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ABSTRACT

The growth of rat hepatoma 7288CTC in vivo is stimulated by the
uptake of linoleic acid (LA) and its metabolism to 13-hydroxyoctadecadi-
enoic acid (13-HODE), an important mitogenic signaling molecule within
this tumor. Conversely, the growth of a variety of experimental cancersin
vivo is inhibited by either physiological or pharmacological levels of the
pineal gland hormone melatonin, although the mechanism(s) are un-
known. We tested the hypothesis that the mechanism of melatonin’s
anticancer action in vivo involves the inhibition of tumor LA uptake and
metabolism to 13-HODE in hepatoma 7288CTC. Tumor uptake of LA and
release of 13-HODE, measured in tissue-isolated rat hepatoma 7288CTC
at 4-h intervals over a 24-h period, were highest during the light phase and
lowest during the mid-dark phase, when plasma melatonin levels were
lowest and highest, respectively. Pinealectomy eliminated this rhythm of
tumor LA uptake and 13-HODE production, indicating that it was driven
by the circadian melatonin rhythm. Perfusion of tissue-isolated tumorsin
situ with melatonin (1 nM) rapidly and reversibly inhibited the uptake of
plasma fatty acids (FAs), including LA, and its metabolism to 13-HODE.
These inhibitory effects of melatonin on tumor FA uptake and 13-HODE
release were completely reversed by perfusion of tumorsin situ with
melatonin receptor antagonist S-20928, pertussis toxin, forskolin, or
8-bromo-cAMP. Perfusion of tumors in situ with melatonin also decreased
tumor [ 3H]thymidine incorporation and DNA content; these effects on
DNA synthesis were also prevented by the coperfusion of tumors with
melatonin and S-20928, pertussis toxin, forskolin, 8-Br-cAMP, or 13-
HODE. Pinealectomy stimulated tumor growth, LA uptake and metabo-
lism to 13-HODE, and FA storage in hepatoma 7288CTC, whereas mela-
tonin administration (200 mg/day) was inhibitory in vivo. Northern blot
analysis revealed that, compared with normal liver tissue, hepatoma
7288CTC overexpressed mRNA transcripts for a plasma membrane-
associated FA transport protein (FATP). FATP mRNA expression was
unaffected by the treatment of tumor-bearing rats with daily afternoon
melatonin injections or exposure to constant light. These results support a
novel mechanism of tumor growth inhibition by melatonin involving a
melatonin receptor-mediated suppression of cAMP levels, resulting in
diminished tumor FA transport, possibly via decreased FATP function.
The inhibition of these signal transduction events by melatonin culminates
in the suppression of LA uptake, LA metabolism to the mitogenic signal-
ing molecule 13-HODE, and cancer growth.

INTRODUCTION

Adequate supplies of dietary LA4 and energy are required for
optimal growth of solid rodent tumorsin vivo (1, 2). Studies from our
laboratory using tissue-isolated hepatoma 7288CTC show that aug-
mented arterial blood plasma concentrations of LA, resulting from
either increased dietary intake or mobilization of host fat stores, are
taken-up by this tumor and exert a direct stimulative effect on tumor
growth and metabolismin vivo (3–7). A portion of the LA taken up by
hepatoma 7288CTC is converted to 13-HODE (8). In a companion
paper in this issue ofCancer Research(9), we show that 13-HODE
formed in this tumor, via lipoxygenase activity, is the mitogenic signal
for LA-dependent growth of hepatoma 7288CTC. As judged from the
recent study of Glasgowet al. (10), 13-HODE enhances EGF-respon-
sive mitogenesis through EGF receptor autophosphorylation and ty-
rosine phosphorylation of key downstream signal transduction pro-
teins such as MAPK. Several studies support a role for 13-HODE in
cell proliferation in vivo (8, 9) and in vitro (10, 11), but there is
evidence that 13-HODE is antiproliferative in certain other target
tissues (12).

The pineal gland exhibits a prominent circadian rhythm in its
production and release of melatonin into the bloodstream during
darkness (13, 14). Melatonin plays an important role in a number of
physiological and pathophysiological processes, including circadian
rhythm regulation, seasonal reproduction (13, 14) immune function
(15), and tumorigenesis (16). In experimental models of neoplasia,
melatonin inhibits tumorigenesis in an apparently circadian time-
dependent manner (16–20), and evidence from a number of clinical
cancer trials suggests that it may be an effective therapeutic agent,
either alone or in combination with standard anticancer treatments
(21). Although some progress has been made in elucidating the
mechanisms of melatonin’s oncostatic actionin vitro (22–25), no
definitive mechanism(s) have emerged to explain the anticancer ef-
fects of melatonin in the more relevantin vivo setting.

A limited number of investigations in rodents have suggested that
melatonin may also exert a modulatory role on normal lipid metabo-
lism, depending on the species studied and the experimental condi-
tions used (26). In relation to tumor growth, a potentially important
link between nutritional factors and melatonin was first suggested by
the observation that melatonin’s oncostatic effect is accentuated in
energy-restricted animals, as compared with those fedad libitum(27).
Energy restriction causes a severe decrease in the plasma LA concen-
tration of the tumor-bearing host (8). In a recent report (28), we
demonstrated that an inhibition of melatonin production increased the
rates of tumor growth, LA uptake, and 13-HODE release in hepatoma
7288CTCin vivo, suggesting the hypothesis that melatonin inhibits
tumor growth by suppressing tumor LA uptake and metabolism to
13-HODE. Here, we describe experiments designed to test this hy-
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pothesis and elucidate the mechanism of these interactions. The re-
sults show that melatonin inhibits tumor growth, LA uptake, and
metabolism to 13-HODE through signal transduction events encom-
passing G protein-coupled melatonin receptor suppression of cAMP
(29).

MATERIALS AND METHODS

Animals, Diets, and Tumor Implantation and Growth. Male Buffalo
rats BUF(BUF/Ncr)(NCI) rats (4–5 weeks old) weighing 35–75 g were pur-
chased from Charles River Laboratories (Kingston, NY). The care and use of
the animals used in our experiments were in accordance with the guidelines of
our Institutional Animal Care and Use Committee. Male Sprague Dawley rats
weighing 150–200 g were purchased from Harlan Sprague Dawley (Indian-
apolis, IN). Buffalo rats were given free access to water and a semipurified diet
containing 5% corn oil to provide a fixed amount of LA. Diets were prepared
weekly and contained 0.5 g of BHT (Sigma Chemical, St. Louis, MO) per
1500 g of diet and were stored in sealed plastic bags at220°C. Rats were
housed two per cage and obtained their food from wide-mouthed glass feeding
jars. Sprague Dawley rats, used as blood donors for the perfusion experiments,
were housed two per cage and given free access to water and a standard
laboratory diet (Prolab mouse, rat, and hamster 1000 formula; Agway Inc.,
Syracuse, NY). All rats were subjected to alternate 12-h periods of dark and
light (lights on 6:00 a.m.–6:00 p.m.). There was no light contamination in the
animals rooms during the dark phase (28), and the temperature and humidity
were maintained at 23°C and 40–60%, respectively. In one experiment,
tumor-bearing rats were maintained on constant light (800 lux) 24 h per day.

Procedures for implantation of tissue-isolated Morris hepatoma 7288CTC in
male Buffalo rats were described in detail in previous reports (3–8) and in the
companion paper (9). Briefly, a 3-mm cube of tumors was sutured to the tip of
a vascular stalk formed from the superficial epigastric artery and vein. The
tumor implant and vascular stalk were enclosed within a parafilm envelope and
placed in the inguinal fossa, and the skin incision was closed. Vascularization
of the implant was limited to new vessel connections with the epigastric artery
and vein; subsequent tumor growth was s.c. The latency period (i.e., time to
first palpable, pea-sized mass) was determined for each animal in each exper-
iment. When tumors reached sufficient size for measurement, rats were sub-
jected to light CO2 narcosis, and tumor dimensions were measured through the
skin with vernier calipers and were converted to tumor weights as described
previously (3). Growth rates (g/day) were generated by linear regression from
the estimated tumor weights for the treated and control animals during the
course of the study. The final tumor weight was determined by weighing at the
end of the experiment.

