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Daytime Blue Light Enhances the Nighttime
Circadian Melatonin Inhibition of Human Prostate
Cancer Growth

Robert T Dauchy,"” Aaron E Hoffman,> Melissa A Wren-Dail,' John P Hanifin,® Benjamin Warfield,® George C Brainard,® Shulin
Xiang,' Lin Yuan,' Steven M Hill,! Victoria P Belancio,' Erin M Dauchy,' Kara Smith,' and David E Blask'

Light controls pineal melatonin production and temporally coordinates circadian rhythms of metabolism and physiology in
normal and neoplastic tissues. We previously showed that peak circulating nocturnal melatonin levels were 7-fold higher after
daytime spectral transmittance of white light through blue-tinted (compared with clear) rodent cages. Here, we tested the hypoth-
esis that daytime blue-light amplification of nocturnal melatonin enhances the inhibition of metabolism, signaling activity, and
growth of prostate cancer xenografts. Compared with male nude rats housed in clear cages under a 12:12-h light:dark cycle, rats in
blue-tinted cages (with increased transmittance of 462—484 nm and decreased red light greater than 640 nm) evinced over 6-fold
higher peak plasma melatonin levels at middark phase (time, 2400), whereas midlight-phase levels (1200) were low (less than 3 pg/
mL) in both groups. Circadian rhythms of arterial plasma levels of linoleic acid, glucose, lactic acid, pO,, pCO,, insulin, leptin, and
corticosterone were disrupted in rats in blue cages as compared with the corresponding entrained rhythms in clear-caged rats. After
implantation with tissue-isolated PC3 human prostate cancer xenografts, tumor latency-to-onset of growth and growth rates were
markedly delayed, and tumor cAMP levels, uptake-metabolism of linoleic acid, aerobic glycolysis (Warburg effect), and growth
signaling activities were reduced in rats in blue compared with clear cages. These data show that the amplification of nighttime
melatonin levels by exposing nude rats to blue light during the daytime significantly reduces human prostate cancer metabolic,
signaling, and proliferative activities.

Abbreviations: A-V, arterial-venous difference; ipRGC, intrinsically photosensitive retinal ganglion cell; LA, linoleic acid; 13-HODE,

13-hydroxyoctadecadienoic acid; TFA, total fatty acids.

Light profoundly influences circadian, neuroendocrine, and
neurobehavioral regulation in all mammals and is essential to life
on our planet.>*%* % The light-dark cycle entrains the master bio-
logic clock, located in the suprachiasmatic nucleus of the brain, in
an intensity-, duration-, and wavelength-dependent manner.®*
Photobiologic responses, including circadian rhythms of metabo-
lism and physiology, are mediated by organic molecules called
‘chromophores,” which are contained within a small subset of
retinal cells, called the intrinsically sensitive retinal ganglion cells
(ipRGC).162313641495359 Tn humans and rodents light quanta are
detected by the chromophore melanopsin, which detects light
quanta in principally the short-wavelength, blue-appearing por-
tion of the spectrum (446 to 477 nm), and transmits its photic
information via the retinohypothalamic tract to the ‘molecular
clock’ of the suprachiasmatic nucleus. This region of the brain
regulates the daily pineal gland production of the circadian neu-
rohormone melatonin (N-acetyl-5-methoxytryptamine), which
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results in high levels produced at night and low levels during
daytime.’®* The daily, rhythmic melatonin signal provides tem-
poral coordination of normal behavioral and physiologic func-
tions including chronobiologic rhythms of locomotor activity,*
sleep-wake cycle, ! dietary and water intake,** hormone secre-
tion and metabolism.>*###! Alterations in light intensity, duration,
and spectral quality at a given time of day,*'*719224¢ such as oc-
curs in night-shift workers exposed to light at night,**4¢” acutely
suppresses endogenous melatonin levels in most mammalian
species®1#445545 and may lead to various disease states, including
metabolic syndrome>* and carcinogenesis.*”!"18

Recent studies from our laboratory>?#26! have demon-
strated that relatively small changes in the spectral transmit-
tance (color) of light passing through translucent amber (>590
nm), blue (>480 nm), and red-tinted (>640 nm) polycarbonate
laboratory rodent cages, compared with standard polycarbon-
ate clear cages (390 to 700 nm), during the light phase markedly
influenced the normal nighttime melatonin signal and disrupt-
ed temporal coordination of metabolism and physiology.'**¢!
Most notable was our discovery that, in both male and female
pigmented nude rats maintained in blue-tinted rodent cages,
nighttime melatonin levels were as much as 7 times higher than
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normal nighttime peak levels in animals maintained in all other
cage types.”” An earlier study in human subjects diagnosed with
midwinter insomnia coupled with low nighttime melatonin lev-
els demonstrated that daily exposure to intense morning bright
polychromatic light therapy for up to one week resulted in a
restoration of nocturnal melatonin levels to those of control sub-
jects.”” In another study, exposure to blue-tinted (470 nm) LED
light (100 Ix) for approximately 20 min in the morning after 2
sleep-restricted (6 h) nights led to earlier onset of the melatonin
surge at nighttime.®

In the United States alone this year, approximately 240,000
men will be diagnosed with prostate cancer, and nearly 30,000
will die from this disease (National Cancer Institute; www.can-
cer.gov/). Epidemiologic studies have shown that night shift
work, which involves circadian disruption, including noctur-
nal melatonin suppression, markedly increases prostate can-
cer risk in men 26?4575 Both in vitro and in vivo studies have
demonstrated that melatonin inhibits human prostate cancer
growth, including that of androgen-receptor-negative, castra-
tion-resistant PC3 human prostate cancer cells.?*?*#>*¢ Cancer
cells depend primarily on aerobic glycolysis (Warburg effect)
over oxidative phosphorylation to meet their bioenergetic needs
supporting biomass formation.” The Warburg effect is character-
ized by increased cellular uptake of glucose and production of
lactate despite an abundance of oxygen. Investigations have
shown that signal transduction pathways that include AKT,
MEK, NFkB, GS3Kp, and PDK1 drive the Warburg effect.>*! In
addition, cancer cells rely on increased uptake of the w6 fatty
acid linoleic acid (LA), which is prevalent in the western diet.**
In most cancers, LA uptake occurs through a cAMP-dependent
transport mechanism, and LA is metabolized to the mitogenic
agent 13-hydroxyoctadecadienoic acid (13-HODE). In most tu-
mors, 13-HODE plays an important role in enhancing down-
stream phosphorylation of ERK 1/2, AKT, and activation of the
Warburg effect, thereby leading to increased cell proliferation
and tumor growth.*® Melatonin, the principal neurohormone
of the pineal gland and whose production is regulated by the
suprachiasmatic nucleus,** modulates processes of tumor initia-
tion, progression, and growth in vivo.> The circadian nocturnal
melatonin signal not only inhibits LA uptake and metabolism,
the Warburg effect in human cancer xenografts, and ultimately
tumor growth, but it actually drives circadian rhythms in tumor
metabolism, signal transduction activity, and cell proliferation.
These effects are extinguished when melatonin production is
suppressed by light exposure at night.”

In the present investigation, we examined the hypothesis that
the spectral transmittance (color) of short-wavelength (480 nm)
bright light passing through blue-tinted standard laboratory ro-
dent cages during the light phase not only amplifies the normal
circadian nocturnal melatonin signal but also enhances the inhi-
bition of the metabolism, signaling activity, and growth progres-
sion of human PC3 androgen-receptor-negative human prostate
cancer xenografts in male nude rats.

