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Since the advent of light-emitting diodes (LED), both the labo-
ratory animal science community and the international lighting 
industry have given much consideration to the use of this emerg-
ing technology. Currently, the most common light source used 
in vivaria and offices around the world is broad-band fluores-
cent white light, referred to as cool white fluorescent (CWF) light. 
LED light has many advantages over both CWF and incandes-
cent lighting, including higher efficiency (that is, illuminance per 
watt of power), lower heat production, and a significantly longer 
operating life.34 Furthermore, when its additional advantages of 
superior spectral control, sturdiness (solid state), size, and weight 
are considered, LED lighting offers the obvious long-term, in-
expensive alternative to conventional lighting. Interestingly, al-
though more animal supply companies and biomedical research 
institutions worldwide are embracing this new technology, little 

to no information is available regarding the long-term use of LED 
lighting and its potential effects on animal behavior, physiology 
and metabolism.

Light profoundly influences circadian, neuroendocrine, and 
neurobehavioral regulation in all mammals.2,3,13,38,54 The suprachi-
asmatic nucleus (SCN), the ‘master biologic clock’ located in the 
hypothalamus of the brain, is entrained by the daily light-dark 
cycle. Photobiologic responses that include circadian rhythms 
of metabolism and physiology, are mediated by chromophores, 
small organic molecules, contained within a small subset of 
retinal cells called intrinsically sensitive retinal ganglion cells 
(ipRGC)3,14,25,32, 47,50,55 Light quanta are detected by the chromo-
phore melanopsin mostly in the blue-appearing portion of the 
visible spectrum (465 to 485 nm) in both humans and rodents, 
and the photic information is transmitted to the SCN via the reti-
nohypothalamic tract. The SCN controls the daily pineal gland 
production of the circadian neurohormone melatonin (N-acetyl-
5-methoxytryptamine), resulting in high blood levels at night and 
low levels during daytime.36,42,51 The daily, rhythmic melatonin 
signal provides temporal coordination of normal behavioral and 
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spectrum with that of broad-spectrum CWF light on metabolic 
and physiologic measures of laboratory animal health and well-
being. Specifically, we examined the hypothesis that, compared 
with those of standard CWF lighting, the spectral characteristics 
(color) of bright blue-enriched LED light during the light phase 
not only amplifies the normal circadian nocturnal melatonin sig-
nal but also alters the circadian regulation of plasma measures of 
metabolism and physiology in male albino rats. Ultimately the 
goal of this research is to optimize lighting for homeostatic regu-
lation in laboratory animals, thus fostering improvement of their 
health and wellbeing.

Materials and Methods
Animals, housing conditions, and diet.  The male, nonpigment-

ed, inbred Buffalo rats (Rattus norvegicus; BUF/CrCrl; age, 3 to 5 
wk) used in this study were purchased from Charles River (Wilm-
ington, MA) and maintained in an AAALAC-accredited facil-
ity in accordance with The Guide for the Care and Use of Laboratory 
Animals.37 All procedures for animal use were approved by the 
Tulane University IACUC.

Rats were maintained as described below in autoclaved cages 
by using hardwood maple bedding (catalog no. 7090, Teklad Ma-
ple Sanichips, Envigo, Madison, WI; 2 bedding changes weekly). 
To ensure that all rats remained free from both bacterial and viral 
agents, serum samples from sentinel animals were tested quar-
terly (Multiplex Fluorescent Immunoassay 2, IDEXX Research 
Animal Diagnostic Laboratory, Columbia, MO) and during the 
course of this study, as described previously.19-21,58 Throughout 
the experiment, rats were measured daily for dietary and water 
intake and body weight changes. Animals were given free ac-
cess to diet (no. 5053 Irradiated Laboratory Rodent Diet, Purina, 
Richmond, IN) and acidified water. Quadruplicate determina-
tions of this diet contained 4.75 g total fatty acid (TFA) per 100 
g of diet composed of 0.70% myristic (C14:0), 13.75% palmitic 
(C16:0), 1.20% palmitoleic (C16:1n7), 3.60% stearic (C18:0), 24.10% 
oleic (C18:1n9), 50.20% linoleic (C18:2n6), 6.02% γ-linolenic, and 
0.25% arachidonic (C20:4n6) acids. Minor amounts of other FA 
comprised 0.18%. Conjugated linoleic acids and trans FA were not 
found. More than 90% of the TFA were in the form of triglycer-
ides; more than 5% was in the form of free fatty acids.

Caging, lighting regimens, and spectral transmittance mea-
surements.  After a 1-wk acclimation period under control 
lighting conditions (that is, CWF), rats were randomized into 
2 designated groups of 8 control (CWF) and 16 experimental 
(LED lighting) rats in standard translucent laboratory rodent 
cages (10.5 in. × 19.0 in. × 8.0 in.; wall thickness, 0.1 in.; 2 rats 
per cage). Standard rodent cages used in this study were pur-
chased from Ancare (polycarbonate translucent clear, catalog 
no. R20PC; Bellmore, NY). The SPF animals were maintained in 
environmentally controlled rooms (25 °C; 50% to 55% humid-
ity) with diurnal lighting (12:12 h light:dark; lights on, 0600). 
The CWF control animal room was lighted with a series of 2 
overhead luminaires containing 4 Philips standard soft, cool-
white (2700 lm; 4100 correlated color temperature) fluores-
cent lamps per ballast (F32T8TL841 [model no. 272484], Alto II  
Collection, 32 W, 48 in., series 800; Philips, Somerset, NJ). The 
experimental LED animal room was lighted with a series of 2 
overhead luminaires containing 4 LED lamps, high in emission 
of blue-appearing portion of the visible spectrum (465 to 485 nm; 
2650 lm; >5000 correlated color temperature), per ballast (12T8/

physiologic functions associated with the promotion of animal 
health and wellbeing.2,7,8,12,16-20,41,51,57,58 Therefore, light in an inten-
sity-, duration-, and wavelength- (spectral quality, or color) de-
pendent manner at a given time of day is essential to regulation 
of the molecular clock of the SCN.1,3,7-12