Measurement of Tumor FA Uptake and 13-HODE Releasein Vivo Over
a 24-h Period. At 12 weeks of age, adult male Buffalo rats were implanted
with hepatoma 7288CTC, as described above. When estimated tumor weights
were;5 g, the rats were anesthetized and anticoagulated (6, 8). The carotid
artery and tumor vein were cannulated, and blood samples were collected from
each vessel simultaneously. Measurements of arteriovenous differences for
total FAs, LA, and 13-HODE were performed, and rates of uptake and release
were calculated as described previously (8). Blood collections were performed
on separate groups of animals (four/group) sampled every 4 h during a 24-h
period. Plasma melatonin levels were also immunoassayed at these timepoints
(30). The effects of removal of the nocturnal melatonin signal on the rhythm
of tumor FA metabolism were determined in a separate experiment. Male
Buffalo rats maintained on 12L:12D were anesthetized with pentobarbital (25
mg/kg body weight) and either pinealectomized or sham-operated prior to
tumor-implantation as described previously (31). When tumors in these rats
reached an estimated weight of 5 g, blood samples for arteriovenous difference
measurements for total FAs, LA, and 13-HODE were collected either during
the light phase (8:00 a.m.) or dark phase (12:00 a.m.). For collection of the
dark phase samples, animals were anesthetized in the dark room under a dim
red light (Kodak safelight, Eastman Kodak Co., Rochester, NY), and their eyes
were covered with black electrical tape. With their eyes completely shielded
from light, the animals were transferred to an adjoining darkened room, and
arteriovenous difference measurements were performed as described above.
Illumination from the dissecting microscope provided the only source of light.

Perfusion of Tissue-isolated Hepatoma 7288CTCin Situ with Melato-
nin, Alone or in Combination with Melatonin Receptor Antagonist
S-20928, PTX, Forskolin, 8-bromo-cAMP, or 13-HODE: Measurements of
LA Uptake, 13-HODE Release, DNA Content, and [3H]Thymidine Incor-
poration into DNA. Tumors weighing;5 g in male Buffalo rats, were
perfusedin situ as described (Refs. 4, 5, and 7: see Ref. 9 for details).
Essentially melatonin-free arterial blood was collected during the early light
phase (8:15–8:45 a.m.) from donor male Sprague Dawley rats. Tumor-bearing
rats were fasted for 48 h to increase in plasma lipids. Donor blood was
contained in a chilled (4°C) reservoir and was pumped to the tumor through a
warm water bath (37°C) and an artificial lung. A 30-min preperfusion period
was used to allow the establishment of steady-state conditions prior to sample
collection. After collection of the zero time samples, tumors were perfused for
65 min before melatonin (Regis Chemical Co., Morton Grove, IL) was added
to the reservoir arterial blood. The melatonin addition was sufficient to give a
whole blood concentration of;1 nM; the actual plasma melatonin concentra-
tions, measured by radioimmunoassay, were 2–4 nM (32). The transit time for
the melatonin-containing perfusate to reach the tumor from the reservoir was
;20 min. Tumor perfusion continued for an additional 95 min. To determine
whether the effects of melatonin were reversible, perfusions were started with
blood containing melatonin (1 nM). After collection of samples at 60 min, the
arterial blood supply to the tumor was switched to a separate reservoir
containing melatonin-free blood, and the perfusion was continued for an
additional 95 min. The effects of several agents were tested on the tumor
response to melatonin. These perfusions were performed as follows: tumors
were perfused for 30 min with whole blood (no exogenous melatonin), mela-
tonin (1 nM) was added to the reservoir, and the perfusion was continued for
60 min more. At 95 min, melatonin receptor antagonist S-20928 (1 nM; Servier,
Courbevoie Cedex, France), PTX (0.5mg/ml), forskolin (1 mM), 8-bromo-
cAMP (10mM), G protein antagonist NF-023 (0.5mg/ml; Calbiochem-Nova-
biochem, La Jolla CA), 13-HODE (12mg/ml), or vehicle was added, and the
perfusion was continued for an additional 60 min. Total perfusion times were
typically 120–150 min.

Arteriovenous differences for total FAs, LA, 13-HODE, hematocrit, pO2,
pCO2, and pH were measured as described previously (5, 6, 9). In some
experiments, tumor glucose uptake and lactate release were also measured (4).
Incorporation of [3H]thymidine into tumor DNA was initiated 20 min before
the end of the experiment by injection of 20ml of physiological saline
containing 2mCi [methyl-3H]thymidine/g estimated tumor weight into the
arterial catheter immediately before the tumor. The [3H]thymidine made one
pass through the tumor; unincorporated radioactivity was washed out of the
perfused tumor during the remaining 20 min of perfusion. Radioactivity
incorporated into tumor DNA was measured by liquid scintillation using
internal standardization and is reported as dpm/mg tumor DNA (4, 9). Tumor
DNA content was measured in 20% (w/w) homogenates fluorometrically using
Hoechst dye 33258 using the procedure described in Technical Bulletin 119
(Hoefer Scientific Instruments, San Francisco, CA).

Tumor Growth and FA Metabolism in Vivo in Response to Melatonin
or Pinealectomy. Melatonin (200mg/0.1 ml of 0.02% ethanolic saline) and
vehicle injections (0.1 ml of 0.02% ethanolic saline) were administered s.c.
daily in the late afternoon (4:00–6:00 p.m.) to rats maintained on a semipu-
rified diet containing 5% corn oilad libitum. The late afternoon administration
of melatonin has been shown to be the optimal circadian time for this indole
to produce a tumor growth-inhibitory effectin vivo (17). In the dietary study,
melatonin was mixed with the semipurified diet so that each rat consumed
;200 mg of melatonin per day. Control animals were maintained on a
melatonin-free 5% corn oil diet. In the pinealectomy study, rats maintained on
a 12L:12D cycle and provided with a standard laboratory diet were either
pinealectomized or sham-operated (31). Melatonin injections or feeding as
well as pinealectomy and sham-pinealectomy procedures were initiated or
performed 1 week prior to the implantation of tumor tissue. Melatonin injec-
tions or feeding were continued until the end of each growth experiment.
Following collection of blood samples for arteriovenous difference measure-
ments, the tumors were excised, weighed, snap-frozen in liquid N2, and stored
at 280°C until analysis for mRNA (see below).

Tumor Expression of FATP mRNA. Total RNA was extracted using
TRI-reagent (Molecular Research Center, Cincinnati, OH) from snap-frozen
tissues pulverized under liquid nitrogen. Northern blots were performed with
15 mg RNA per sample. FATP (34, 35)-specific riboprobes were made with
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plasma pCR1000 (Invitrogen, Carlsbad, CA) containing a 1.087-kb fragment
of the FATP open reading frame (coordinates 207–1293), (Ref. 33). Probes
were labeled with [a-32P]UTP (800 Ci/mmol; ICN Biomedicals, Costa Mesa,
CA) to a specific activity of at least 53 108 cpm/mg. To control for RNA
loading, we also probed Northern blots with glyceraldehyde 3-phosphate
dehydrogenase riboprobes (Ambion Inc., Austin, TX). Hybridization was
carried out at 65°C, and the blots were washed at high stringency (68°C, 0.13
SSC-0.1% SDS) and exposed to Kodak BIOMAX MS x-ray film with a
BIOMAX MS intensifying screen at270°C. FATP mRNA were normalized to
the glyceraldehyde 3-phosphate dehydrogenase signals following densitometry
of the X-ray films.

Lipid Extraction and Analyses. Total plasma, tumor, and dietary lipids
were extracted using the procedure of Folchet al. (36) and analyzed by gas
chromatography, as described previously (5, 8). Extraction of 13-HODE from
tumor venous blood and analysis by HPLC were performed as described (8).
Details of these procedures are described in the companion report (9).

