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Abstract: Recent studies have suggested the possibility that nocturnal light exposure affects many 
biological processes in rodents, especially the circadian rhythm, an endogenous oscillation of 
approximately 24 h. However, there is still insufficient information about the physiological effects of 
nocturnal light exposure. In this study, we examined the changes in gene expression and serum 
levels of plasminogen activator inhibitor-1 (PAI-1), a major component of the fibrinolytic system that 
shows typical circadian rhythmicity, in C3H/He mice. Zeitgeber time (ZT) was assessed with reference 
to the onset of light period (ZT0). Exposure to fluorescent light (70 lux) for 1 h in the dark period 
(ZT14) caused a significant increase in hepatic Pai-1 gene expression at ZT16. Serum PAI-1 levels 
also tended to increase, albeit not significantly. Expression levels of the typical clock genes Bmal1, 
Clock, and Per1 were significantly increased at ZT21, ZT16, and ZT18, respectively. Exposure to 
nocturnal light significantly increased plasma adrenalin levels. The effects of nocturnal light exposure 
on Pai-1 expression disappeared in adrenalectomized mice, although the changes in clock genes 
were still apparent. In conclusion, our results suggest that nocturnal light exposure, even for 1 h, 
alters hepatic Pai-1 gene expression by stimulating the adrenal pathway. Adrenalin secreted from 
the adrenal gland may be an important signaling mediator of the change in Pai-1 expression in 
response to nocturnal light exposure.
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Introduction

Recent studies have suggested that many biological 
processes in mammals, including the absorption and 
metabolism of ingested compounds, display an endog-
enous oscillation of approximately 24 h (circadian 
rhythm) [32]. This implies that the biological effects of 
the ingested compounds may vary according to the time 

of ingestion [2, 13, 15, 27, 28]. Therefore, it is important 
to determine when the target compounds should be ad-
ministrated as well as their amounts. When conducting 
experiments using nocturnal rodents, researchers often 
need to perform some tasks, such as nutrient/drug ad-
ministration, in a dark environment. However light is a 
dominant stimulus for entraining mammalian circadian 
rhythms [12, 30] and exposure to nocturnal light might 
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disturb many biological processes. Therefore, the fluo-
rescent lights should not be turned on and the procedures 
are instead conducted under a dim red light [15, 19, 32] 
because rodents, including mice, are largely insensitive 
to red light (wavelength >650 nm) [7, 16]. Despite these 
practices, there is limited information about the effects 
of nocturnal light exposure on biological processes dis-
playing a circadian rhythm.

The plasminogen activator (PA) system plays an im-
portant role in vascular homeostasis and constitutes a 
critical response mechanism to cardiovascular injury, 
such as myocardial infarction. Plasminogen activator 
inhibitor-1 (PAI-1) is one of the major components of 
the PA system [22]. Because the half-life of plasma PAI-
1 is relatively short, circulating PAI-1 concentrations are 
regulated at the gene expression level [33], and the Pai-
1 gene is highly expressed in peripheral tissues, such as 
the liver, adipose tissue, heart, and kidney [20, 25, 26]. 
Blood PAI-1 levels show a typical circadian oscillation, 
reaching peak levels just before the active period in both 
humans and rodents [3, 23, 24]. Its gene expression pro-
file also seems to display a typical circadian oscillation 
[25]. These findings led us to hypothesize that nocturnal 
light exposure might affect the gene expression and cir-
culating levels of PAI-1, and consequently disturb the 
PA system.