Previous epidemiologic studies in nightshift workers reveal 
that light-at-night exposure23,30,43,52 acutely suppresses endogenous 
melatonin levels, as occurs in most mammalian species8,10,36,41,42,51,52 
which may lead to various disease states, including obesity, 
metabolic syndrome5,59 and carcinogenesis.4-6,15,18 Our labora-
tory’s earlier light-to-night studies in tumor-bearing rats pro-
vided experimental support for these studies.4-6,15,18,21,22 Recently 
we demonstrated that relatively small changes in the spectral 
transmittance (color) of light that rodents experience during the 
light phase markedly influences the normal nighttime melato-
nin signal, leading to alterations in the temporal coordination of 
metabolism and physiology.16,19,20,58 Most notable was the finding 
that, in both male and female pigmented nude rats exposed to 
primarily blue light during daytime, nighttime melatonin lev-
els were nearly 6 times higher than those in animals exposed to 
full-spectrum CWF light. We also showed that the same daytime 
blue-light exposure that enhanced the nighttime melatonin levels 
so dramatically also significantly inhibited the metabolism, sig-
nal transduction activity, and growth of human prostate cancer 
xenografts in nude male rats.22 One way to expand the melatonin 
duration in the context of a 12-h dark phase is by using blue-en-
riched LED light to markedly increase the melatonin amplitude 
during the 12-h light phase. This possibility represents both hy-
perproduction and hypersecretion of melatonin, given that, fol-
lowing its synthesis, melatonin is released immediately into the 
bloodstream and cerebrospinal fluid.

A study in human subjects diagnosed with midwinter insom-
nia coupled with low nighttime melatonin levels 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 subjects.31 In a second study, 
exposure to blue-tinted (470 nm) LED light (100 lx) for a period of 
about 20 min in the morning after 2 sleep-restricted (6 h) nights 
led to earlier onset of the melatonin surge at nighttime.26

The 8th edition of the Guide for the Care and Use of Laboratory 
Animals (2011),37 as well as the several prior editions, focuses pri-
marily on retinopathy concerns in rodents relative to vivarium 
lighting. Little to no mention is made regarding circadian regula-
tion by light and lighting protocols in the brief section devoted 
to animal facility lighting. In addition, there is no information 
pertaining to different types of lighting, such as LED lighting, 
and their potential influence on animal health and wellbeing. 
Currently, research in this area is minimal, and a consistent and 
adequate method for quantifying light is unavailable, thus com-
plicating efforts to replicate experimental conditions and to com-
pare results across investigations. Therefore, our laboratory aims 
to thoroughly report all light measurements necessary to facilitate 
the replication of experimental conditions, including compre-
hensive spectral power distribution measurements, which are 
currently the most widely accepted methodology available in the 
lighting industry, thereby enabling comparison of results across 
investigations.

With these issues in mind, the overall purpose of this study was 
to compare the influence of daytime LED lighting, which is high 
in emission of blue-appearing, short-wavelength light in visible 
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Arterial blood collection. After 2 wk of the described lighting 
regimens, blood was drawn by cardiocentesis in a series of 6 low-
volume (> 0.5 mL) collections to obtain left ventricular arterial 
blood, as described previously,4-6,15-22 over a period of 30 d. Briefly, 
blood collections were designated at 4-h intervals to include the 
24-h feeding period; each animal was tested only once every 5 d 
to eliminate the effects on feeding, stress, and potential mortality. 
Whole-blood samples were measured for pH, pO2, pCO2, glu-
cose and lactate levels, and Hct by using an iSTAT1 analyzer and 
CG4+ and CG8+ cartridges (Abbott Laboratories, East Windsor, 
NJ). Values for glucose and lactate are reported as mg/dL and 
mmol/L, and the limits of detection for pH, pO2, pCO2, glucose, 
and lactate were, respectively, 0.01, 0.1 mm Hg, 0.1 mm Hg, 0.2 
mg/dL, and 0.01 mmol/L.

Tissue harvest.  Five days after the final arterial blood collec-
tion, all rats were euthanized by means of CO2 narcosis followed 
by exsanguination via the right carotid artery. Tissues (liver, fat 
muscle, heart, lungs, kidneys, adrenals, lower intestine [gut], and 
brain) were rapidly removed, snap-frozen under liquid nitrogen, 
and then stored at –85 °C until further analysis.