Materials and Methods
Animals, housing conditions, and diet. Male, pigmented, ho-
mozygous, athymic, inbred nude rats (Crl:NIH-Foxn1™), 3 to 4
wk of age, used in this study were purchased from Charles River
(Wilmington, MA). Animals were maintained in an AAALAC-
accredited facility in accordance with the Guide for the Care and
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Use of Laboratory Animals.® All procedures for animal use were
approved by the Tulane University JACUC.

Rats were maintained as described below in autoclaved cages
using hardwood maple bedding (catalog no. 7090, Sanichips,
Harlan Teklad, Madison, WI; 2 bedding changes weekly). To en-
sure that all rats remained infection-free from bacterial and viral
agents and murine parasites, serum samples from sentinel ani-
mals were tested quarterly and during the course of this study
(Multiplex Fluorescent Immunoassay 2, Idexx Research Animal
Diagnostic Laboratory, Columbia, MO) as described previous-
ly."*? Rats were provided free access to food (5053 Irradiated Lab-
oratory Rodent Diet, Purina, Richmond, IN) and acidified water.
Quadruplicate determinations of this diet contained (per 100 g
of diet) 4.72 g total fatty acid (TFA), composed of 0.92% myris-
tic (C14:0), 13.82% palmitic (C16:0), 1.17% palmitoleic (C16:1n7),
3.64% stearic (C18:0), 23.90% oleic (C18:1n9), 50.17% linoleic
(C18:2n6), 5.98% v-linolenic, and 0.29% arachidonic (C20:4n6) ac-
ids. Minor amounts of other FA comprised 0.11%. Conjugated LA
and trans FA were not found. More than 90% of the TFA was in
the form of triglycerides; more than 5% was in the form of free FA.

Caging, lighting regimens, and spectral transmittance measure-
ments. After a 1-wk acclimation period, rats were randomized
into 2 designated groups of 6 animals each (3 rats per cage) and
placed in standard polycarbonate, translucent laboratory rodent
cages (10.5 in. X 19.0 in. x 8.0 in.; wall thickness, 0.10”) of either
clear (control; catalog no. R20PC, Ancare, Bellmore, NY) or blue
(experimental; catalog no. 80778CC; Lab Products, Seaford, DE)
in hue. Both cage types used identical stainless steel lids (catalog
no. 10SS, Ancare) and were covered with polysulfone translucent
microfilter tops (catalog no. N1IOMBT, Ancare). The SPF rats were
maintained in environmentally controlled rooms (25 °C; 50% to
55% humidity) with diurnal, 12:12-h lighting (lights on, 0600).
Animal rooms were lighted with a series of 3 overhead luminaires
containing 4 cool-white fluorescent lamps per ballast (Alto Collec-
tion 32 W, catalog no. F32T8TL741, Philips, Somerset, NJ); animal
rooms were completely devoid of light contamination during the
dark phase.>”

Daily during the course of this experiment, the animal room
was monitored for normal light-phase lighting intensity at 1 m
above the floor in the center of the room (at rodent eye level)
and outside and from within and at the front of the animal cag-
es. Irradiance measures used a radiometer—photometer (model
IL1400A, International Light Technologies, Peabody, MA) that
had a silicon-diode detector head (model SEL033, International
Light Technologies) and a wide-angle input optic (W6849, Inter-
national Light Technologies); a filter (F23104, International Light
Technologies) provided a flat response across the visible spec-
trum. Illuminance measures used a silicon-diode detector head
(model SEL033, International Light Technologies) with a wide-
angle input optic (W10069, International Light Technologies) and
a filter (Y23104, International Light Technologies) to provide a
photopic illuminance response. The meter and associated optics
were calibrated annually, as described previously.'”*'#**¢! Each
day and at the same time (0800), prior to light intensity measure-
ments for that day, all cages on the rack shelf were rotated one
position to the right (placed at an identical, premeasured distance
apart) in the same horizontal plane; the cage at position 4 (last
position at far right on the shelf) was moved to position 1 (first
position at far left on the shelf). Although light intensity, as mea-
sured outside and from within the front of each cage at each of



the 4 positions, did not differ among positions, the daily cage shift
further ensured uniformity of intensity of ocular light exposure
and accounted for the effects of any unforeseen subtle differences
due to position on the rack shelf.

According to current convention, when discussing human and
laboratory animal environments, we use the term ‘lux’ to indicate
the amount of light falling on a surface that stimulates the mam-
malian eye during daytime (that is, the perceived brightness to
the eye [photometric values]). Measures of lux are appropriate
for human daytime vision but are not appropriate for quantify-
ing light stimuli that regulates circadian, neuroendocrine or neu-
robehavioral physiology in animals or humans.”" Consequently,
radiometric values of irradiance (UWW /cm?), a measure of radiant
power or density over a defined bandwidth of light, were mea-
sured in the cages by using the same equipment and system as for
illuminance. Given these standards, we present the light stimuli
in the current investigation in terms of both lux and pW/cm? for
ease of understanding.

Spectral transmittances were quantified by using a handheld
spectroradiometer (ASD FieldSpec, ASD, Boulder, CO). Spectral
power distributions, a measure of the concentration (as a function
of wavelength) of any radiometric quantity (that is, irradiance
compared with wavelength), were recorded when the meter was
pointing directly at the overhead fluorescent lighting source and
used for a comparison between cages. Pearson correlations were
performed to determine similarities and differences of the spec-
tral power distributions between cages. According to the irradi-
ance measures, the correlation coefficient of the spectral power
distributions from 380 nm to 760 nm was determined. As a more
detailed method of analysis, the spectral power distribution was
divided into 100-nm bins (that is, 400 to 500 nm), and Pearson
correlations were determined between cage conditions. In addi-
tion, we calculated weighted retinal photopigment illuminances
(measured in Ix) for rats on the basis of the integrated output of
the S and M cones, rods, and ipRGC regulating nonvisual physi-
ology and behavior.*’

Calculation of effective rod, cone, and melanopsin photore-
ceptor illuminances. To calculate the effective rodent rod, cone
and melanopsin photoreceptor illuminances, the spectral power
distributions of the clear- and blue-cage transmissions were en-
tered into a Toolbox worksheet (this software model for rodent
photoreception is freely available online).”> The spectral power
distributions for the experiments shown here were imported
into the worksheet in 1-nm increments between 325 and 782 nm.
The spectral range available in Toolbox extends down to 298
nm. However, because the light output from a standard 4000-K
fluorescent bulb at wavelengths below 325 nm approaches 0, all
values between 298 and 325 nm were set to 0. According to the in-
structions for Toolbox, all raw spectral power distribution values
that were negative were manually changed to 0.

Arterial blood collection. After a 2-wk exposure to the de-
scribed lighting regimens, rats underwent a series of 6 low-
volume blood draws by cardiocentesis to collect left ventricular
arterial blood**'71*#"% over a period of 30 d. Briefly, blood collec-
tions were designated at 4-h intervals to include the 24-h feeding
period; each rat was tested only once every 5 d to eliminate the ef-
fects of feeding, stress, and potential mortality. Samples of whole
blood were collected for the measurements of pH, pO,, pCO,,
glucose, and lactate levels and Hct (iSTAT1 Analyzer with CG4+
and CG8+ cartridges, Abbott Laboratories, East Windsor, NJ). Val-
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ues for glucose and lactate are reported as mg/dL and mmol/L
and for pH, pO,, pCO,, glucose, and lactate values as, 0.01, 0.1
mm Hg, 0.1 mm Hg, 0.2 mg/dL, and 0.01 mmol/L, respectively.
Plasma samples were stored at —20 °C until analysis.