In the present study, we examined the effects of noc-
turnal light exposure on hepatic Pai-1 gene expression 
and serum PAI-1 levels in mice. We also analyzed the 
changes in expression levels of typical clock genes, such 
as circadian locomotor output cycles kaput (Clock) in 
the liver. The primary reason focusing on the liver is that 
this peripheral organ is the major site of PAI-1 synthesis 
in response to physiological signals, such as glucocor-
ticoids and catecholamines [9]. We also measured serum 
glucocorticoid levels, the rodent analog of corticoste-
rone, and plasma catecholamines (adrenalin and nor-
adrenalin). Because glucocorticoids and catecholamines 
are secreted from the adrenal grand, we also examined 
the effects of adrenalectomy (ADX) on the changes in 
hepatic Pai-1 gene expression in response to nocturnal 
light exposure. We used C3H/He mice in this study be-
cause this strain displays a high-amplitude melatonin 
rhythm that modifies circadian rhythms by altering the 
phase of the biological clock, whereas melatonin is un-
detectable in other commonly used mouse strains, such 
as BALB/c and DBA/2 mice [18, 21].

Materials and Methods

Animals
Male C3H/He mice (4 weeks old) were purchased 

from Japan SLC (Shizuoka, Japan), and five mice were 
housed per cage (338 × 225 × 140 mm). The mice had 
free access to a certified control diet (MF, Oriental Yeast 
Co., Tokyo, Japan) and tap water in the animal-care room 
that was controlled at 23 ± 1°C and 60% humidity under 
a 12-h light/12-h dark cycle. High color rendering fluo-
rescent lamps (20 W, FL20S∙N-EDL, Toshiba Lighting 
& Technology Co., Kanagawa, Japan) were used as the 
light source for the light period and nocturnal light ex-
posure. The lights were installed on the ceiling and had 
a luminance of 70 lux on the floor. To ensure all cages 
were exposed to a uniform light intensity, each cage was 
put in a foam plastic box and placed on the floor. In this 
study, a dim red lamp (1 lux) without spectral radiance 
of <650 nm was turned on all day, including the light 
period, to allow the researchers to work efficiently dur-
ing the dark period without affecting the mice [7, 16]. 
Additional 4-week-old male C3H/He (Japan SLC) un-
derwent ADX or sham surgery (sham). To prevent the 
expected loss of sodium, which occurs because of ADX, 
the ADX mice were given 0.9% sodium chloride in their 
drinking water throughout the experimental period. All 
experimental procedures were carried out in strict ac-
cordance with the recommendations of the American 
Association for Laboratory Animal Science. The proto-
col was approved by Animal Experiments Ethics Com-
mittee of the University of Shizuoka. In this study, ether 
was used as an anesthesia to minimize stress responses 
during handling and injections, because Croft et al. re-
ported that the stress response was evident within 5 min 
after saline injections [8]. To protect against the effects 
of ether, the dissections were carried out in a dissecting 
room with sufficient ventilation. The dissectors used 
equipment, such as a mask, glasses, gloves, and dissect-
ing robe, after adhering to practices that minimized risks 
associated with the explosiveness of ether. All efforts 
were made to minimize suffering.

Light exposure and sample collection
After 4 weeks of acclimatization, mice were exposed 

to light under two protocols, as follows.
Protocol-I. Sixty normal mice were randomly divided 

into two groups. One group was exposed to nocturnal 
light with a combination of 70 lux from a white fluores-
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cent lamp for 1 h starting at Zeitgeber time (ZT) 14, 
where ZT0 represents the time when the light was turned 
on at the start of the light period. Therefore, the light 
period was from ZT0 to ZT12 and the dark period was 
from ZT12 to ZT24. The mice were decapitated after 
being anesthetized with ether. Trunk blood was col-
lected into Capiject tubes (Terumo Medical Corporation, 
Somerset, NJ, USA) and EDTA-coated plasma tubes 
before light exposure at ZT14 and after light exposure 
at ZT15, 16, 18, 21, and 24 (n=5 at each time point). 
Serum and plasma fractions were obtained by centrifuga-
tion (3,500 × g, 90 s), and stored at −80°C until analysis. 
The liver was removed immediately after blood collec-
tion, cut into approximately 5-mm cubes, immersed in 
RNAlater® (Ambion Inc., Austin, TX, USA) overnight 
at 4°C, and then stored at −20°C until RNA extraction.