Melatonin analysis. Arterial plasma melatonin levels were mea-
sured by radioimmunoassay using the melatonin rat 125I radioim-
munoassay kit (catalog no. 01-RK-MEL2, Alpco, Salem, NH; lot 
no. 1429.18, prepared by Bühlmann Laboratories AG, Schönen-
buch, Switzerland) and analyzed by using a automated gamma 
counter (Cobra 5005, Packard, Palo Alto, CA), as previously de-
scribed.19-22,58 The minimal detection level for the assay was 1 to 2 
pg/mL plasma.

Fatty acid extraction and analysis. Arterial plasma and tissue 
TFA were extracted from 0.1 mL arterial and venous samples 
after the addition of heptadecanoic acid (C17:0), methylated, 
and analyzed by using gas chromatography as previously de-
scribed.4-7,15-22,58 Values for TFA represent the sum of the 7 major 
fatty acids (myristic, palmitic, palmitoleic, stearic, oleic, linoleic, 
and arachidonic acids) in the blood plasma. Tissue TFA and linole-
ic acid levels in control and experimental groups were extracted 
from 0.2 mL of 20% homogenates, as previously described.15,16,21,22 
The minimal detectable limit for the assay was 0.05 μg/mL.

ELISA of corticosterone, insulin, and leptin. Arterial plasma 
samples were prepared in duplicate for the measurement of 
corticosterone, insulin, and leptin levels by using corticoste-
rone (catalog no. 55-CORMS-E01; mouse/rat; protocol version 
4-09/11–ALPCO 9/13/11), insulin (catalog no. 80-INSRTH-E01; 
rat, high range; protocol version 2.0–12/2/11), and leptin (cat. 
#22-LEPMS-E01; mouse/rat; protocol version 030112 version10 –
ALPCO 2/29/12) chemiluminescent ELISA diagnostic kits (ALP-
CO, Salem, NH). Samples were measured by using a microplate 
reader (VersaMax, Molecular Devices, Sunnyvale, CA) at 450 nM. 
Detection sensitivity for corticosterone, insulin, and leptin plasma 
analyses were, respectively, 4.5 ng/mL, 0.124 ng/mL, and 10 pg/
mL; lower limits of the assays were 15 ng/mL, 0.15 ng/mL, and 
10 pg/mL, respectively; and the coefficient of variation of all as-
says was less than 4.0%.

Statistical analysis. Unless otherwise noted, all data are pre-
sented as mean ± 1 SD for 8 animals for the CWF control group 
and 16 animals for the LED experimental group. The nonpara-
metric JTK_CYCLE algorithm,35 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 statistical 
significance of 24-h cycling for each analyte, with adjustments for 

AMB/48 [model no. 9290011242], T 8 12 W, 48 in., Philips). Study 
lamps are shown in Figure 1. Animal rooms were completely de-
void of light contamination during the dark phase.4,5

Daily during 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, from 
within, and at the front of the animal cages. Irradiance measures 
were recorded by using an radiometer–photometer (IL-1400A, 
International Light Technologies, Peabody, MA) with a silicon-
diode detector head (model no. SEL033) with a wide-angle input 
optic (no. W6849) and a filter (no. 23104) that provided a flat re-
sponse across the visible spectrum. Illuminance measures used a 
silicon-diode detector head (model no. SEL033) with a wide angle 
input optic (no. W10069) and a filter (no. Y23104) to provide a 
photopic illuminance response. The meter and associated optics 
were calibrated annually, as described previously.5-11,15-22 Each day 
and at the same time (0800), prior to light intensity measurements 
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 no. 4 (last position 
at far right on the shelf) was moved to position no. 1 (first position 
at far left on the shelf). Although differences in light intensity, as 
measured outside and from within the front of each cage at each 
of the 4 positions, did not differ significantly, the daily cage shift 
further insured uniformity of intensity of ocular light exposure 
and accounted for the effects of any unforeseen subtle differences 
due to position on the rack shelf.

Under current convention, when discussing human and labo-
ratory animal environments, the term ‘lux’ (lx) is used 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 regulate circadian, neuroendocrine, or neu-
robehavioral physiology in animals or humans.12,13 Consequently, 
radiometric values of irradiance (μW/cm2) in the cages were mea-
sured by using the described radiometric detector. Given these 
standards, the light stimuli in the investigation reported here are 
presented in terms of lx and μW/cm2 for ease of understanding.

Spectral power measurements. The lamps were installed in an 
overhead T8 assembly in a light-proof room and then the spectral 
characteristics of each light source were taken separately by us-
ing a handheld spectroradiometer (FieldSpec, ASD, Boulder, CO) 
with a cosine receptor attachment. Spectral power distributions, a 
measure of the concentration (as a function of wavelength) of any 
radiometric quantity (that is, irradiance compared with wave-
length), were recorded when the meter was pointing directly at 
the lighting source at a distance of 30 cm with an exposure time 
of 1 s.

Calculation of effective rod, cone and melanopsin photorecep-
tor illuminances. To calculate the effective rodent rod, cone, and 
melanopsin photoreceptor illuminances, the light sources were 
entered into a Toolbox worksheet, a software model for rodent 
photoreception that is freely available online.48 The spectral pow-
er distributions for the experiments shown here were imported 
into the worksheet in 1-nm increments between 325 and 782 nm. 
Toolbox lists the rodent spectral range as extending to 298 nm, 
outside the range of the spectroradiometer used in this study; 
therefore, according to Toolbox instructions, values between 298 
nm - 325 nm were manually changed to 0.
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(P < 0.05) between the rats maintained under either the CWF or 
LED lighting regimen during the course of this study. Mean (n = 
87 measurements) daily dietary intake for CWF and LED groups, 
respectively, were 15.9 ± 0.1 and 13.1 ± 0.5 g per 100 g of body 
weight daily, representing a 23.1% ± 2.5% increase in average 
daily dietary intake of CWF over LED animals. Water intake was 
21.9 ± 0.9 and 17.8 ± 1.0 mL per 100 g of body weight daily for the 
CWF and LED groups, respectively. The mean (n = 87 measure-
ments per group) body growth rate for groups CWF and LED, 
respectively, were 4.7 ± 0.6 and 2.5 ± 0.1 g daily.