Statistical Analysis. Differences among mean tumor total FA and LA
uptake, tumor 13-HODE release, and plasma melatonin levels over a 24-h
period were determined with a one-way ANOVA followed by the Student-
Neuman-Keulpost hoctest. Differences between the mean latency to tumor
palpability between experimental groups and their corresponding control
groups were determined by Student’st test. Differences between the slopes of
regression lines between experimental groups and their corresponding control
groups were determined by regression analyses and tests for parallelism
(Student’st test). All statistical analyses were performed using the statistical
software package TRUE EPISTAT (Epistat Services, Richardson, TX). Dif-
ferences were considered to be statistically significant atP , 0.05.

Materials. Chloroform (HPLC grade), ethyl acetate, methanol, glacial ace-
tic acid, heptane, hexane, and Sep-Pak C18 Cartridges for HPLC sample
extraction were purchased from Fisher Chemical Co. (Pittsburgh, PA). Methyl
esters of rapeseed oil and FA HPLC standards were obtained from Supelco
(Bellefonte, PA). Free FA and lactic acid standards, BHT, boron trifluoride-
methanol, enzymes, nucleotides, and buffers were purchased from Sigma
Chemical Co. (St. Louis, MO). The HPLC standards, 5-HETE and 13-HODE
(each as the racemic mixture) were purchased from Cayman Chemical Co.
(Ann Arbor, MI). Dietary ingredients were purchased from United States
Biochemical (Cleveland, OH).

RESULTS AND DISCUSSION

Melatonin-driven Circadian Rhythm of LA Uptake and Metab-
olism to 13-HODE by Hepatoma 7288CTC.As a first step, we
determined the relationship between the physiological, endogenous
melatonin signal and tumor LA uptake and metabolism to 13-HODE.
This was of particular interest because plasma FA levels are elevated
during the dark phase when food intake is highest (6, 28). As shown
in Fig. 1, hepatoma 7288CTC exhibited a rhythm of LA uptake and
metabolism to 13-HODE over a 24-h period that was temporally
correlated with the circadian melatonin rhythm. Total FA (Fig. 1A)
and LA (Fig. 1B) uptake and 13-HODE release (Fig. 1C) were highest
during the light phase of an alternating light/dark cycle when plasma
melatonin levels were lowest (Fig. 1D). During the middle of the dark
phase (12:00 a.m.), when plasma levels of melatonin were at their
peak, FA uptake was 60–70% lower than uptake during the light
phase, whereas 13-HODE release was undetectable. Thus, in hepa-
toma 7288CTC the circadian rhythm of LA uptake and metabolism to
13-HODE was the reverse of the melatonin rhythm, indicating that the
light/dark rhythm of tumor FA uptake and metabolism was not an
endogenous tumor rhythm but one that was passively driven by the
circadian melatonin rhythm. Additionally, Fig. 2, which depicts the
relationship between endogenous plasma melatonin concentrations
and LA uptake and 13-HODE production by hepatoma 7288CTC,
indicates that the inhibition of LA uptake and metabolism to 13-
HODE is inversely related to endogenous circulation melatonin levels.

Further evidence that the light/dark rhythm of tumor FA uptake and
metabolism was driven by the circadian melatonin rhythm was ob-

tained from measurements at single time points near the beginning of
the light phase (8:00 a.m.) and during the mid-dark phase (12:00 a.m.)
in pinealectomized, sham-operated, or intact rats maintained on a
12L:12D cycle. The data in the sham-operated and intact groups were
virtually identical and were combined into one group, designated the
sham/intact group. As expected from our previous studies (6, 28), the
arterial concentration and, thus, the supply of total FA to the tumors
was 2-fold higher during the dark phase in all the treatment groups
(Table 1) as a result of an intact circadian rhythm of food intake. As

Fig. 1. Mean tumor uptake of total FAs (A) and LA (B), release of 13-HODE by
hepatoma 7288CTCin vivo (C), and plasma melatonin levels over a 24-h period (D) in
adult male Buffalo rats.Data pointsmeans;horizontal bars, SE. Animals were maintained
on a 12L:12D cycle and provided with a semipurified diet containing 5% corn oilad
libitum. Tumor arteriovenous difference measurements were made over 4 h during a 24-h
period. Tumor-bearing rats (n 5 4 per time point) were randomized, such that the mean
(6 SD) tumor weight at each time point was 5.46 0.1 g. Thedark barat the top of each
graph represents the duration of the dark phase.A, tumor total FA uptake at 12:00 a.m.
versus4:00 a.m., 8:00 a.m. or 4:00 p.m. (P , 0.05).B, tumor LA uptake at 12:00 a.m.
versus8:00 a.m. and 4:00 p.m. (P , 0.05).C, 13-HODE release at 12:00 a.m. and 4:00
a.m. versus8:00 a.m., 12:00 p.m., 4:00 p.m., and 8:00 p.m. (P , 0.05). D, plasma
melatonin levels at 12:00 a.m.versus8:00 a.m., 12:00 p.m., 4:00 p.m., and 8:00 p.m.
(P , 0.05).
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observed in the circadian study above, total FA and LA uptake was
decreased by 80–85% and 13-HODE release was abolished in tumors
in sham/intact rats during the dark phase (Table 1). However, these
effects seen in sham/intact rats were completely negated in pinealec-
tomized animals. In fact, pinealectomy caused a 10–16-fold elevation
in total FA and LA uptake and a 200-fold higher rate of 13-HODE
release, as compared with values in the sham/intact controls during
darkness (Table 1). Therefore, the lack of suppression of tumor FA
uptake and metabolism during the dark phase in pinealectomized rats
(i.e., no melatonin rhythm) indicates that the tumor rhythm of lipid
metabolism shown in Fig. 1 was driven by the nocturnal inhibitory
melatonin signal.

Effects of Perfusion of Tissue-isolated Hepatoma 7288CTCin
Situ with Melatonin on LA Uptake and Metabolism. Because the
circadian melatonin signal was responsible for the nocturnal suppres-
sion of tumor LA uptake and metabolism to 13-HODE, we evaluated
the direct effects of a physiological nocturnal melatonin concentration
(1 nM) on tissue-isolated tumors perfusedin situ. Fig. 3A (left) shows
that the addition of exogenous melatonin to the whole blood perfusate,
collected from fasted rats during the early light phase, caused a 70%
decrease in total FA and LA uptakes. Similarly, 13-HODE release fell
to an undetectable level during perfusion with melatonin. The sup-
pression of total FA and LA uptake and 13-HODE release by mela-
tonin was sustained for 50–60 min, until the end of the perfusion.
Removal of melatonin from the perfusate reversed the suppressive
effects on FA uptake and 13-HODE release (Fig. 3A, right). The rapid
decrease in 13-HODE release in response to melatonin was most
likely due to melatonin-induced inhibition of tumor LA uptake. How-
ever, an additional inhibitory action of melatonin on lipoxygenase
activity could potentially have contributed to the disappearance of
13-HODE from the venous effluent. Neither melatonin’s immediate
precursor,N-acetylserotonin, nor its major liver metabolite, 6-hy-
droxymelatonin (13, 14), affected tumor FA uptake or metabolism

(data not shown). Thus, the reversible effects on tumor FA uptake and
metabolism were specific for melatonin. Fig. 3 also shows that the
melatonin-induced blockade of FA uptake and metabolism did not
affect tumor blood flow, glucose uptake, or lactate production (Fig.
3B) or the tumor venous blood pH or arteriovenous differences for
pO2 and pCO2 (Fig. 3C). We have obtained virtually identical results
in tissue-isolatedN-nitroso,N-methylurea-induced rat mammary tu-
mors in female Buffalo rats and MCF-7 human breast cancer xe-
nografts in female nude rats perfusedin situ with physiological
melatonin.5 These results clearly show that a physiological nocturnal
concentration of melatonin was able to inhibit LA uptake and 13-
HODE production in hepatoma 7288CTC directly, rapidly, reversibly,
and specifically. We conclude that the melatonin signal is directly
responsible for the nocturnal suppression of tumor LA uptake and
metabolism to 13-HODE.