Protocol-II. ADX and sham mice (n=10 each) were 
randomly divided into two groups. One group was ex-
posed to light as in protocol -I for 1 h starting at ZT14, 
while the other group was not exposed to light. Serum 
fractions and liver were collected at ZT16 as described 
in protocol-I.

Determination of serum PAI-1, adrenalin, noradrenalin, 
and serum corticosterone levels

Total serum PAI-1 was measured in a multi-analyte 
profile using the Luminex-200 system with the Milli-
plex™ MAP kit (Mouse Adipokine Panel, Millipore Co., 
Billerica, MA, USA) according to the manufacturer’s 
instructions. Plasma adrenalin and noradrenalin levels 
were analyzed by high performance liquid chromatog-
raphy with a coulometric array system according to our 
previously described method [31]. Serum corticosterone 
was determined using an enzyme immunoassay kit (Enzo 
Biochem Inc., Farmingdale, NY, USA).

RNA extraction
Total RNA was extracted from each liver sample using 

the QuickGene RNA tissue kit S II (RT-S2) with Quick-
Gene-Mini80 (Wako Pure Chemical Industries, Ltd., 
Osaka, Japan) according to the manufacturer’s instruc-
tions. The ratio of the optical densities of the RNA 
samples measured at 260 and 280 nm was used to eval-
uate nucleic acid purity, and the total RNA concentra-
tions were determined by measuring absorbance at 260 
nm. The extracted RNA (400 ng) was reverse transcribed 
in a final volume of 10 µl using the PrimeScript® RT 
reagent kit (RR037A, Takara Bio Inc., Shiga, Japan) 

according to the manufacturer’s instructions.

Quantitative RT-PCR
cDNA solution (0.5 µl) was added to 19.5 µl of the 

PCR mixture containing TaqMan Gene Expression Mas-
ter Mix (10 µl, Applied Biosystems, Foster City, CA, 
USA), DNase/RNase-free water (7.5 µl), house-keeping 
gene solution (glyceraldehyde-3-phosphate dehydroge-
nase; Gapdh, 1 µl), and individual target primer (1 µl). 
The following primers from Applied Biosystems, were 
used: brain and muscle aryl hydrocarbon receptor nucle-
ar translocator-like (Bmal1), assay ID, Mm00500226_
m1; Clock, Mm_00455950_m1; period (Per) 1, 
Mm_00501813_m1; Per2, Mm_00478113_m1; crypto-
chrome (Cry1), Mm_00514392_m1; and Pai-1, 
Mm_00435860_m1. Quantitative RT-PCR was per-
formed on a 7500 Real-Time PCR System (Applied 
Biosystems).The relative expression level of the target 
gene was calculated using Gapdh as a calibrator.

Statistical analysis
Statistical analyses were performed using StatView 

software for Windows (Version 5.0, SAS Institute, Cary, 
NC, USA). Time-dependent data analysis were analyzed 
by repeated measures analysis of variance followed by 
Dunnett’s test for between group comparisons. The con-
trol and light-exposed groups were compared using 
Student’s t -test. The results were considered significant 
if the possibility of error was <5%.

Results

Effects of nocturnal light exposure in normal C3H/He 
mice

Before starting this study, we confirmed that the he-
patic Pai-1 gene displayed a circadian oscillation in C3H/
He mice under a 12-h light/12-h dark cycle (Supplemen-
tal Fig. 1). Pai-1 gene expression exhibited a typical di-
urnal rhythmicity, in which the peak expression preceded 
the middle of the light period and then started to decrease 
with patterns similar to those reported by other research 
groups [25]. We next evaluated the effects of nocturnal 
light exposure on hepatic Pai-1 expression and serum 
PAI-1 levels. Pai-1 gene expression did not change during 
the 1-h light exposure starting at ZT14 relative to the 
control group without nocturnal light exposure (Fig. 1A). 
After turning off the light at ZT15, Pai-1 expression was 
significantly increased at ZT16 (F1.5=4.470, P=0.038). 
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The total serum PAI-1 levels tended to increase until 
ZT16, although the change was not statistically significant 
(Fig. 1B). Serum corticosterone levels decreased signifi-
cantly after the light exposure (ZT14), which continued 