Plasma melatonin levels. Circadian rhythms in concentrations 
of plasma melatonin for rats in CWF and LED lighting are shown 
in Figure 2. 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 (Table 2). How-
ever, either the peak height or phase duration of the nocturnal 
melatonin signal differed between the 2 groups of rats. Melatonin 
levels in the LED group began to rise rapidly after the onset of the 
dark phase, reaching the peak of those in CWF group (control) 
by 2000. However, the peak dark-phase melatonin level for rats 
in the LED group (that is, at 2400) was more than 7-fold higher (P 
< 0.0001) than that in control rats at the same time point. Arterial 
plasma melatonin levels remained more than 3-fold higher (P < 
0.05) in LED compared with CWF, 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 LED rats (1652.1 pg/mL) were more than 
7-fold higher than those of animals in CWF (228.6 pg/mL; P < 
0.001).

Plasma measures of TFA and linoleic acid. Circadian rhythms 
in the concentrations of arterial blood plasma TFA and linoleic 
acid were measured in rats with free access to the food (Figure 3).  
The plasma pattern of lipid levels in the experimental LED rats 
followed that of the control animals, which was reported ear-
lier.4,5,15-18 Total TFA and linoleic acid areas assessed over the 24-h 
day for curves shown, however, differed significantly (P < 0.05) 
from one another at 16.0 and 5.6 mg/mL (CWF controls) and  
15.2 and 5.2 mg/mL (experimental LED animals), respectively. 
Circadian cycling was evident for both groups, with a severely 
dampened amplitude during daytime (Table 2).

Arterial blood glucose, lactate, acid-gas levels. Figure 4 depicts 
the 24-h rhythms in levels of arterial blood glucose, lactate, pO2, 
and pCO2 levels in the male rats from both groups. Phase shifts 

multiple comparisons. This algorithm also was used to estimate 
phase (time of peak levels) and amplitude of cycling. Statistical 
differences between mean values in group LED compared with 
the control CWF group at each circadian time point were assessed 
by using an unpaired Student t test. A P value of less than 0.05 
was considered to indicate a significant difference compared with 
baseline values within each group.

Results
Animal-room illumination and T8 light spectral comparison. 

Animal room illumination during the daytime at the center each 
room and at 1 m above the floor (with the detector facing upward 
toward the luminaires) varied minimally (n = 240 measurements). 
Illuminance and irradiance values were 500.68 ± 11.24 lx (200.27 
± 4.50 µW/cm2) in the control CWF room and 494.52 ± 12.24 lx 
(197.81 ± 4.88 µW/cm2) in the experimental LED room. Measure-
ments of photometric illuminance (lx) and radiometric irradi-
ance (μW/cm2) within the cages of each group are a result of a 
mean of the values taken at 6 locations within the cages with the 
detector facing forward (front, center, and rear on right and left 
sides of cage) at all cage positions to accurately account for actual 
ocular light levels within the cages independent of the animal 
location. Average interior ocular light levels showed little to no 
intercage or intergroup variability (n = 1296 measurements) and 
are reported here for the CWF and LED groups, respectively, at 
168.13 ± 5.35 lx (67.25 ± 2.14 µW/cm2) and 165.25 ± 5.20 lx (66.25 
± 2.08 µW/cm2). Normalized spectral power distributions of the 
T8 lights used in this study are shown (Figure 1). The fluorescent 
lamp shows signature peaks in the appropriate wavelengths (545 
nm and 612 nm) for this type of light. The LED lamp shows a 
standard blue-weighted phosphor spectral power distribution 
with a peak at 448 nm. In terms of total energy in the 465- to 485-
nm range, the LED lamp had more than 50% greater emissions 
than did the CWF lamp. Table 1 provides the calculated photon 
flux, irradiances, and weighted rodent photopigment illumi-
nances for both lights used in the study. The data illustrate that, 
although photon flux and irradiance are similar in the 2 lights, 
there are marked differences (P < 0.05) in stimulation of the ro-
dent photoreceptors. In terms of the potential light stimulation 
to the melanopsin containing ipRGC, the LED lamp was calcu-
lated to have more than 30% greater emissions compared with the  
CWF lamp.