Effects of Melatonin Receptor Antagonist S-20298, PTX, For-
skolin, and 8-bromo-cAMP on Melatonin Action, LA Uptake, and
Metabolism in Tissue-isolated Hepatoma 7288CTC Perfusedin
Situ. Melatonin binding has been documented in neoplastic tissues
(16, 22). Elevated levels of cAMP also have been found in several
types of malignancies, including hepatoma, melanoma, and mammary
carcinoma (22, 37, 38). The involvement of melatonin receptors,
which are negatively coupled to adenylate cyclase via a PTX-sensitive
G protein (39), in the inhibition of LA uptake and metabolism would
require functional linkage to a facilitated transport protein such as
FATP (34). Thus, if the melatonin-induced blockade of LA uptake
and metabolism is mediated by a suppression of cAMP, a melatonin
receptor antagonist S-20928 (40), PTX, forskolin, and cAMP should
reverse this effect. Fig. 4 shows that all of these agents completely
reversed the melatonin-induced blockade of total FA and LA uptake
and 13-HODE release in the perfused tumor. NF-023, a Gi antagonist,
had an identical effect on melatonin inhibition of LA uptake and
metabolism (data not shown). These findings provide strong evidence
for a melatonin receptor-mediated suppression of cAMP production as
the mechanism for melatonin’s inhibition of LA uptake and metabo-
lism to 13-HODE.

Effects of Melatonin Alone or in Combination with either Mel-
atonin Receptor Antagonist S-20928, PTX, Forskolin, 8-bromo-
cAMP, or 13-HODE on DNA Content, [3H]Thymidine Incorpo-
ration into DNA, LA Uptake, and 13-HODE Release in Hepatoma
7288CTC Perfusedin Situ. In the companion report (9), we dem-
onstrated that 13-HODE was the mitogen responsible for LA-depen-
dent tumor growth. Data presented in Fig. 3 indicated that melatonin

5 D. E. Blask, R. T. Dauchy, L. A. Sauer, and F. Zalatan, unpublished results.

Fig. 2. Data points, mean (vertical bars,SE) tumor LA uptake (%) and 13-HODE
production at six different circadian time points over a 24-h period, plotted as a function
of increasing mean (horizontal bars, SE) plasma melatonin concentrations measured at the
same time points. Data points were derived from the results depicted in Fig. 1. Regression
analysis revealed that both LA uptake (r 5 20.9437) and 13-HODE production
(r 5 20.9146) were inversely correlated with plasma melatonin concentrations
(P , 0.05). The slopes of the regression lines were not significantly different from each
other.

Table 1 Total arterial fatty acid concentration, total FA and LA uptake and 13-HODE
release in tissue-isolated hepatoma 7288CTC during the light phase (8:00 a.m.) or

dark phase (12:00 a.m.) in either pinealectomized or sham-operated/intact male
Buffalo rats maintained on a 12L:12D cycle (lights on 6:00 a.m.–6:00 p.m.)

Values are means6 SD. Data in sham-operated and intact animals were not statisti-
cally different and were combined.

Treatment

Arterial plasma
total FAs
(mg/ml)

Total FA
uptake

(mg/min/g)
LA uptake
(mg/min/g)

13-HODE
release

(ng/min/g)

Light phase (8:00 a.m.)
Sham/intact (6)a 1.36 0.2 7.76 1.2 1.66 0.4 35.96 5.6
Pinealectomized (5) 1.26 0.2 9.16 1.8 1.76 0.4 31.36 3.4

Dark phase (12:00 a.m.)
Sham/intact (9) 2.66 0.3b 1.26 1.8c 0.36 0.4c NDd

Pinealectomized (7) 2.56 0.3a 16.96 3.9e 3.36 1.2e 209.36 18.5e

a Numbers in parentheses indicate the number of animals/tumors per group.
b P , 0.05vs. light phase sham/intact and pinealectomized groups.
c P , 0.05vs. light phase sham/intact and dark phase pinealectomized groups.
d ND, not detectable.
e P , 0.05vs. light phase pinealectomized group.
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inhibited tumor LA uptake and conversion to 13-HODE, and Fig. 4
shows that the effects of melatonin on 13-HODE release may be
reversed by several agents that block signal transduction events,
leading to suppression of cAMP production. Therefore, we deter-
mined whether the melatonin inhibitory effect on LA uptake and
13-HODE release affected tumor DNA content and the rate of
[3H]thymidine incorporation into DNA in the same way as lipoxyge-
nase inhibitors or removal of LA from the arterial blood (9). Table 2
shows that melatonin inhibited LA uptake and 13-HODE release, as
expected, and also caused a significant 33% decrease in tumor DNA
content and a 43% reduction in [3H]thymidine incorporation into

tumor DNA. Perfusions containing melatonin and S-20928, PTX,
forskolin, or 8-bromo-cAMP reversed the melatonin-induced block-
age of LA uptake and 13-HODE release and restored both tumor DNA
content and the rate of [3H]thymidine incorporation to control values.
Of particular importance was the finding that the coperfusion of
melatonin plus 13-HODE blocked the inhibitory effect of melatonin
and markedly increased tumor DNA content and [3H]thymidine in-
corporation by 2- and 10-fold over the controls, respectively; LA
uptake remained totally suppressed. The tumor uptake of 13-HODE
perfused into the artery was;53% and was not affected by coperfu-
sion with melatonin, suggesting that the uptakes of LA and 13-HODE

Fig. 3. The effects of melatonin (MLT) addition to whole blood
perfusate on tumor uptake of total FA and LA from arterial blood
and the release of 13-HODE into tumor venous blood were in a
tissue-isolated hepatoma 7288CTC perfusedin situ. Left, a tumor
weighing 5 g was perfusedin situ with blood. After collection of
the 60-min sample, melatonin was added (65 min) to the reservoir
of donor blood to a final concentration of 1 nM, and the perfusion
was continued for an additional 95 min. Approximately 20 min
were required for the melatonin-containing perfusate to reach the
tumor from the reservoir. The perfusion profile depicted here
represents 1 of 10 perfusions that yielded essentially identical
results.Right, the effects of melatonin removal on tumor (5 g)
uptake of total FAs and LA and 13-HODE release in hepatoma
7288CTC perfusedin situ. The perfusion began with donor blood
containing exogenous melatonin (1 nM). After collection of the
60-min sample, the arterial line was switched to a separate res-
ervoir containing donor blood without exogenous melatonin. The
perfusion was continued for an additional 95 min. Glucose, lac-
tate, pH, pO2, pCO2, and flow rates were monitored in arterial and
tumor venous blood throughout the perfusions. The whole blood
perfusates in both experiments were collected during the early
light phase (8:15–8:45 a.m.) from donor rats fasted for 48 h.

Fig. 4. Effects of melatonin receptor antagonist
S-20928 (A), PTX (B), forskolin (C), and 8-Br-
cAMP (D) on melatonin-induced inhibition of FA
uptake and 13-HODE release by hepatoma
7288CTC perfusedin situ. Following a control
perfusion period of;30 min with donor blood,
melatonin was added to the reservoir containing the
perfusate to give a final concentration of 1 nM. The
perfusion with melatonin was continued for an ad-
ditional 60 min. At 90 min, S-20928 (1 nM), PTX
(0.5 mg/ml), forskolin (1mM), or 8-Br-cAMP (10
mM) was added, and the perfusion continued with
these agents combined with melatonin for 60 min.
The data reflect the results of four separate perfu-
sions of four different hepatomas. Each of the per-
fusion profiles depicted here represents one of six
perfusions that yielded essentially identical results.
Tumor blood flow, pH, pO2, and pCO2 were mon-
itored (data not shown) and were not different from
the results observed in Fig. 3.
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proceed by different mechanisms. Perfusion of tumors with 13-HODE
alone had no effect on LA uptake, indicating that 13-HODE was
responsible for the increase in DNA content and [3H]thymidine in-
corporation in either the presence or absence of melatonin. These
results provide unambiguously strong evidence that melatonin’s inhi-
bition of hepatoma 7288CTC growthin vivo (see below) is ultimately
the result rather than the cause of a melatonin-induced suppression of
the production/release of the mitogenic signaling molecule 13-HODE
via melatonin receptor-mediated signal transduction events.