PC3 prostate cancer xenograft implantation, determination of
tumor growth, and arterial and venous difference measurements.
After a 1-wk recovery period, androgen-receptor—negative or
androgen-independent human PC3 prostate xenografts were im-
planted in the nude rats and grew as tissue-isolated tumors as
described previously,**** with a single arterial and single ve-
nous connection to the host. The PC3 prostate tumor xenografts
were verified histopathologically to be a grade IV human pros-
tate cancer cell line (catalog no. CRL-1435, American Tissue Cell
Collection, Mannassas, VA). Latency-to-onset of tumor growth
(approximately pea-sized) was determined, and estimated tu-
mor weights were measured, as described previously.**** When
tumors reached an estimated weight of 6 to 8 g, animals were
prepared for tumor arterial and venous (A-V) difference mea-
surements, as previously described.®*** In the initial experiment,
all tumor A-V difference measurements in rats in clear or blue
cages were taken between 0600 and 0800. Whole blood was col-
lected for measurements of pH, pO,, pCO,, glucose, and lactate
levels; plasma samples were obtained to analyze Hct, TFA and
LA uptake, and 13-HODE production. At the end of the tumor
A-V blood collections, tumors were freeze -lamped under liquid
nitrogen, weighed, and stored at —80 °C until used for analyses.

To determine the effects of normal daytime physiologic (less
than 10 pg/mL; occurring at 1200) and elevated nighttime (occur-
ring at 2400 h) melatonin levels on tumor A-V differences in rats
maintained in blue-tinted cages, all rats were randomized into 2
designated groups of 6 animals each (3 per cage) and maintained
only in blue-tinted cages. Animal cages were rotated daily as de-
scribed earlier. After a 1-wk acclimation period in the blue cages,
all rats were implanted with the tissue-isolated PC3 prostate xe-
nograft and measured for latency-to-onset and tumor growth, as
described earlier. When tumors reached an estimated weight of 6
to 8 g, rats were prepared for tumor A-V difference measurements
at either 1200 or 2400, as described previously.

Melatonin analysis. Arterial plasma melatonin levels were mea-
sured by radioimmunoassay (rat melatonin'*I-radioimmunoas-
say kit, Alpco, Salem, NH; lot 1429.18, prepared by Bithlmann
Laboratories AG, Schénenbuch, Switzerland) and analyzed by
using an automated gamma counter (Cobra 5005, Packard, Palo
Alto, CA) as previously described.”**** The minimal level of de-
tection for the assay was 1 to 2 pg/mL plasma.

ELISA analysis of corticosterone, insulin, and leptin. Arterial
plasma samples were prepared in duplicate for measurement of
corticosterone, insulin, and leptin levels by using chemilumines-
cent ELISA diagnostic kits (ALPCO; corticosterone: catalog no.
55-CORMS-EQ1; mouse or rat; protocol version 4/09/11-ALPCO
9/13/11); insulin: catalog no. 80-INSRTH-E01; rat, high range;
protocol version 2.0-ALPCO 12/2/11); and leptin: catalog no.
22-LEPMS-E01; mouse or rat; protocol version 030112 version
10-ALPCO 2/29/2012). Samples were measured at 450 nM by
using a microplate reader (VersaMax, Molecular Devices, Sunny-
vale, CA). The detection sensitivity for corticosterone, insulin, and
leptin plasma analyses were 4.5 ng/mL, 0.124 ng/mL, and 10 pg/
mL, respectively; the lower limits of the assays were 15 ng/mL,
0.15ng/mL, and 10 pg/mL, respectively; and the coefficient of
variation of all assays was less than 4.0%.
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FA extraction and analysis. Arterial and human PC3 tumor ve-
nous plasma TFA were extracted from 0.1 mL arterial and venous
samples after the addition of heptadecanoic acid (C17:0), methyl-
ated, and analyzed by using gas chromatography as previously
described.***2 Values for TFA represent the sum of the 7 ma-
jor FA (myristic, palmitic, palmitoleic, stearic, oleic, linoleic, and
arachidonic) in the blood plasma. The uptake of TFA and LA is
dependent on the supply of the arterial blood to the tumor and
are presented here for statistical comparison as both absolute val-
ues (ug/min/g tumor tissue) and as a percentage of the arterial
supply to the tumor (defined as the TFA or LA uptake / arterial
supply x 100%). Tumor tissue TFA and LA levels in control and
experimental groups were extracted from 0.2 mL of 20% homog-
enates, as previously described.*"”* The lower limit of detection
for the assay was 0.05 ug/mL.

HPLC analysis of 13-HODE concentration. Plasma samples
(0.2 mL) collected in vivo for 13-HODE were combined with a
known quantity of internal standard (5-hydroxy,6,8,11,14-eico-
satetraenoic acid, racemic; Cayman Chemicals, Ann Arbor, MI)
and analyzed by using HPLC.*¢2* All PC3 xenograft 13-HODE
production values are expressed as ng/min/g tumor. Values of
0 indicate that no 13-HODE was detected within the sensitivity
range of the instrument (107 M and above).

Determination of tumor cAMP levels, DNA content, and [°H]
thymidine incorporation into DNA. Tumor levels of cAMP were
determined by ELISA (Amersham Biosciences, Piscataway, NJ),
and [*H]thymidine incorporation into DNA and DNA content
were determined as previously described .22

Tumor lysate extraction and Western blot analysis. The frozen
tumors were pulverized under liquid nitrogen and homogenized
in RIPA buffer, as previously described.’ Total tumor protein was
isolated and aliquots stored at -80 °C, as described previously.
Western blots were probed with various antibodies, including
phosphorylated (p) MEK 1/2 (Ser217/Ser221), total (t)-MEK,
PERK 1/2 (Thr202/Tyr204), t-ERK1/2, pAKT (Ser473), tAKT,
PGSK3p (Ser9), tGSK3p, pNF«p (Ser536), tNF«f, pCREB (Tyr416),
tSRC, pPDK7, and tPDK? (Cell Signaling Technology, Danvers,
MA) and analyzed as described previously.® Antif3-actin antibody
(Sigma Scientific, St Louis, MO) was used to evaluate loading.
Quantitation of Western blots and differences in expression of
total and phosphorylated proteins were determined by digital
quantitation of phosphorylated and total protein levels, normal-
izing phosphorylated levels to the levels of the total protein of
interest, and expressing the level of the experimental group rela-
tive to that of the control group to determine the percentage or
fold change.