Animal food and water intakes and growth measurements. Food 
and water intakes and body growth rates differed significantly 

Figure 1. Normalized spectral power distributions of the cool white fluorescent (CWF; left panel) and blue-enriched light emitting diode (LED; right 
panel) lamps. CCT, color-correlated temperature.
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Circadian rhythms in arterial pO2 and pCO2 (Figure 4 C and 
D) followed similar trends as the glucose and lactate rhythms. 
Peak values of arterial pO2 occurred at 1600 in control CWF and 
experimental LED rats, with a nadir at 2400. Values over the 24-h 
day were significantly (P < 0.05) higher in the CWF group com-
pared with the LED group (Table 2). The calculated mean daily 
arterial pO2 assessed over the 24-h day (Figure 4 C) was 149.3 ± 
3.1 mm Hg for the CWF rats and 146.1 ± 2.1 mm Hg in those in 
experimental LED (n = 72 measurements; P < 0.05). The calculated 
mean daily arterial pCO2 assessed over the 24-h day (Figure 5 D) 
was 30.9 ± 0.3 mm Hg for the CWF group and 29.1 ± 0.4 mm Hg 
for the LED group (P < 0.05; n = 72 measurements).

Arterial blood pH, O2 saturation, and Hct remained relatively 
constant for both groups over the 24-h day, at 7.4 ± 0.1, 99.1% 
± 0.02%, and 45.6% ± 0.07% (n = 72), respectively. These values 
are consistent with the carotid arterial values determined during 
previous cardiocentesis investigations at this time of day.5,15-18,19-22

Plasma measures of corticosterone, insulin, and leptin. Figure 5 
A depicts 24-h rhythms in concentrations of arterial blood plasma 
corticosterone. Plasma corticosterone levels revealed clear dif-
ferences between the CWF and LED groups with regard to in-
tegrative concentrations, and the amplitude of the 2nd peak in 
the LED group was significantly lower (P < 0.05) that than of the 
CWF group (Table 2). 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 con-
trol groups (secondary peak; P < 0.05), 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 CWF rats), de-
creasing to a nadir at 0800 for both groups. Integrated plasma 
corticosterone concentrations calculated over the 24-h day were 
520.4 ± 4.2 ng/mL in the CWF animals as compared with 311.4 ± 
4.6 nmol/L in LED animals.

Plasma concentrations of insulin (Figure 5 B) showed clear in-
tergroup differences with regard to 24-h rhythms (Table 2) and in-
tegrative levels. Values for arterial plasma insulin in CWF animals 
were at their highest levels at 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 to 1600). Rats in LED group showed peak insulin levels at 
2 h prior to onset of the light phase (0400), with a second, minor 
peak occurring at 1200; in addition, these peaks were lower and 
phase-advanced 4 h compared with those in controls (Table 2). 
Whereas control rats experienced a rapid increase to peak insulin 
levels at 0800, followed by a rapid decline, this process was more 
protracted in the LED group, with insulin gradually increasing 
over an 8-h period after the onset of dark phase, 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). Integrated mean plasma 

were determined by comparing the peak values (acrophases) be-
tween the rats in LED (experimental) and CWF lighting regimens. 
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 ex-
ample, from 0800 to 1200), as compared with control values. Daily 
rhythms for arterial glucose and lactate concentrations (Figure 
4 A and B) were nearly similar between groups, with peaks for 
both constituents occurring at 1200 and 2000 for the control rats 
but phase-advanced 4 h at 0800 with a secondary minor peak at 
2000 in the LED group (Table 2). However, values over the 24-h 
day were higher (P < 0.05) in control rats compared with those in 
the LED experimental group. The average mean blood glucose 
concentration calculated over the 24-h day was 152.6 ± 3.6 mg/dL 
for the control group and 137.8 ± 4.1 mg/dL for the experimental 
group (P < 0.05). The average mean blood lactate concentration 
calculated over the 24-h day for control CWF and experimental 
LED groups, respectively, were 1.2 ± 0.1 and 1.1 ± 0.1 mmol/L (P 
< 0.05).

Table 1. Light sources used in this study

Radiometric and photometric values 
(380–780 nm, inclusive)

Retinal photopigment-weighted illuminances 
(α-opic lux)

Photon flux  
(photons/cm2/s)

Irradiance  
(µW/cm2) S cone Melanopsin ipRGC Rod M cone

White fluorescent (4100 CCT) 2.39 × 1015 854 108 1424 1701 1887

White LED (5000 CCT) 2.33 × 1015 839 12 1853 1998 2084

CCT, correlated color temperature

Figure 2. Circadian plasma melatonin levels (mean ± 1 SD) of male 
nonpigmented Buffalo rats (n = 12 per group) maintained for 6 wk in 
standard polycarbonate, translucent, clear cages under CWF (controls, 
solid black circles) or LED (experimental, solid blue squares) lighting 
with a 12:12-h light:dark photoperiod. Both groups were exposed simi-
larly during the light phase (300 lx; 123 µW/cm2); during the 12-h dark 
phase lighting conditions from 1800 to 0600 (dark bars), animals were 
exposed to no light at night. Data are plotted twice in panels to bet-
ter demonstrate rhythmicity and clarity of scale. Dark bars indicate the 
period of darkness. Rhythmicity analysis (Table 2) revealed robust and 
highly significant (P < 0.0001) rhythmic patterns under control light-
ing conditions for both groups, with 9.6-fold and 53.3-fold increases in 
nighttime amplitude compared with daytime amplitudes in CWF and 
LED rats, respectively, and a 5.6-fold increase in amplitude observed 
in LED-exposed rats compared with controls at 2400 (P < 0.001; Stu-
dent t test). Concentrations with asterisks (black, CWF peaks; blue, LED 
peaks) differ (P < 0.05) from concentrations without asterisks.
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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 
in the experimental group were phase-advanced 4 h compared 
with those in controls. Nadirs in blood leptin concentrations were 
achieved at 0800 and 2000 in both groups of rats. Integrated plas-
ma leptin concentrations calculated over the 24-h day were 1.7 
± 0.0 ng/mL in CWF control rats and 1.6 ± 0.0 ng/mL in rats in 
LED group.