Effects of Melatonin Treatment of Pinealectomy on the Growth
of and LA Uptake and Metabolism by Hepatoma 7288CTC.In
view of melatonin’s ability to directly suppress tumor LA uptake and
13-HODE production and the mitogenic effects of 13-HODE, we
tested whether chronic melatonin treatment, either by daily injections
or dietary administration, or chronic elimination of the endogenous
melatonin signal by pinealectomy would alter tumor growth in a
manner consistent with melatonin-induced alterations in LA uptake,
13-HODE production, and mitogenicity discussed above (Figs. 3 and
4 and Table 2). Melatonin (200mg) administered either as single
daily, late afternoon s.c. injections or provided in the diet caused a
2-fold delay in the mean latency to tumor palpability as follows:
melatonin injections (12.06 0.9 days) versus saline injections
(6.7 6 0.7 days;P , 0.05); dietary melatonin (15.06 0.0 days)
versusa melatonin-free diet (8.36 0.3 days;P , 0.05). Parenteral or
dietary melatonin treatment also suppressed the tumor growth rate by
59 and 67%, respectively, as compared with the tumor growth rate in
control rats either injected with vehicle or fed a melatonin-free diet
(P , 0.05; Fig. 5,top and middle). Arteriovenous difference meas-
urements performed across each tumor in the six rat groups shown in
Fig. 5 indicated that tumor LA and total FA uptake and tumor FA
content were significantly reduced (48–58%,P , 0.05) and that
13-HODE release was almost completely inhibited in melatonin-
injected rats (Table 3). Dietary melatonin had a more potent effect and
caused a 71–75% reduction in tumor LA and total FA uptake and FA
content. The total blockade of 13-HODE release by dietary melatonin
was similar to that observed with melatonin injections.

In contrast to the effect of exogenous melatonin, elimination of the
nocturnal melatonin signal by pinealectomy substantially decreased
the mean latency to tumor palpability as follows: pinealectomy
(6.9 6 0.9 days)versussham operation (14.06 0.5 days;P , 0.05).
Additionally, pinealectomy increased the tumor growth rate in rats fed
a stock diet by 2-fold, as compared with sham-pinealectomized ani-
mals (Fig. 5,bottom). Because there were no differences in food
consumption among any of the experimental and control groups (data

not shown), changes in tumor growth rates and latency to tumor
palpability in the melatonin-treated or pinealectomized rats could not
be ascribed to alterations in food intake (41). Arteriovenous difference
measurements made at the end of the growth period demonstrated that
pinealectomy caused a significant 1.4–7.6-fold increase in tumor LA
and total FA uptake and FA content and also augmented tumor
13-HODE release by 6.3-fold over that in sham-operated rats
(P , 0.05; Table 3). The stimulatory effects of pinealectomy on tumor
LA uptake, 13-HODE release, and growth closely reproduced the
stimulatory effects of constant light or dim light contamination during
the dark phase on tumor metabolism and growth previously reported
by us (28). These results, together with those of our previous study
(28), indicate that the nocturnal melatonin peak encodes a critical
physiological oncostatic signal to this tumor and is an important
component of a complex array of tumor growth regulatory mecha-
nisms.

Expression of mRNA Transcripts for FATP by Hepatoma
7288CTC. The abrupt inhibition of FA uptake by melatonin in hep-
atoma 7288CTC and in rat and human mammary cancers does not
support models for FA uptake based on simple diffusion through the
cell membrane. Reversal of the melatonin inhibition by melatonin
receptor antagonist S-20928, PTX, forskolin, 8-bromo-cAMP, and
13-HODE also suggests a specific FA transport carrier. Mechanisms
for cellular FA uptake are controversial (35), but transport proteins
(FATPs) believed to be involved in FA uptake have been reported (34,
35). Moreover, if melatonin was exerting its inhibitory action via bona
fide melatonin receptors (29. 39), these receptors would of necessity
be functionally linked to FATP. To determine whether a molecular
substrate for melatonin regulation of FA uptake and metabolism was
present in hepatoma 7288CTC, we measured the steady-state expres-
sion of FATP in tumor and liver tissue using Northern blotting.
Northern blot analysis showed that hepatoma 7288CTC overex-
pressed both the 3.8- and 3.9-kb fragments of FATP (7), whereas liver
tissue from these same animals expressed only very low levels of the
2.9 kb fragment (Fig. 6). These data suggest that FATP mRNA
expression is linked to progression in hepatoma 7288CTC. An over-
expression of the FATP gene favors FA uptake and may protect tumor
cells against or allow escape from melatonin’s growth-inhibitory
influence. Other proteins that are important in nutrient metabolism,
energy production, and growth that are not expressed in normal liver
may be overexpressed in fast-growing hepatomas (42, 43). To our
knowledge, these data are the first to document the expression of
FATP mRNA transcripts in a neoplastic tissue. Further studies are
aimed at determining whether FATP is involved in facilitated FA

Table 2 Effects of perfusion of tissue-isolated hepatoma 7288CTC with melatonin (1 nM), either alone or in combination with either the melatonin receptor antagonist S20928 (1
nM), PTX (0.5mg/ml), forskolin (1mM), 8-Br-cAMP (10mM), 13-HODE (12mg/ml), or vehicle on tumor DNA content, [3H]thymidine incorporation into DNA, LA uptake, and

13-HODE release

Values are means6 SD.

Treatmenta DNA content (mg/g)

[3H]thymidine
incorporation

(dpm/mg DNA)
LA uptake
(mg/min/g)

13-HODE (ng/min/g)

Arterial supply Venous output

Controlb 4.66 0.2 42.16 5.2 1.816 0.13 NDc 30.76 1.9
Melatonin 3.16 0.4d 24.16 3.1d 0.436 0.33d ND ND
Melatonin1 S20928 4.36 0.3 42.96 2.1 1.806 0.18 ND 36.56 0.8
Melatonin1 PTX 4.16 0.3 44.96 3.5 1.856 0.23 ND 29.76 4.5
Melatonin1 Forskolin 4.36 0.4 41.06 7.5 1.636 0.16 ND 29.76 3.6
Melatonin1 8-Br-cAMP 4.76 0.2 54.86 1.3 2.426 0.29 ND 39.66 3.2
Melatonin1 13-HODE 7.56 0.4e 470.46 31.3e ND 530.56 52.1 261.86 29.7
13-HODEf 7.56 0.4e 448.16 46.1e 2.36 0.34 536.26 75.0 248.06 32.5

a There were three animals (tumors) per group; mean (6 SD) tumor weight5 5.7 6 0.2 g.
b Values for the control and 13-HODE-only groups are derived from Fig. 2 of the companion publication (9).
c ND, not detectable.
d P , 0.05vs. control and all other melatonin-treated groups.
e P , 0.05vs. control group.
f Tumors removed 53% of the 13-HODE.
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transport in hepatoma 7288CTC and how its activity is regulated by
melatonin. Interestingly, there was no effect of either daily afternoon
melatonin injections (200mg/day) or exposure to constant light on the
expression of FATP mRNAs in hepatoma 7288CTC (data not shown)

suggesting no long-term effects of melatonin on FATP gene expres-
sion.