Statistical analysis. All data are presented as mean + 1 SD (n =
6 rats per group) unless otherwise noted. The experiment was
repeated once for measurements of corticosterone, insulin, leptin,
linoleic acid, and melatonin and for tumor A-V difference; all data
for both replicate experiments were combined, for a total of 12
values per group. The nonparametric JTK_CYCLE algorithm,*”
as implemented in scripts for the R software package (R version
3.1.0; http:/ /openwetware.org/wiki/HughesLab:JTK_Cycle),
was used to determine the statistical significance of differences
in the 24-h cycling for each analyte, with adjustments for mul-
tiple comparisons. This algorithm also was used to estimate
phase (time of peak levels) and amplitude of cycling. Statistical
differences between the mean values in the experimental group
compared with the control group at each circadian time point
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were assessed by using an unpaired Student ¢ test. Differences
in the slopes of regression lines (that is, tumor growth rates) be-
tween groups were determined by linear regression analysis and
tests for parallelism (Student ¢ test). Differences among the group
means were considered statistically different at a P value of 0.05.

Results

Animal-room illumination and cage spectral transmittance.
Animal room illumination during the daytime at the center of
the room and at 1 m above the floor (with the detector facing
upward toward the luminaires) varied minimally (n = 252 mea-
surements) and was 425.93 + 16.43 1x (174.63 £ 6.73 yW /cm?).
Measurements of photometric illuminance (lux) and radiometric
irradiance (W /cm?) from outside and inside the front of each
cage (Figure 1) showed little to no intercage variability, and the
averaged values (1 = 294 measurements) for clear and blue cages,
respectively, were 133.37 +7.41 Ix (54.68 + 3.04 uW/cm?) outside
and at the front of the cage and 91.31 +2.21 Ix (37.44 + 0.91 uyW/
cm?) inside and at the front of the cage. Spectral power distribu-
tions of light measured through the wall of these cages are shown
in (Figure 2). The data are typical of this fluorescent-lamp type,
with signature peaks in the appropriate wavelengths. Differences
in the amplitude of these peaks are apparent between cage types.
The blue cage contained the highest peak amplitude in the shorter
(400 to 550 nm) wavelength segments. As expected, in the lon-
ger wavelength ranges (550 to 700 nm), there was a shift in peak
amplitude, with the clear cage demonstrating larger peak ampli-
tudes than those of the blue cage at wavelengths longer than 550
nm. The Pearson correlation coefficient between cage conditions
did not demonstrate a significant difference, given the linearity
of the curves.

(Table 1) provides the calculated photon densities, irradiances,
and weighted rodent photopigment illuminances for the standard
white fluorescent light transmitted through the clear and blue
rodent cages (Figure 1). The data illustrate that the blue plastic
attenuates both the transmission of both total photon flux and ir-
radiance.” In contrast, the light transmitted through the blue plas-
tic cage to the rodents inside has a higher capacity for stimulating
each of the rodent photoreceptors (Table 2). Measurements made
in the animal room and within the cages of both groups during
the dark phase were 0 Ix (0 pW/cm?).

Animal food and water intakes and growth measurements. Food
and water intakes and body growth rates did not differ signif-
icantly between the rats maintained in either the clear or blue
cages during the course of this study and are reported here as the
combined means. Values for rats in both groups of the present
study were in good agreement with those determined for healthy
young male Hsd:RH-Foxn1™ nude rats in previous investiga-
tions.*® Mean (n = 90 measurements) daily dietary intake was
21.14 £ 0.64 g daily, and water intake was 29.87 + 0.86 mL daily.
The mean (1 = 83 measurements per group) body growth rate
was 3.88 +0.28 g daily.

Plasma melatonin levels. Circadian rhythms in concentrations
of plasma melatonin for rats in clear and blue cages (1 = 12 per
group) prior to xenograft implantation are shown in (Figure 3).
The overall pattern of daily plasma melatonin level rhythms was
similar for both groups: low during daytime (less than 10 pg/mL)
and significantly (P < 0.001) higher during the dark phase, with
peak levels occurring between 2400 and 0400 and decreasing to a
nadir between 1200 and 1600. There were differences, however, in



Figure 1. Photoimage showing the standard polycarbonate translucent
clear (left) and blue (right) rodent cages. Both cages had the same di-
mensions (19 in. X 10.5 in x 8.0 in; wall thickness, 0.1 in) and were auto-
clavable to 121 °C.
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Figure 2. Spectral power distributions of the fluorescent lamp light as
transmitted through the blue (experimental) and clear (control) cages.

either the phase (that is, timing) or duration of the nocturnal mel-
atonin signal between the 2 groups of rats (Table 3).*” Melatonin
levels in the rats in blue cages began to rise rapidly after the onset
of the dark phase, reaching the peak of those in clear cages (con-
trol) by 2000. However, the peak dark-phase melatonin level for
rats in the blue cages (that is, at 2400) was more than 6-fold higher
(P <0.0001) than that in control rats at the same time point. Arte-
rial plasma melatonin levels remained more than 3-fold higher (P
< 0.05) in rats in blue cages compared with clear cages, even at 2
h after the onset of light phase, and did not reach normal daytime
levels (less than 10 pg/mL) until 1200. The integrated mean levels
of melatonin over the 24-h period for rats in blue cages were more
than 6-fold higher than those of animals in clear cages (P < 0.001).

Plasma measures of TFA and LA. Circadian rhythms in the con-
centrations of arterial blood plasma TFA and LA were measured
in rats with free access to the food (Figure 4). The plasma pattern
of lipid levels in blue-caged rats followed that of the control ani-
mals, which was reported earlier,*>'7**?? such that the total TFA
areas assessed over the 24-h day for curves shown in Figure 4
did not differ significantly from one another (control, 46.8 mg/
mL; experimental, 45.3 mg/mL). Circadian cycling was evident
for both groups, with a severely dampened amplitude during
daytime (Table 3).

Arterial blood glucose, lactate, acid-gas levels. Figure 5 de-
picts the daily rhythms in levels of arterial blood glucose, lactate,
pO,, and pCQO, levels in the naive male rats from both groups.
Phase shifts were determined by comparing the peak values
(acrophases) between the rats in blue-tinted (experimental) and
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clear (control) cages. A “phase advance” was defined as a shift in
a group peak level to an earlier time (for example, from 1600 to
1200), whereas a ‘phase delay” was defined as a shift in a group
to a later time (for example, from 0800 to 1200), as compared with
control values. Daily rhythms for arterial glucose and lactate con-
centrations (Figure 5 A and B) were similar between groups, with
peaks for both constituents occurring at 1200 and 2000 for the
control rats but phase-advanced 4 h at 0800 in the experimental
group. However, values over the 24-h day were higher (P < 0.05)
in control rats compared with those in blue cages. The average
mean blood glucose concentration calculated over the 24-h day
was 153.7 + 2.95 mg/dL for the control group and 141.7 +2.14
mg/dL for the experimental group (P < 0.05). The average mean
blood lactate concentration calculated over the 24-h day was 1.20
+0.01 mmol/L for rats in clear cages and 1.16 * 0.01 mmol/L for
those in blue cages (P < 0.05).

Daily rhythms in arterial pO, and pCO, (Figure 5 C and D) fol-
lowed similar trends as the glucose and lactate rhythms. Peak
values of arterial pO, occurred at 1600 in control rats, with a nadir
at 2400, compared with those in the experimental group, which
peaked at 0800 and 2000 (in the late dark phase) and were lowest
at the middark phase (0400). Values over the 24-h day were sig-
nificantly higher (P < 0.05) in the experimental group compared
with the control group. The calculated mean daily arterial pO,
assessed over the 24-h day (Figure 5 C) was 149.6 = 2.3 mm Hg
for the rats in clear cages and 154.5 + 2.1 mm Hg in those in blue
cages (n = 72 measurements; P < 0.05). The calculated mean daily
arterial pCO, assessed over the 24-h day (Figure 5 D) was 30.8 +
0.5 mm Hg for the control group and 28.2 + 0.6 mm Hg for the
experimental group (P < 0.05; n = 72 measurements).