Major metabolic tissue total fatty acid and protein content.  
Figure 6 depicts the tissue TFA and protein contents of the major 
metabolic organs of rats in the control CWF and experimental 
LED groups. TFA levels (mg/g) in liver, adipose (fat), hind limb 
skeletal muscle, heart, lung, kidney, adrenal glands, small intes-
tine (gut), and brain tissues were significantly higher (P < 0.05) in 
rats of the CWF group compared with those of the LED group, 
with adrenal glands revealing the lowest (13.1%) and muscle tis-
sue the highest (29.3%) percentage decrease in TFA in LED com-
pared with CWF groups. Overall, the mean of combined tissue 
TFA levels in the CWF control group was 21.9% ± 6.9% higher 
than that of the LED experimental group. Conversely, with the 
exception of adipose, kidney, and brain tissues, protein content 
(mg/g) was significantly higher (P < 0.05) in all other tissues of 
LED compared with CWF rats. Overall mean of combined protein 
content was 11.8% ± 2.9% higher in LED compared with CWF 
group.

Discussion
We previously reported that in male nude rats housed in blue-

tinted cages, blue-appearing light during the daytime mark-
edly amplified the nocturnal melatonin signal and markedly 
reduced human PC3 prostate xenograft metabolism, signaling 
activity, and growth compared with animals housed in clear 
cages.22 Given these observations, we tested the hypothesis that 
LED light, enriched in the blue-appearing portion of the visible  
spectrum, similarly enhances circadian nocturnal melatonin 
levels and alters the circadian patterns of plasma measures of 
physiology and metabolism. To test this hypothesis, LED lumi-
naires with 30% greater emissions for stimulating melanopsin-
containing ipRGC were compared with standard fluorescent 

insulin concentrations calculated over the 24-h day were signifi-
cantly different (P < 0.001), at 6.2 ± 0.1 ng/mL for rats in CWF 
group and 5.3 ± 0.1 ng/mL for those in LED group.

Plasma concentrations of leptin (Figure 5 C) revealed clear in-
tergroup differences with regard to 24-h rhythms (Table 2) 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, 

Table 2. Summary of JTK_CYCLE analysis for rats maintained in control CWF and experimental LED lighting environments

Estimated peak phasea

Phase shiftb (h)

Amplitudea

Fold changeb

Q value for circadian cyclinga

CWF LED CWF LED CWF LED

Corticosterone 2100 2100 0 26.25 7.88 −3.33 7.08 × 10–4 3.22 × 10–2

Glucose 1400 1700 3 4.31 5.87 1.36 2.46 × 10–7 3.22 × 10–2

Insulin 0500 0400 −1 0.13 0.08 −1.63 2.48 × 10–4 3.27 × 10–3

Lactate 1400 1600 2 0.06 0.06 1.00 8.57 × 10–5 4.03 × 10–4

Leptin 2200 2100 −1 0.05 0.06 1.20 4.61 × 10–4 3.84 × 10–1

Linoleic acid 0400 0400 0 382.54 383.25 1.00 9.07 × 10–16 3.52 × 10–20

Melatonin 0200 0200 0 14.90 107.61 7.22 1.22 × 10–14 9.56 × 10–20

pCO2 1300 1300 0 1.56 1.27 −1.22 2.64 × 10–1 8.74 × 10–2

pO2 1600 1400 −2 9.19 7.07 −1.30 4.64 × 10–12 1.63 × 10–9

Total fatty acids 0400 0400 0 1123.59 1123.59 1.00 5.01 × 10–20 1.46 × 10–20

aPhase-, amplitude-, and multiple-testing-adjusted P value (Q) estimated by JTK_CYCLE analysis with a fixed 24-h period and using original units as 
described in the text.
bPhase difference and fold change are for the LED group relative to the CWF group. A decrease in LED amplitude with regard to CWF is a negative 
value (—); an increase is represented by a positive value.

Figure 3. Circadian changes in the blood plasma total fatty (TFA) and 
linoleic (LA) levels (mean ± 1 SD) of male nonpigmented rats (n = 12 
per group) maintained fed normal chow ad libitum and maintained on 
either control CWF (TFA, solid black circles; LA, solid black triangles) 
or experimental LED (TFA, solid blue squares; LA solid inverted blue 
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; n = 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 2) revealed robust and 
highly significant (P < 0.0001) rhythmic patterns under baseline lighting 
conditions for both groups, with greater than 6-fold increases in night-
time amplitude in both groups. Concentrations with asterisks (black, 
CWF peaks; blue, LED peaks) differ (P < 0.05) from concentrations with-
out asterisks.
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lights in the laboratory animal science and biomedical research 
fields today. However, little is understood about their long-term 
effects on animal physiology and metabolism. The apparent 
anomaly of blue-enriched LED light during the day stimulating 
a 7-fold increase in the peak amplitude (approximately 1050 pg/
mL) of the nocturnal plasma melatonin surge over the normal 
nocturnal melatonin peak (approximately 150 pg/mL) is not 
completely without precedent. One earlier study noted similar 
findings of significantly elevated nighttime pineal gland levels in 
male rats exposed to bright, daytime natural sunlight (enriched in 
blue-appearing, short-wavelength light) over 13-h compared with 
CWF light in animal rooms over the same period of time;44 the 
underlying mechanism was not determined, however. Although 
intensity and duration each may play a role, decreased red- and 
increased blue-appearing light, as shown in the spectral power 
distribution measurements (Figure 1), cannot be ruled out as a 
causative factor.