Conclusions.On the basis of the results presented here an on
pertinent results from the literature (3–11, 16, 22, 29, 38, 39, 44), Fig.
7 depicts a provisional mechanistic model for the signal transduction
events that may explain the regulation of LA uptake and metabolism
and, thus, the growth of hepatoma 7288CTC in response to low or
high circulating melatonin levelsin vivo. We propose that during the
light period (Fig. 7,top), when circulating melatonin levels are very
low, LA uptake by cancer cells is maximal due to cAMP enhancement
of FATP activity, perhaps via the phosphorylation of FATP through a
cAMP-dependent protein kinase. Once inside the cell, LA (1–10% of
that taken up) is rapidly oxidized to 13-HODE by an EGF-stimulated
lipoxygenase that may be associated with the intracellular domain of
the EGF receptor. Increased 13-HODE levels then stimulate EGF
receptor autophosphorylation and tyrosine phosphorylation of key
downstream signal transduction proteins, such as MAPK, resulting in
transcriptional activation and enhanced EGF-responsive mitogenesis
(10, 11). During the dark period (Fig. 7.bottom), when circulating
melatonin levels are high, melatonin binds to its cognate receptor(s)
(i.e., mt1 and/or MT2; (Ref. 29), leading to receptor activation and
association with an inhibitory G protein. The inhibitorya-subunit of
the heterotrimeric G protein then dissociates from thebg-subunits and
binds to adenylate cyclase, resulting in an inhibition of cAMP pro-
duction. Decreased cAMP levels may result in diminished FATP
activity, possibly due to decreased FATP phosphorylation and a
blockade of uptake of LA by cancer cells. As less LA enters cancer
cells, less 13-HODE is produced, resulting in suppressed EGF-respon-
sive mitogenesis.

This mechanistic scheme provides a plausible explanation for dif-
ferent tumor growth rates observed during a 12L:12D photoperiod,
constant light exposure, or pinealectomy and the administration of
exogenous melatonin during a 12L:12D photoperiod. Under diurnal
lighting conditions, the melatonin-induced changes in LA uptake and
metabolism to 13-HODE fluctuate, as shown in Fig. 1, and the mean
tumor growth rate is relatively slow. In pinealectomized or constant
light-exposed animals, in which the nocturnal melatonin signal is lost,
the balance shifts in favor of stimulation of LA uptake and 13-HODE
formation. Thus, EGF-responsive mitogenesis is enhanced throughout
the entire 24-h day, culminating in an accelerated latency to tumor
palpability and tumor growth rate. Treatment of tumor-bearing rats on
a 12L:12D photoperiod with daily, late afternoon melatonin injections
or dietary melatonin produces extremely high melatonin levels that
summate with the endogenous melatonin signal. This extends the
duration of melatonin-suppressed LA uptake, 13-HODE production
and EGF-responsive mitogenesis, which slows the latency to tumor
palpability and tumor growth rate relative to vehicle-treated controls.

Two long-standing research goals of our laboratory have been to
elucidate and understand the mechanisms by which the essential
nutrient LA stimulates and the pineal neurohormone melatonin inhib-
its tumor growthin vivo. The bulk of experimental data from bothin
vitro studies indicates that melatonin primarily slows cancer growth
promotion/progression by inhibiting the mitogenic actions of a variety
of growth factors and hormones, including EFG (45), estradiol (E2)
(23, 24), and prolactin (46). However, the mechanism(s) by which
melatonin inhibits tumor growth promotion/progression in the more
relevant in vivo situation were unknown. These findings that both
pharmacological and physiological levels of melatonin block LA
uptake and 13-HODE releasein vivo via a signal transduction path-
way involving G protein-coupled melatonin suppression of cAMP
provides a potentially unifying mechanism for the first time. Because
13-HODE amplifies the signal transduction pathway responsible for
EGF-induced mitogenesis (10, 11), the inhibition of LA uptake and

Fig. 5. Effects of melatoninversusvehicle injections (A), a melatonin-containing diet
versusa melatonin-free diet (B), and pinealectomyversussham-pinealectomy (C) on the
growth of tissue-isolated hepatoma 7288CTC in adult male Buffalo rats.Top, melatonin
(200mg/0.1 ml of ethanolic saline) and vehicle injections (0.1 ml of ethanolic saline) were
administered s.c. every day in the late afternoon (4:00–6:00 p.m.) to rats provided with
a semipurified diet containing 5% corn oilad libitum. Middle, rats were fed a semipurified
diet containing 5% corn oil containing exogenous melatonin, so that each rat consumed
approximately 200mg of melatonin per day.Bottom, rats fed laboratory chow were either
pinealectomized or sham-operated. The animals in all treatment groups were maintained
on a 12L:12D cycle. Melatonin injections or feeding were initiated 1 week prior to tumor
implantation and were continued until the end of the growth experiment. Pinealectomy
and sham-pinealectomy procedures were performed 1 week prior to tumor implantation.
Regression analyses and tests for parallelism indicated that melatonin treatment (top and
middle) significantly (*, P , 0.05) decreased the tumor growth rate while pinealectomy
(bottom) significantly (* P , 0.05) increased the rate of tumor growth as compared with
corresponding controls.
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metabolism to 13-HODE may explain melatonin’s capacity to inhibit
EGF-induced mitogenesis of MCF-7 human breast cancer cells (45)
and SV-40 transformed human fetal retinal pigment epithelial cells
(47) in vitro. Moreover, the ability of melatonin, in conjunction with
EGF, to modulate the transactivation of the estrogen receptor and the
activity of MAPK in MCF-7 cellsin vitro (41) may also be related to
its regulation of LA uptake and 13-HODE production.

Interestingly, LA has also been reported to stimulate the prolif-
eration of rat hepatocytes via inhibition of gap junctional intercel-
lular communication (48, 49), whereas melatonin stimulates gap
junctional intercellular communication in rat hepatocytes (50) and
other cell types (51). As a lipid peroxidation product of LA
metabolism (10, 11), 13-HODE, together with other hydroperox-
ides of LA, may cause free radical damage to biomembranes,
particularly connexin molecules involved in gap junctional activity
(48). Because melatonin is a potent free-radical scavenger (52, 53),
it may protect gap junctions against damage induced by LA-
derived, free-radical species, resulting in an enhancement of inter-
cellular communication as an additional mechanism of inhibition
of LA-dependent cancer growth.

Here, we describe a novel interface between two seemingly unre-
lated environmental factors that affect the regulation of tumor growth,
namely, dietary fat, as represented by LA, and information about the
light/dark cycle, as conveyed by the melatonin signal. The discovery
of this interaction forms the basis for a new understanding and
integration of widely spread systemic, cellular, and molecular meta-
bolic pathways with the environmental influences of dietary fat, the
photoperiod and the circadian system in the maintenance of the
host-cancer balance. We believe these results provide a scientific
rationale for the development of new dietary recommendations that
consider LA intake, circadian-timed melatonin supplementation,
and/or photoperiodic alterations for the prevention and treatment of a
variety of cancers. Particular consideration may be made for liver
cancer, a neoplasm for which there is currently no satisfactory therapy
or cure (54).

Fig. 6. Expression of FATP mRNA in hepatoma 7288CTC. Northern blot analysis
showing levels of FATP mRNAs expressed by hepatoma 7288CTC (Lanes 1–3) and liver
(Lanes 4–6). Total cellular RNA was extracted from rats maintained for 4 weeks on a
12L:12D cycle. Neither constant light exposure nor treatment with daily afternoon
melatonin injections (200mg) had any effect on expression of FATP mRNA (data not
shown).

Fig. 7. Provisional model for the signal transduction events that mediate the regulation
of LA uptake and metabolism and growth of hepatoma 7288CTC in response to melato-
nin. (Top), during the light phase (i.e., low melatonin levels), LA uptake by cancer cells
is maximal due to elevated levels of cAMP that potentially enhance FATP activity
possibly via the phosphorylation of FATP through a cAMP-dependent protein kinase.
Intracellular LA is oxidized to 13-HODE by an EGF-stimulated lipoxygenase that may be
associated with the EGF receptor through an adapter protein (protein-2) (10, 11). In-
creased 13-HODE levels stimulate EGF receptor autophosphorylation and tyrosine phos-
phorylation of key downstream signal transduction proteins such as Ras, Ref1, and MAPK
resulting in transcriptional activation and enhanced EGF-responsive mitogenesis (10, 11).
(Bottom), during the dark phase (i.e., high melatonin levels), melatonin binds to its
receptor(s) mt1 and/or MT2, leading to receptor activation and association with an
inhibitory G protein. The inhibitorya-subunit dissociates and binds to adenylate cyclase
resulting in an inhibition of cAMP production. Decreased cAMP levels result in decreased
activity of FATP and, thus, decreased LA uptake and 13-HODE production, leading to
diminished EGF-responsive mitogenesis.