Arterial blood pH, O, saturation, and Hct remained relatively
constant for both groups over the 24-h day at 7.44 + 0.07, 99.1%
+0.01%, and 45.3% + 0.05% (n = 72), respectively. These values
are consistent with the carotid arterial values in blood acid-gases
determined during previous cardiocentesis investigations at this
time of day.>1%*?

Plasma measures of corticosterone, insulin, and leptin. Figure 6
depicts daily rhythms in concentrations of arterial blood plasma
corticosterone, insulin, and leptin. Plasma corticosterone levels
revealed clear differences between the control and experimental
groups, with regard to integrative concentrations but not circa-
dian rhythms. Values for arterial plasma corticosterone in rats of
both groups began to increase after 1200 (P < 0.05), with a major
peak value occurring at 1600 in the experimental and control (sec-
ondary peak; P < 0.05) groups, decreasing to a low value at 2400
(P <0.05) for both groups. A second major peak occurred in both
groups at 0400 (but was higher in control rats), decreasing to a
nadir at 0800 for both groups. Integrated plasma corticosterone
concentrations calculated over the 24-h day were 692.0 + 8.3 ng/
mL in the control animals as compared with 912.0 + 12.1 nmol /L
in the experimental group.

Plasma concentrations of insulin (Figure 6 B) showed clear in-
tergroup differences with regard to daily rhythms and integrative
levels. Values for arterial plasma insulin in control animals were
at their highest levels 2 h after onset of the light phase (0800), with
a second, minor peak prior to onset of the dark phase (1600), and
lowest levels occurred throughout the light phase (1200-1600).
Rats in blue cages showed peak insulin levels 2 h prior to onset
of the light phase (0400), with a second, minor peak occurring at
1200; in addition, these peaks were phase-advanced 4 h compared
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Table 1. Calculated photon densities, irradiances, and rodent photopigment illuminances relative to 4000-K white fluorescent light transmitted

through 2 types of rodent cages

Radiometric and photometric values
(380-780 nm inclusive)

Retinal photopigment-weighted illuminances (o-opic lux)

Photon flux Irradiance S cone Melanopsin Rod M cone
(photons/cm?/s) (UW/cm?) ipRGC
Clear cage 1.20 x 10% 430 43 700 900 1014
Blue cage 1.17 x 10" 421 49 732 931 1041

Table 2. Irradiance values (W/cm?) and comparisons of peak wave-
length differences

Peak (nm)
424 480 532 605
Measured Clear cage 0.0171  0.0166  0.0649  0.0691
irradiance Blue cage 0.0181  0.0177 0.0669 0.0633
% difference Clear/blue -59%  —6.7%  -3.0% 8.4%

with those in controls (Table 3). Peak insulin levels were similar
between groups. Whereas control rats experienced a rapid in-
crease to peak insulin levels at 0800, followed by a rapid decline,
this process was more protracted in the experimental group, with
insulin gradually increasing after the onset of dark phase over 8
h, rapidly declining over 4 h from their peak at 0400 to the lowest
levels at 0800, and increasing once again to a secondary peak at
1200, when levels were lowest for control rats (P < 0.05). Inte-
grated mean plasma insulin concentrations calculated over the
24-h day were significantly different (P < 0.001), at 20.4 £+ 0.06 ng/
mL for rats in clear cages and 24.3 + 0.10 ng/mL for those in blue
cages.

Plasma concentrations of leptin (Figure 6 C) revealed clear
intergroup differences with regard to diurnal rhythms (Table 3)
and integrative levels. For both groups, values for arterial plasma
leptin began to increase 2 h after the onset of the dark phase (P
< 0.05), with peak levels in both groups occurring at 2400 and
gradually decreasing to a nadir at 0400 (P < 0.05) in controls. This
process was again more protracted in the experimental group,
with the nadir occurring 8 h after the nighttime peak at 2400 and
then rising again to a second, similar, albeit broader, peak at 1200,
compared with that in control rats (P < 0.05); in addition, peaks
and nadirs in the experimental group were phase-advanced 4
h compared with those in controls. Nadirs in blood leptin con-
centrations were achieved at 0800 and 2000 in rats in blue cages.
Integrated plasma leptin concentrations calculated over the 24-h
day were 3.04 £ 0.03 ng/mL in controls and 3.70 + 0.02 ng/mL in
rats in blue cages.

Tumor growth rates. The latency-to-onset of tumor appearance
after xenograft implantation, which measured the time between
implantation until the first palpable mass (approximately 10
mm?) and the tumor growth rate were 15 d and 0.60 + 0.04 g/day
in controls, respectively, and 22 d and 0.27 £0.02 g/day in the ex-
perimental group, respectively (Figure 7). These values represent
a nearly 50% increase (P < 0.05) in tumor latency-to-onset and a
55% decrease in the tumor growth rate in rats in blue compared
with clear cages. Although the mean tumor weight was nearly
identical between the groups at the time of harvest (control, 7.40
+0.33 g; experimental, 7.33 £ 0.26 g), the day of tumor harvest
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was delayed by more than 90% in rats in blue cages (day 46 after
implantation) compared with control rats (day 24).

Tumor A-V measurements. We tested whether tumor xenografts
themselves exhibited differences in cAMP levels, TFA and LA
uptake, 13-HODE release, [’H]thymidine incorporation into tu-
mor DNA, and Warburg effect as a result of daytime blue-light
exposure and altered arterial plasma melatonin levels at the time
of harvest (Table 4). None of the tumor levels of these constit-
uents in controls at 0800 differed from those of the experimen-
tal group at 1200, when arterial plasma melatonin levels were
not significantly different from one another and were at normal
physiologic daytime concentrations (greater than 3 pg/mL). Tu-
mor cAMP levels, TFA and LA uptake, 13-HODE release, [°H]
thymidine incorporation into tumor DNA at 0800 were decreased
significantly (P < 0.001) by 41.5%, 70.3% and 67.8, 49.1%, and
48.5%, respectively, in rats in blue compared with clear cages.
The same parameters were still markedly depressed (P < 0.001)
by 42.0%, 71.6% and 67.8%, 50.3%, and 49.8%, respectively, in the
tumors harvested from blue-caged rats at 0800 compared with
1200, when melatonin levels remained over 200% higher than the
normal daytime (0800) levels of the control group (1.50 pg/mL)
or experimental group (7.79 pg/mL). Tumor cAMP levels, TFA
and LA uptake, 13-HODE release, [’H]thymidine incorporation
into tumor DNA were depressed by 69.6%, 100% and 100%, 100%,
87.5%, and 87.5%, respectively, in the tumors harvested from the
experimental group at 2400 h, compared with the control group at
0800 or the experimental group at 1200 h, when melatonin levels
were nearly 6500% higher.