luminaires used in laboratory animal housing facilities. This 
study is the first to show that long-term exposure to daytime 
blue-enhanced LED lighting, compared with standard CWF light-
ing, resulted in a markedly augmented amplitude and extended 
duration of the nocturnal melatonin signal that was associated 
with alterations in the circadian dynamics of important plasma 
indicators of neuroendocrine, metabolic, and physiologic homeo-
static stability normally associated with optimal animal health and  
wellbeing.2,7,8,12,16-20,41,51,57,58

Globally, institutions are currently embracing new blue-en-
riched LED lighting technology over older lighting technologies, 
including incandescent lighting and the most commonly used 
standard broad-band CWF lighting. A number of factors have 
contributed to this change, including higher efficiency, lower heat 
production, and a significantly longer operating life than those of 
conventional luminaires.34 The standard CWF and LED T8 lamps 
used in the present study are some of the most commonly used 

Figure 4. Circadian changes in arterial blood (A) glucose, (B) lactate, (C) pO2, and (D) pCO2 levels (mean ± 1 SD; n = 12 per group) of male rats main-
tained on either control (solid black circles), or experimental (solid blue squares) lighting conditions. Rats were exposed to dark-phase lighting condi-
tions from 1800 to 0600 (dark bars). Data are plotted twice to better visualize rhythmicity. Rhythmicity analysis (Table 2) revealed robust and highly 
significant (P < 0.0001) rhythmic patterns for both control (CWF) and experimental (LED) groups but a significantly disrupted (P < 0.05) phase pattern 
for the LED group. *, P < 0.001 experimental (LED) with control (CWF) conditions (Student t test); concentrations with asterisks (black, CWF peaks; 
blue, LED peaks) differ (P < 0.05) from concentrations without asterisks.
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resulting from hyperactivation of arylalkylamine-N-acetyl trans-
ferase, the rate-limiting enzyme in the melatonin synthetic path-
way.42 However a concomitant inhibition of hepatic melatonin 
metabolism cannot be ruled out as a contributing factor. The high 
plasma concentrations achieved in the LED group early in the 
dark phase (2000) were nearly equivalent to the peak levels at-
tained 4 h later in the control CWF group (2400). Furthermore, 
significantly elevated nocturnal melatonin concentrations per-
sisted well beyond the dark phase into the light phase (0800) by 
more than 4 h, given that they were still 30-fold higher than those 
at the same circadian time point in control rats. In effect, the early 
and robust nighttime rise in melatonin with high levels extending 
well into the light phase effectively extended the ‘biological night’ 
into the daytime. The extension of elevated melatonin levels into 
the light phase could have been attributed to a reduced hepatic 
metabolism rather than elevated pineal melatonin production.22 
Under normal circumstances, light has a gating effect on the  
synthesis of melatonin by the pineal gland; therefore melatonin 
levels would have been expected to decrease rapidly in response 
to the onset of light phase (0600) if the extended duration in mela-
tonin levels had been solely due to persistently enhanced pineal 
melatonin production.

The elevated nocturnal levels of circulating melatonin observed 
in the experimental LED group are presumably due to a hyper-
stimulation of pineal melatonin production or secretion, perhaps 

Figure 5. Circadian changes in plasma (A) corticosterone, (B) insulin, 
and (C) leptin concentrations (mean ± 1 SD; n = 12 per group) in the arte-
rial blood of rats maintained on either CWF control (solid black circles) 
or LED, experimental (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). Rhythmic-
ity analysis (Table 2) 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 corti-
costerone, insulin, and leptin, *, P < 0.001 LED compared with control 
CWF conditions. Concentrations with asterisks (black, CWF peaks; 
blue, LED peaks) differ (P < 0.05) from concentrations without asterisks.

Figure 6. Tissue (A) total fatty acid (TFA) and (B) protein concentra-
tions in CWF light (solid black bar) compared with LED (solid blue bar) 
groups in liver, adipose (epigastric fat depot), hindlimb skeletal muscle, 
heart, lung, kidneys, adrenal, small intestine [gut], and brain tissues. 
Each bar represents the mean ± 1 SD (n = 12 per group). Concentrations 
with asterisks differ (P < 0.05) from concentrations without asterisks.
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our previous blue-light study.22 This observation 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 may occur is unknown, other 
wavelength-dependent but melatonin-independent factors that 
influence circadian hormonal and neural outputs from the SCN 
should also be considered.