Table 3 Effects of daily afternoon melatonin injections (200mg/day), dietary melatonin intake (200mg/day), constant light exposure, or pinealectomy on mean (6 SD) total FA
uptake, LA uptake, and 13-HODE release by and FA content of tissue-isolated hepatoma 7288CTC

Tumor FA uptake, content, and 13-HODE release was determined at the end of each of the growth experiments depicted in Fig. 5.

Treatmenta
Total FA uptake

(mg/min/g)
LA uptake
(mg/min/g)

Tumor FA content
(mg/g)

13-HODE release
(ng/min/g)

Saline injected 9.86 0.9 2.06 0.2 32.96 2.6 24.56 1.0
Melatonin injected 5.16 0.5b 1.06 0.1b 13.66 0.4b 1.56 0.3b

Control diet 8.06 1.2 1.46 0.2 31.66 1.0 44.26 9.3
Melatonin-containing diet 2.26 0.6b 0.46 0.01b 7.66 0.5b NDc

Sham-pinealectomized 4.96 0.4 0.96 0.1 15.06 0.2 32.76 2.3
Pinealectomized 7.96 0.8b 1.36 0.2b 114.46 3.5b 209.16 10.0b

a There were six to eight animals/tumors per group.
b P , 0.05vs. respective control.
c ND, not detectable.

4700

MELATONIN INHIBITION OF TUMOR FA METABOLISM AND GROWTH



ACKNOWLEDGMENTS

We thank G. M. Brown and his coworkers (Neuroendocrinology Labora-
tory, Clarke Institute of Psychiatry, Toronto, Ontario, Canada) for measuring
plasma melatonin levels in the circadian rhythm experiment, G. M. Vaughan
(Internal Medicine Branch, United States Army Institute of Surgical Research,
Fort Sam Houston, TX) for measuring plasma melatonin levels in the perfusion
experiments, and M. DeLima for her excellent work on the graphics. We would
also thank the Institut de Recherches Internationales Servier (Courbevoie
Cedex, France) for the generous gift of the melatonin receptor antagonist
S20928.

REFERENCES

1. Committee on Diet, Nutrition and Cancer—National Research Council, pp. 73–105.
Washington, DC: National Academy Press, 1982.

2. Klurfield, D. M. Fat effects on experimental tumorigenesis. J. Nutr. Biochem.,6:
201–205, 1995.

3. Sauer, L. A., Nagel, W. O., Dauchy, R. T., Miceli, L. A., and Austin, J. E. Stimulation
of tumor growth in adult ratsin vivo during an acute fast. Cancer Res.,46: 3469–
3475, 1986.

4. Sauer, L. A., and Dauchy, R. T. Stimulation of tumor growthin vivo during acute
streptozotocin-induced diabetes. Cancer Res.,47: 1756–1761, 1987.

5. Sauer, L. A., and Dauchy, R. T. Identification of linoleic and arachidonic acids as
factors in hyperlipemic blood that increase [3H]thymidine incorporation in hepatoma
7288CTC perfusedin situ. Cancer Res.,48: 3106–3111, 1988.

6. Sauer, L. A., and Dauchy, R. T. Uptake of plasma lipids by tissue-isolated hepatomas
7288CTC and 7777in vivo. Br. J. Cancer,66: 290–296, 1992.

7. Sauer, L. A., and Dauchy, R. T. The effect ofV-6 andV-3 fatty acids on [3H]thy-
midine incorporation in hepatoma 7288CTC perfusedin situ. Br. J. Cancer,66:
297–303, 1992.

8. Sauer, L. A., Dauchy, R. T., and Blask, D. E. Dietary linoleic acid intake controls the
arterial blood plasma concentration and the rates of growth and linoleic acid uptake
and metabolism in hepatoma 7288CTC in Buffalo rats. J. Nutr.,127: 1412–1421,
1997.

9. Sauer, L. A., Dauchy, R. T., Blask, D. E., Armstrong, B. J., and Scalici, S. 13-
Hydroxyoctadecadienoic acid is the mitogenic signal for linoleic acid-dependent
growth in rat hepatoma 7288CTCin vivo. Cancer Res.,59: 4688–4692, 1999.

10. Glasgow, W. C., Hill, E. M., McGown, S. R., Tomer, K. B., and Eling, T. E.
Regulation of 13(S)-hydroxyoctadecadienoic acid biosynthesis in Syrian hamster
embryo fibroblasts by the epidermal growth factor receptor tyrosine kinase. Mol.
Pharmacol.,49: 1042–1048, 1996.

11. Glasgow, W. C., Hui, R., Everhart, A. L., Jayawickreme, S. P., Angerman-Stewart, J.,
Han, B-B., and Eling, T. E. The linoleic acid metabolite, (13S)-hydroperoxyoctade-
cadienoic acid, augments the epidermal growth factor receptor signaling pathway by
attenuation of receptor dephosphorylation. J. Biol. Chem.,272: 19269–19276, 1997.

12. Mani, I., Iversen, L., and Ziboh, V. A. Upregulation of nuclear PKC and MAP-kinase
during hyperproliferation of guinea pig epidermis: modulation by 13-(S)-hy-
droxyoctadecadienoic acid. Cell. Signalling,10: 143–149, 1998.

13. Reiter, R. J. Pineal melatonin: cell biology of its synthesis and of its physiological
interactions. Endocr. Rev.,12: 151–180, 1991.

14. Reiter, R. J. Melatonin: a multifaceted messenger to the masses. Lab. Med.,25:
438–441, 1994.

15. Maestroni, G. J. M., and Conti, A. Melatonin in relation to the immune system.In:
H-S. Yu and R. J. Reiter (eds.), Melatonin: Biosynthesis, Physiological Effects, and
Clinical Implications, pp. 289–310. Boca Raton, FL: CRC Press, 1993.

16. Blask, D. E. Melatonin in oncology.In: H-S. Yu and R. J. Reiter (eds.), Melatonin:
Biosynthesis, Physiological Effects, and Clinical Implications, pp. 447–475. Boca
Raton, FL: CRC Press, 1993.

17. Bartsch, H., and Bartsch, C. Effect of melatonin on experimental tumors under
different photoperiods and times of administration. J. Neural Transm.,52: 269–279,
1981.

18. Tamarkin, L., Cohen, M., Roselle, D., Reichter, C., Lippman, M., and Chamber, B.
Melatonin inhibition and pinealectomy enhancement of 7,12-dimethylbenz(a)anthra-
cene-induced mammary tumors in the rat. Cancer Res.,41: 4432–4436, 1981.

19. Shah, P. N., Mhatre, M. C., and Kothari, L. S. Effect of melatonin on mammary
carcinogenesis in intact and pinealectomized rats in varying photoperiods. Cancer
Res.,44: 3403–3407, 1984.

20. Blask, D. E., Pelletier, D. B., Hill, S. M., Lemus-Wilson, A., Grosso, D. S., Wilson,
S. T., and Wise, M. E. Pineal melatonin inhibition of tumor promotion in the
N-nitroso-N-methylurea of mammary carcinogenesis: potential involvement of an-
tiestrogenic mechanismsin vivo. J. Cancer Res. Clin. Oncol.,117: 526–532, 1991.

21. Panzer, A., and Viljoen, M. Validity of melatonin as an oncostatic agent. J. Pineal
Res.,22: 184–202, 1997.

22. Ying, S. W., Niles, L. P., and Crocker, C. Human malignant melanoma cells express
high-affinity receptors for melatonin: antiproliferative effects of melatonin and
6-chloromelatonin. Eur. J. Pharmacol.,246: 89–96, 1993.