Arterial glucose supply to the tumors and A-V differences for
glucose, lactate, pO, and pCO, in vivo were measured across the
prostate cancer tumor xenografts of both groups at 0800, 1200,
and 2400 (Table 5). The rates of tumor glucose uptake and lactate
production and of pO, uptake and pCO, release at 0800 and 1200
in the experimental group were identical to those in controls at
0800. The rates of tumor glucose uptake and lactate production
and of pO, uptake and pCO, release, in group B at 0800, were
decreased (P < 0.05) by 23.2%, 25.3%, 12.9%, and 20.4%, respec-
tively, compared with those parameters in the control group at
0800 and the experimental group at 1200. The rates of tumor glu-
cose uptake and lactate production and of pO, uptake and pCO,
release at 2400 in rats in blue-tinted cages were suppressed signif-
icantly (P < 0.05) by 59.1%, 52.7%, 56.9%, and 46.9%, respectively,
compared with those in controls at 0800 and in the experimental
group at 1200 and by 46.8%, 29.3%, 25.8, and 32.9%, respectively,
compared with those in rats in blue cages at 0800.

Western blot analysis of AKT, NFkB, GSK3(, ERK 1/2, CREB, and
PDK1. Figure 8 depicts the Western blot analysis of phosphory-
lated (upper panel) and total (lower panel) forms of AKT, NF«B,
GSK3p, ERK 1/2, CREB, PDK1—all of which are important
transcriptional regulators of the Warburg effect—and the house-
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Figure 3. Diurnal plasma melatonin levels (pg/mL; mean *+ 1 SD) of male pigmented nude rats (n = 12 per group) maintained for 6 wk in standard
polycarbonate, translucent, clear cages (control; solid red circles) or blue cages (experimental; solid blue squares) under 12:12-h photoperiods. Both
groups were exposed similarly during the light phase (300 1x, 123 pW/cm?); during the 12-h dark phase (1800 to 0600; dark bars), rats had no exposure
to light. Data are plotted twice to better demonstrate rhythmicity (panel A) and clarity of scale (panel B). Rhythmicity analysis (Table 3) revealed robust
and highly significant (P < 0.0001) rhythmic patterns under control lighting conditions for both groups, with 9.6- (A) and 53.3- (B) fold increases in
nighttime amplitude compared with daytime amplitudes, respectively, and a 5.55-fold increase (P < 0.001, Student ¢ test) in amplitude at 2400 in rats in
blue compared with clear cages. Concentrations with asterisks differ (P < 0.05) from concentrations without asterisks.

Table 3. Summary of JTK_CYCLE analysis for rats maintained in clear and blue cages

Q-value for
Estimated phase® Amplitude® circadian cycling®
Phase
Clear Blue difference (h)® Clear Blue Fold change® Clear Blue
Corticosterone 0100 1700 -8 22.7052 45.2690 1.99 0.0116 <0.0001
Glucose 1400 1700 +3 4.3841 5.5861 1.27 <0.0001 0.1096
Insulin 0800 0400 -4 0.0424 0.0707 1.67 <0.0001 0.0006
Lactate 1400 1600 +2 0.0445 0.0177 -2.52 0.0005 0.4786
Leptin 2200 2200 0 0.0339 0.0460 1.35 0.0002 0.7446
Linoleic acid 0400 0400 0 384.67 386.79 1.01 <0.0001 <0.0001
Melatonin 0200 0200 0 17.2364 95.6362 5.55 <0.0001 <0.0001
pCO, 1300 2000 +7 0.9899 1.9092 1.93 0.9799 0.0482
PO, 1600 1600 0 8.4853 3.5355 -2.40 <0.0001 0.1410
TFA 0400 0400 0 1127.13 1122.89 -1.00 <0.0001 <0.0001

“Phase, amplitude, and multiple-testing-adjusted P value (Q) estimated by JTK_CYCLE analysis with a fixed 24-h period using original units as

described in the text and shown in Figures 3-6.

®Phase difference and fold change are for the blue-cage group relative to the clear-cage group.

keeping protein B-actin in human prostate tumor xenografts.’
Phosphorylated forms of AKT, GSK3p, ERK 1/2, and CREB were
decreased in the presence of melatonin in the arterial blood of tu-
mors harvested at 0800 (greater than 30 pg/mL) and 2400 (greater
than 900 pg/mL) from rats in blue-tinted cages compared with
the levels of these constituents when exposed to normal daytime
level of melatonin (less than 10 pg/mL) in control tumors har-
vested at 0800, whereas total protein concentrations were either
similar (AKT, NFxB, GSK3p, and CREB) between groups or el-
evated (PDK1) in rats in blue compared with clear cages. Concen-
trations of phosphorylated and total forms of AKT, NF«B, GSK3,
ERK 1/2, CREB, and PDK1 were all elevated when melatonin lev-

els were lowest in rats in blue-tinted cages (1200), compared with
those of animals in both clear and blue cages at 0800 and 2400.

Discussion

Given our previous observation that the spectral transmittance
of blue-appearing light during the daytime markedly augments
the peak amplitude of the nocturnal circadian melatonin signal
in male nude rats and circadian rhythms of plasma measures of
metabolism and physiology,'”*! we tested the hypothesis that the
daytime exposure of these rats to blue light similarly enhances
melatonin-induced suppression of PC3 human prostate cancer
xenograft metabolism, signaling activity, and growth progres-
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Figure 4. Diurnal changes in the blood plasma total fatty (TFA) and li-
noleic (LA) levels (ug/mL; mean + 1 SD) of male pigmented nude rats
(n = 12 per group) with unrestricted access to normal chow and main-
tained on either control (TFA, solid black circles; LA, solid red trian-
gles) or experimental (TFA, solid blue squares; LA, solid inverted amber
triangles) lighting conditions. Rats were exposed to dark-phase light-
ing conditions (see Methods) from 1800 to 0600 (dark bars). TFA values
(mean + 1 SD; nn = 12 per group) are the sums of myristic, palmitic, pal-
mitoleic, stearic, oleic, linoleic, and arachidonic acid concentrations col-
lected at the various time points. Data are plotted twice to better dem-
onstrate rhythmicity. Rhythmicity analysis (Table 3) revealed robust and
highly significant (P < 0.0001) rhythmic patterns under control lighting
conditions for both groups, with a greater than 6-fold increase in night-
time amplitude compared with daytime amplitude in both groups. Con-
centrations with asterisks differ (P < 0.05) from concentrations without
asterisks.

