Confluent cells were first induced to highly communicate

with TTNPB 10-8 M for 3 days and then treated with okadaic acid

at 10 nM. GJC was assayed at indicated time thereafter.

Columns:

1, Acetone control;

2, TTNPB;

3, TTNPB and okadaic acid 40 min;

4, TTNPB and okadaic acid 1 hr;

5, TTNPB and okadaic acid 2 hrs;

6, TTNPB and okadaic acid 3 hrs;

7 , TTNPB and okadaic acid 20 hrs.
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Figure 36. Okadaic ~cid inhibits TTNPB- and carotenoid

induced Cx43 protein levels in lOT1/2 cells.

Confluent cultures of 10T1/2 cells were treated with

TTNPB 10.8 M for 3 days or canthaxanthin 10.8 M for 7 days, and

then treated with okadaic acid 10 nM for 24 hrs. Cx43 was

separated by SOS-PAGE and identified by reacting with Cx43

antibody as described in the Method section. A, Western blot;

B, the same membrane stained with Coommassie blue after

autoradiographing to normalize the amount of total protein

loaded in each lane.

Lanes:

1, TTNPB treated;

2, TTNPB + okadaic acid;

3, okadaic acid treated;

4, canthaxanthin + okadaic acid;

5, canthaxanthin treated;

6, THF control.
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