23. Molis, T., Spriggs, L. L., and Hill, S. M. Modulation of estrogen receptor mRNA
expression by melatonin in MCF-7 human breast cancer cells. Mol. Endocrinol.,8:
1681–1690, 1994.

24. Molis, T., Spriggs, L. L., Jupiter, Y., and Hill, S. M. Melatonin modulation of
estrogen-regulated proteins, growth factors, and protooncogenes in human breast
cancer. J. Pineal Res.,18: 93–103, 1995.

25. Blask, D. E., Wilson, S. T., and Zalatan, F. Physiological melatonin inhibition of
human breast cancer cell growthin vitro: evidence for a glutathione-mediated
pathway. Cancer Res.,57: 1909–1914, 1997.

26. Vaughan, M. K., and Vaughan, G. M. Metabolic and thyroidal consequences of
melatonin administration in mammals.In: H-S. Yu and R. J. Reiter (eds.), Melatonin:
Biosynthesis, Physiological Effects, and Clinical Implications, pp. 311–347. Boca
Raton, FL: CRC Press, 1993.

27. Blask, D. E., Hill, S. M., Orstead, K. M., and Massa, J. S. Inhibitory effects of the
pineal hormone melatonin and underfeeding during the promotional phase of 7,12-
dimethylbenzanthracene (DMBA)-induced mammary tumorigenesis. J. Neural
Transm.,67: 125–128, 1986.

28. Dauchy, R. T., Sauer, L. A., Blask, D. E., and Vaughan, G. M. Light contamination
during the dark phase in “photoperiodically controlled” animal rooms: effect on tumor
growth and metabolism in rats. Lab. Anim. Sci.,47: 511–518, 1997.

29. Reppert, S. M., and Weaver, D. R. Melatonin madness. Cell,83: 1059–1062, 1995.
30. Grota, L. J., Snieckus, V., DeSilva, S. O., Tsui, H. W., Holloway, W. R., Lewy, A. J.,

and Brown, G. M. Radioimmunoassay of melatonin in rat serum. Prog. Neuropsy-
chopharmacol.,5: 523–526, 1981.

31. Hoffman, R. A., and Reiter, R. J. Rapid pinealectomy in hamsters and other small
rodents. Anat. Rec.,153: 19–22, 1965.

32. Vaughan, G. M. New sensitive serum melatonin radioimmunoassay employing the
Kennaway G280 antibody: Syrian hamster morning adrenergic response. J. Pineal
Res.,15: 88–103, 1993.

33. Holowachuk, E. W., and Ruhoff, M. S. Biologically active recombinant rat granulo-
cyte macrophage colony stimulating factor produced inEscherichia coli. Prot. Ex-
press. Purif.,6: 588–596, 1995.

34. Schaffer, J. E., and Lodish, H. F. Expression cloning and characterization of a novel
adipocyte long chain fatty acid transport protein. Cell,79: 427–436, 1994.

35. Fitscher, B. A., Elsing, C., Riedel, H. D., Gorski, J., and Stremmel, W. Protein-
mediated facilitated uptake processes for fatty acids, bilirubin, and other amphiphatic
compounds. Proc. Soc. Exp. Biol. Med.,212: 15–23, 1996.

36. Folch, J., Lees, M., and Sloane-Stanley, G. H. A simple method for the isolation and
purification of total lipids from animal tissues. J. Biol. Chem.,226: 497–507, 1957.

37. DeRubertis, F. R., and Craven, P. A. Sequential alterations in the hepatic content and
metabolism of cyclic AMP and cyclic GMP induced byDL-ethionine: evidence for
malignant transformation of liver with a sustained increase in cyclic AMP. Metabo-
lism, 25: 1611–1625, 1976.

38. Cho-Chung, Y. S. Role of cyclic AMP receptor proteins in growth, differentiation,
and suppression of malignancy: new approaches to therapy. Cancer Res.,50: 7093–
7100, 1990.

39. Reppert, S. M., Weaver, D. R., and Ebisawa, T. Cloning and characterization of a
mammalian melatonin receptor that mediates reproductive and circadian responses.
Neuron.,13: 1177–1185, 1994.

40. Guardiola-Lemaitre, B., and Delagrange, P. Melatonin agonists and antagonists:
pharmacological tools or therapeutic agents?In: S. M. Webb, M. Puig-Domingo, M.
Moller, and P. Pevet (eds.), Pineal Update, pp. 301–319. Westbury: PJD Publications,
1997.

41. Takahashi, K. Inoue, K., and Takahashi, Y. No effect of pinealectomy on the parallel
shift in circadian rhythms of adrenocortical activity and food intake in blinded rats.
Endocr. Jap.,23: 417–421, 1976.

42. Sauer, L. A., Dauchy, R. T., Nagel, W. O., and Morris, H. P. Mitochondrial NAD(P)1-
dependent malic enzyme activity and malate-dependent pyruvate formation are progres-
sion-linked in Morris hepatomas. J. Biol. Chem.,255: 3844–3848, 1980.

43. Fenselau, A., Wallis, K., and Morris, H. P. Subcellular localization of acetoacetate
coenzyme A transferase in rat hepatomas. Cancer Res.,36: 4429–4433, 1976.

44. Ram, P., Kiefer, T., Silverman, M., Song, Y., Brown, G. M., and Hill, S. M. Estrogen
receptor transactivation in MCF-7 breast cancer cells by melatonin and growth
factors. Mol. Cell. Endocrinol.,141: 53–64, 1998.

45. Cos, S., and Blask, D. E. Melatonin modulates growth factor activity in MCF-7
human breast cancer cells. J. Pineal Res.,17: 25–32, 1994.

46. Lemus-Wilson, A., Kelly, P. A., and Blask, D. E. Melatonin blocks the stimulatory
effects of prolactin on human breast cancer cell growth in culture. Br. J. Cancer,72:
1435–1440, 1995.

47. Yu, H-S., Hernandez, V., Haywood, M., and Wong, C. G. Melatonin inhibits the
proliferation of retinal pigment epithelial (RPE) cellsin vitro. In Vitro Cell Dev. Biol.,
29A: 415–418, 1993.

48. Hii, C. S. T., Forrante, A., Schmidt, S., Rathjen, D. A., Robinson, B. S., Poulos, A.,
and Murray, A. W. Inhibition of gap junctional communication by polyunsaturated
fatty acids in WB cells: evidence that connexin 43 is not hyperphosphorylated.
Carcinogenesis (Lond.),16: 1505–1511, 1995.

49. Hayashi, T., Matesic, D. F., Nomata, K., Kang, K-S., Chang, C-C., and Trosko, J. E.
Stimulation of cell proliferation and inhibition of gap junctional intercellular com-
munication by linoleic acid. Cancer Lett.,112:103–111, 1997.

50. Kojima, T., Mochizuki, C., Mitaka, T., and Mochizuki, Y. Effects of melatonin on
proliferation, oxidative stress and Cx32 gap junction protein expression in primary
cultures of adult rat hepatocytes. Cell. Struct. Funct.,22: 347–356, 1997.

51. Ubeda, A., Trillo, M. A., House, D. E., and Blackman, C. F. Melatonin enhances
junctional transfer in normal C3H/10T1/2 cells. Cancer Lett.,91: 241–245, 1995.

52. Reiter, R. J., Tan, D. X., Poeggler, B., Menendez-Pelaez, L. D., Chen, S., and Saarela,
S. Melatonin as a free radical scavenger: implications for aging and age-related
diseases. Ann N. Y. Acad. Sci.,719: 1–12, 1994.

53. Reiter, R. J., Carneiro, R. C., and Oh, C. S. Melatonin in relation to cellular
antioxdiative defense mechanisms. Horm. Metab. Res.,29: 363–372, 1997.

54. Gennari, L., Doci, R., and Bozzetti, F. Liver tumors.In: M. Peckham, H. Pinedo, and
V. Veronesi (eds.), Oxford Textbook of Oncology, pp. 1201–1220. Oxford: Oxford
University Press, 1995.

4701

MELATONIN INHIBITION OF TUMOR FA METABOLISM AND GROWTH