sion. This study is the first to show that long-term exposure of
PC3 prostate cancer-bearing nude male rats to supra-physiologic
nighttime melatonin levels induced by blue-appearing light dur-
ing the daytime resulted in a marked downregulation of tumor
cAMP levels, LA uptake, 13-HODE production, the Warburg ef-
fect (for example, glucose uptake and lactate production), rel-
evant signal transduction pathways (for example, cAMP, CREB,
AKT, ERK 1/2, GSK38, NFkB, and PDK1), and cell proliferative
activity that culminated in tumor growth rates that were sub-
stantially slower (for example, more than 50%) than those of xe-
nografts inhibited by the ‘normal’ physiologic melatonin signal.
The apparent paradox of bright blue light during the day stim-
ulating a nearly 6-fold increase in the peak amplitude (approxi-
mately 900 pg/mL) of the nocturnal plasma melatonin surge over
the ‘normal’ nocturnal melatonin peak (approximately 150 pg/
mL) both in the present and our previous study® is not without
precedent. For example, other investigators noted similar find-
ings in nocturnal pineal levels of melatonin in male rats exposed
to bright sunlight (rich in blue wavelengths) over a 13-h day, as
compared with the light emitted by cool-white fluorescent lu-
minaires in an animal room for the same period of time during
the day:*” The underlying mechanism, however, by which either
light spectral transmittance (wavelength) or intensity during the
light phase induces enhanced melatonin production during the
subsequent dark phase of a 24-h day is unknown. In addition,
decreased long wavelength (red) was seen during the blue-tinted
spectral power distribution measurements (Figure 2) and cannot
be ruled out as a causative factor. The remarkably high nocturnal
levels of circulating melatonin concentrations observed here are
presumably due to a stimulation of melatonin synthesis, albeit a
concomitant inhibition of hepatic melatonin metabolism cannot
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be completely ruled out as a contributing factor. Interestingly, the
high melatonin concentrations achieved early in the dark phase
(at 2000) were equivalent to the peak levels reached 4 h later in
the control group during the middark phase (at 2400). Moreover,
the markedly elevated nocturnal melatonin levels persisted be-
yond the dark phase into the light phase (0800) by at least 4 h,
because they were still 30-fold higher than those in the controls
at the same circadian time point. Therefore, the early and robust
nocturnal rise in melatonin coupled with its high concentrations
well into the light phase prolonged the duration of the melatonin
signal and, in effect, extended the length of the ‘biological night’
into the daytime period. One might speculate that the extension
of elevated melatonin titers into the light phase could have been
attributed to ‘slower” hepatic melatonin metabolism relative to
pineal melatonin production. Because light has a gating effect on
pineal melatonin synthesis, melatonin levels would have been ex-
pected to plummet in response to lights-on at 0600 if the extended
melatonin duration was due exclusively to persistent, albeit, di-
minishing pineal melatonin production.

With the exception of the circadian rhythm for blood TFA, in-
cluding LA levels, all physiologic and metabolic rhythms in host
animals (prior to tumor implantation) were changed to a lesser or
greater degree in response to the altered spectral transmittance of
light of bright, blue-appearing light compared with broad-spec-
trum light during the light phase. Depending on the circulating
factor measured, the alterations included changes in rhythm am-
plitude, phasing, or duration or combinations of these circadian
rhythm characteristics. These altered rhythms appeared to be
completely independent from those generated by the suprachi-
asmatic nucleus in the dietary intake of TFA, which were nearly
identical for both the control and experimental groups, indicating
that the phasing of overall rhythmicity of the suprachiasmatic
nucleus was intact and unaffected by short wavelengths during
the light phase. This inference is further corroborated by the fact
that although the melatonin amplitudes were markedly different,
the acrophases of the suprachiasmatic-nucleus—driven melatonin
rhythms in both groups were identical.

In rats exposed to blue light, circadian oscillations in arterial
plasma glucose and lactate levels and in arterial pO, and pCO,
were, in general, phase-advanced by 4 h, whereas overall 24-h
integrated levels were decreased, as previously observed in fe-
male nude rats,'” suggesting lower rates of basal metabolism in
these animals as compared with the control group. Similarly,
circadian variations in the phasing, amplitude, and duration of
corticosterone, insulin, and leptin, which all have crucial effects
on whole-animal metabolism, were altered in response to expo-
sure to daytime short wavelengths, again corroborating the same
changes in these parameters demonstrated in our previous study
in nude female rats.”

Melatonin exerts regulatory effects on glucose and lactate me-
tabolism as well as on corticosterone, insulin, and leptin levels
in humans®®** and rats.'®* 44 Arguably, the marked circadian
changes in melatonin levels in rats exposed to blue light may
have been responsible for some of the circadian changes in these
hormones as observed in the present study in nude male rats and
our previous study in female nude rats. This contention is further
supported, in part, by our previous observations in nude rats'***
that the spectral transmittance of longer wavelength light through
either amber- or red-tinted cages resulted in circadian melatonin
as well as metabolic and hormonal profiles that markedly differed
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Figure 5. Diurnal changes in arterial blood (A) glucose, (B) lactate, (C) pO,, and (D) pCO, levels (mean + 1 SD; n = 12 per group) of male nude rats
maintained under either control (solid black circles) or experimental (solid blue triangles) lighting conditions. Rats were exposed to dark-phase light-
ing conditions from 1800 to 0600 (dark bars). Data are plotted twice to better visualize rhythmicity. Rhythmicity analysis (Table 3) revealed robust and
highly significant (P < 0.0001) rhythmic patterns for both control (A) and experimental (B) groups but a significantly disrupted (P < 0.05) phase pattern
only for rats in blue cages. *, Value differs significantly (P < 0.001, Student ¢ test) between experimental and control conditions; concentrations with

asterisks differ (P < 0.05) from concentrations without asterisks.

from the circadian profiles seen here and in our previous blue-
light study.”” This pattern suggests that each circadian response
is dependent on exposure to a specific wavelength as conveyed
to peripheral tissues by a corresponding wavelength-dependent
melatonin signature. Because the exact mechanism by which this
effect might occur is unknown, other wavelength-dependent but
melatonin-independent factors that influence circadian hormonal
and neural outputs from the suprachiasmatic nucleus should be
considered.

We have previously demonstrated that the ‘normal’ physiolog-
ic nocturnal blood concentrations of melatonin that peak during
the middark phase under 12:12-h light:dark conditions in animal
rooms are sufficient to significantly slow the rates of cell prolifera-
tion and overall growth of human breast cancer xenografts, which
are characteristically rapid during the daytime in the presence of
white fluorescent light.>?? This effect occurs via the ability of the
physiologic nocturnal melatonin signal to stymie the increased
activation of tumor signal transduction activity, LA uptake and
metabolism to 13-HODE, and the Warburg effect that normally

occurs during the light phase. Exposure of tumor-bearing rats
to dim light at night suppresses melatonin production nearly
completely, resulting in the further activation of signaling, me-
tabolism, and cell proliferation 24 h daily, thus culminating in a
more than 2-fold increase in tumor growth rates.>”121506 Con-
versely, in the current investigation, the marked suppression of
prostate cancer metabolism, signaling, and growth in response
to short wavelength light probably can be attributed primarily
to the rapid early dark-phase increase and extended duration of
the nocturnal melatonin signal rather than to its ‘exaggerated’
peak amplitude. The strong suppression of tumor growth and
metabolism was most likely due to the prolonged presence of
tumor-inhibitory blood levels of melatonin rather than to its in-
creased amplitude (nearly 5 nM) and is supported by the fact that
the inhibition of tumor proliferative activity and metabolism by
melatonin during short-term tumor perfusion in situ saturates at
approximately 1 nM (that is, 232 pg/mL).” Perhaps the enhanced
tumor inhibition would not have occurred in the same way had
the xenografts been exposed to a longer duration of elevated noc-
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Figure 6. Diurnal changes in plasma (A) corticosterone, (B) insulin, and
(C) leptin concentrations (mean * 1 SD; 1 = 12 per group) in the arterial
blood of rats maintained on either control (solid black circles) or experi-
mental (solid blue squares) lighting conditions. Data are plotted twice
to better demonstrate rhythmicity. Rats were exposed to dark-phase
lighting conditions from 1800 to 0600 (dark bars). Rhythmicity analysis
(Table 3) revealed robust and highly significant (P < 0.0001) rhythmic
patterns under control conditions, significant (P < 0.05) but disrupted
rhythmic patterns under experimental conditions for corticosterone,
insulin, and leptin. ¥, Value differs significantly (P < 0.001) between ex-
perimental and control conditions; concentrations with asterisks are dif-
ferent (P < 0.05) than concentrations without asterisks.

turnal melatonin levels as a result of rats being housed in a short
photoperiod (for example, 8:16-h light:dark photocycle).
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Figure 7. Effects on tissue-isolated PC3 human prostate cancer xeno-
grafts growing in nude male rats after implantation (day 0) in rats
housed in blue cages (solid blue triangles) compared with those in clear
cages (solid red circles). Each point represents the mean (£ 1 SD) esti-
mated tumor weight mean (1 = 12 per group). Tumor growth rates dif-
fered significantly (P < 0.001) between groups.