As mentioned earlier, a standardized, single measurement unit 
is currently unavailable for quantifying light that regulates the 
circadian, neuroendocrine, and neurobehavioral effects of light. 
Recently, a consensus position statement was developed among 
many of the laboratories that have studied wavelength regulation 
of the biologic and behavioral effects of light in rodents, humans 
and other species for best practices for measuring and report-
ing experimental light stimuli.47 Included within that consensus 
statement is a freely available web-based Toolbox35 that permits 
calculation of the effective irradiance experienced by each of 
the rodent ipRGC, cone, and rod photoreceptors that is capable 
of driving circadian, neuroendocrine, and neurobehavioral ef-
fects.37 CWF luminaires emit slightly higher light irradiances to 
rats inside the cages but less effective stimulation to each of the 
retinal photoreceptors. Abundant data have illustrated that the 
melanopsin-containing ipRGC are anatomically and function-
ally interconnected with the rods and cones that support vision. 
Physiologic responses to CWF or LED light reflect input from 
all of the retinal photoreceptor classes, with the relative impor-
tance of each being labile within and between response types. 
Therefore, the spectral sensitivity of this photoreceptive system is 
fundamentally context-dependent.1,14,27-29,32,39,44,49,50,58 It is important 
(and essential to ‘best practices’) for different groups of investi-
gators to use commonly 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 emerge from 
different laboratories, it will become possible to generate testable 
hypotheses that predict the spectral characteristics for a targeted 
physiologic response to light from various sources, including 
CWF and LED lighting.

Light intensity, spectral quality, and duration and timing are 
essential in the regulation of mammalian circadian rhythms, 
and variations in any of these parameters affect virtually every 
biologic process associated with animal physiology and metabo-
lism. The nocturnal melatonin signal represents a critical internal 
zeitgeber, or synchronizer, that is responsible for the normal cir-
cadian rhythms of metabolism and physiology in experimental 
rodents and thus influences animal health and wellbeing and the 
outcome of scientific investigations. The present study provides 
compelling evidence for the hypothesis that supraphysiologic 
nocturnal levels of melatonin, as evinced in animals exposed to 
blue-enriched LED light during daytime, may contribute to the 
circadian reorganization of the metabolic and hormonal milieu. 
Additional studies in both rats and human subjects are warranted 
to better understand the potentially beneficial effects of daytime 
blue-enriched LED light exposure and high nocturnal melatonin 
levels in optimizing the homeostatic control of animal health and 
wellbeing.
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The circadian rhythm for all physiologic and metabolic 
rhythms in the experimental animals was changed to a lesser or 
greater degree in response to the altered spectral characteristics 
of blue-enriched LED light compared with broad-spectrum CWF 
light during the light phase. Depending on the circulating factor 
measured, the alterations included changes in rhythm amplitude, 
phasing, or duration, or combinations of these circadian rhythm 
characteristics. These altered rhythms appeared to be completely 
independent from the SCN-generated rhythms in dietary intake 
of TFA,4 which were nearly identical for both the control and ex-
perimental groups, indicating that the phasing of overall SCN 
rhythmicity was intact and not affected by short wavelengths 
during the light phase. This interpretation was further corrobo-
rated by the fact that although the melatonin amplitudes were 
markedly different, the acrophases of the SCN-driven melatonin 
rhythms for both groups were identical.

Circadian oscillations in arterial plasma glucose, lactate, pO2, 
and pCO2 levels were, in general, nearly identical, with the ex-
ception of the 0800 time point for glucose and lactate phase-ad-
vanced by 4 h in LED animals, whereas overall 24-h integrated 
levels were lower in rats exposed to LED compared with CWF 
lighting, as previously observed in female nude rats16 suggesting 
lower rates of basal metabolism in these animals as compared 
with the control CWF group. Similarly, circadian variations in the 
phasing, amplitude, and duration of corticosterone, insulin, and 
leptin, which all have critical effects on whole-animal metabo-
lism, also were altered in response to exposure to daytime short 
wavelength-enriched LED light, again corroborating the same 
changes in these parameters demonstrated in our previous study 
in nude female rats.16

TFA concentrations in all the major metabolic tissues examined 
in the current study were significantly higher in the CWF con-
trols compared with the LED-exposed experimental animals. This 
result follows a trend of increased dietary intake of the CWF an-
imals compared with that of the LED animals. With minor excep-
tions (that is, adipose, kidney, and brain tissues), overall protein 
levels (mg per g of tissue) of most organs examined, particularly 
skeletal muscle (corresponding to lean body mass), was sustained 
and even slightly increased in LED compared with CWF rats as 
the animals aged. These trends, as previously shown in both hu-
mans52 and albino rats,56 strongly suggest that the rats in the LED 
experimental group may not have been aging as rapidly as those 
of the CWF group. A previous study56 demonstrated that daily 
melatonin supplementation to middle-aged rats inhibited body 
weight, reduced epigastric fat, and lowered both plasma leptin 
and insulin concentrations independent of food intake. Therefore, 
the markedly elevated and extended nocturnal melatonin levels 
may have been responsible for the more youthful metabolic phe-
notype observed in LED-exposed rats.

Melatonin exerts regulatory effects on glucose and lactate 
metabolism, as well as corticosterone, insulin, and leptin in hu-
mans9,40,47 and rats.16,21,24,25,40,47 Arguably, the marked circadian 
changes in melatonin levels in animals exposed to LED may have 
been responsible for some of the circadian changes in these con-
stituents, as observed in the present study in male albino rats 
and our previous study in female nude rats.16 This contention is 
further supported by our previous observations in nude rats,16,20,21 
in which the spectral transmittance of longer wavelength light 
through either amber- or red-tinted cages resulted in circa-
dian melatonin as well as metabolic and hormonal profiles that 
markedly differed from the circadian profiles seen here and in 
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