Currently, a standardized, single measurement unit for quanti-
fying light that regulates the circadian, neuroendocrine, and neu-
robehavioral effects of light is not available. A recent consensus
position was developed across many of the laboratories that have
studied wavelength regulation of the biologic and behavioral ef-
fects of light in rodents, humans, and other species for best prac-
tices for measuring and reporting experimental light stimuli.*’
With that consensus, a freely available web-based toolbox> was
provided that permits the calculation of the effective irradiance
experienced by each of the rodent ipRGC, cone, and rod photo-
receptors that are capable of driving circadian, neuroendocrine
and neurobehavioral effects.* It is interesting that the clear cages
transmit more total light to rats inside the cages but less effec-
tive stimulation to each of the retinal photoreceptors. Abundant
data have illustrated that the melanopsin-containing ipRGC are
anatomically and functionally interconnected with the rods and
cones that support vision. Physiologic responses to light reflect
input from all of the retinal photoreceptor classes, with the rela-
tive importance of each being labile within and between response
types. Therefore, the spectral sensitivity of this photoreceptive
system is fundamentally context-dependent.!630323335414248,49,53,61
It is important for different groups of investigators to use com-
monly accepted metrics for reporting spectral response functions
to be able to pool results, such as those shown in Table 1. As data
using this measurement system accumulate from different labo-
ratories, it will become possible to generate testable hypotheses
that predict the spectral characteristics for a targeted physiologic
response to light.

Light intensity, spectral quality, and duration are of para-
mount importance in regulation of mammalian circadian
rhythms. Variations in any of these parameters affect virtually
every biologic process associated with animal physiology and
metabolism. The nocturnal melatonin signal represents the in-
ternal zeitgeber responsible for normal host circadian rhythms
of metabolism, as well as tumor rhythms in metabolism, sig-
naling, and proliferation. The present investigation provides
compelling evidence for the hypothesis that supraphysiologic
nocturnal levels of melatonin, as evinced in rats exposed to blue
spectrum light during the daytime, may contribute to the circa-
dian reorganization of the host metabolic and hormonal milieu
as they greatly enhance the suppression of tumor metabolism,
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Table 4. Effects of daytime (0800 and 1200) and nighttime (2400) arterial blood plasma melatonin concentration on tumor cAMP level, TFA and LA

uptake, 13-HODE production, and tumor [*H]thymidine incorporation and DNA content (mean * 1 SD, n = 12) measured across PC3 human prostate
tumor xenografts in situ

TFA uptake LA uptake 13-HODE (ng/min/g)
cAMP (ug/min/g) (ug/min/g) [*H]thymidine DNA Plasma
(nmol/g (% of arterial (% of arterial Arterial Venous incorporation  content melatonin
tissue) supply) supply) supply output (dpm/pg DNA) (mg/g) (pg/mL)
Clear cages, 1.295+0.078 6.61 £1.08 1.52+0.12 not detectable 29.43+£1.98 45615 32+0.1 1.50 £ 0.40
0800 (30.4% £2.3%)  (31.0% £ 1.6%)
Blue cages, 0.758 £0.041 2.01£0.28* 0.74£0.11* not detectable 15.33 £0.99° 23.2+1.4° 2.8+£0.07¢ 31.24+2.34°
0800 (9.0% £1.2%) (10.1% £ 1.2%)
Blue cages, 1.307 £ 0.085*° 5.60 +1.81*0 1.54+£0.25**  not detectable 30.86 +2.31° 462+ 1.7° 32+0.1° 7.79+£1.81*
1200 (31.7% £2.9%) (31.0% £2.5%)

Blue cages,  0.394 +£0.058*»<  —0.05 £ 0.06*>* -0.02£0.03*»c not detectable not detectable*  5.6.+1.0°>  2.840.09°"< 968.3 + 102.2%b<
2400 (0.02% +0.03%)  (-0.2% % 0.3%)

Tumor weight, 7.40 + 0.28 g.

2P< 0.05 compared with value at 0800 for rats in clear cages.

P < 0.05 compared with value at 0800 for rats in blue cages

P <0.05 compared with value at 1200 for rats in blue cages

Table 5. Effects of daytime (0800 and 1200) and nighttime (2400) arterial blood melatonin concentration on arterial glucose supply and tumor uptake,

lactic acid production, and tumor pO, uptake and pCO, release (mean * 1 SD, 1 = 12 per group) measured across PC3 human prostate tumor xeno-
grafts in situ in rats of group A and B

Arterial Glucose uptake Lactic acid production pO,(mm Hg) pCO,(mm Hg)
glucose supply (ng/min/g) (umol/min/g) Artery — vein Artery — vein
(ng/min/g) (% of arterial supply) (% of arterial supply) (% of arterial supply) (% of arterial supply)
Clear cages, 0800 129+1.3 345+04 -25.56 £1.67 110.1+2.3 -33.0+1.4
(30.6% + 1.8%) (~205.3% + 4.2%) (69.9% + 4.2%) (~108.0% =+ 4.4%)
Blue cages, 0800 129+ 1.6 2.65+0.3 -19.40 +1.20° 96.8 +1.2° -26.6+1.2°
(22.6% % 2.1%) (153.4% =+ 7.3%) (61.2% =+ 0.7%) (86.1% = 4.3%)
Blue cages, 1200 16.1£1.8 3.30+0.3" -25.08 +2.10° 110.1+£1.4° -33.8x1.1
(29.7% + 1.0%) (-205.4% + 4.5%) (69.7% + 1.0%) (=110.3% % 1.0%)
Blue cages, 2400 53.3+4.5 1.41 £0.112b¢ -12.08 £ 0.60%0< 63.1£2.10%0< -169+1.0
(10.2% % 0.5%) (~108.5% + 3.1%) (45.4% =+ 1.5%) (=57.8% + 1.4%)

Tumor weight, 7.40 + 0.28 g.

2P< 0.05 compared with value for rats in clear cages.

*P < 0.05 compared with value at 0800 for rats in blue cages
P < 0.05 compared with value at 1200 for rats in blue cages

signaling activity, proliferative activity, and growth. Additional

A B c D studies in both rats and human subjects are warranted to better
s SEEE Geae AR P-AKT understand the potentially beneficial effects of daytime blue-
TEEE i e e FAKT light exposure and high nocturnal melatonin levels in the host

: and the inhibition of human tumor metabolic signaling mecha-
& | P-NF-K . . . . .
- t-NFK nisms, metabolism, and proliferative activity that could lead
- to novel therapeutic interventions and/or cancer preventive
SR e ememes  eowwe P-GSK3p measures.
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