until ZT16, but then dramatically increased (Fig. 2).
The representative clock genes analyzed in this study 

were unaffected during nocturnal light exposure for 1 h 
from ZT14, but the expression levels of Bmal1, Clock, 
and Per1 were significantly increased at ZT21 
(F1.5=19.869, P=0.013), ZT16 (F1.5=8.490, P=0.011), 
and ZT18 (F1.5=2.492, P=0.027), respectively (Figs. 
3A–C). Nocturnal light exposure did not affect Per2 and 
Cry1 mRNA levels (Figs. 3D–E).

Effects of nocturnal light exposure on plasma adrenalin 
and noradrenalin levels in normal mice

In normal mice, the plasma adrenalin levels were sig-
nificantly increased at ZT16 after 1 h of light exposure 
starting at ZT14 (Fig. 4). Nocturnal light exposure also 
increased noradrenalin levels, although not significantly.

Effects of nocturnal light exposure in ADX mice
The serum corticosterone levels were below the detec-

tion limit in ADX mice (data not shown). ADX and sham 
mice were exposed to 1 h of light starting at ZT14. Noc-
turnal light exposure significantly increased the hepatic 
expression levels of Clock and Pai-1 in sham mice com-
pared with control mice at ZT16 (P=0.007 and P=0.037, 
respectively) (Fig. 5). However, the effects of nocturnal 
light exposure on Pai-1 expression disappeared in ADX 
mice, although Clock expression remained significantly 
increased (P=0.027).

Fig. 1.	 Effects of nocturnal light exposure on hepatic Pai-1 gene expression and 
serum PAI-1 levels. After acclimatization, C3H/He mice were exposed to 
light (70 lux) for 1 h starting at ZT14. Liver and serum samples were col-
lected just before light exposure at ZT14, and just after light exposure at 
ZT15, 16, 18, 21, and 24 to determine hepatic Pai-1 gene expression (A) 
and serum PAI-1 level (B). Open circles and filled circles represent the 
nocturnal light exposure group and the control group, respectively. Values 
are presented as the mean ± SE (n=5). *P<0.05 vs the control group at each 
time point (Dunnett’s test).

Fig. 2.	 Effects of nocturnal light exposure on se-
rum corticosterone levels. After acclima-
tization, C3H/He mice were exposed to 
light (70 lux) for 1 h starting at ZT14. 
Serum samples were collected just before 
light exposure at ZT14 and just after light 
exposure at ZT15, 16, 18, 21 and 24 to 
measure corticosterone levels. Open cir-
cles and filled circles represent the noctur-
nal light exposure group and the control 
group, respectively. Values are presented 
as the mean ± SE (n=5). *P<0.05 vs the 
control group at each time point (Dun-
nett’s test).
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Discussion

In this study, we demonstrated that the liver receives 
a signal related to nocturnal light exposure that induces 
hepatic Pai-1 mRNA expression in C3H mice (Fig. 1A), 

indicating that nocturnal light exposure, even if only for 
1 h, may stimulate hepatic Pai-1 expression in mice. Our 
findings also suggest that the serum PAI-1 levels were 
increased after nocturnal light exposure, although the 
increase was not significant (Fig. 1B). However, this 
change was considered not to be induced by the hepatic 
Pai-1 expression, because increasing of serum PAI-1 
levels was more rapidly appeared than that of hepatic 
Pai-1 expression. Although further studies are needed, 
the other origins might be existed for increasing serum 
PAI-1 after light exposure, for example affecting of Pai-
1 gene expressions in another peripheral tissues such as 
adipose, and platelet activation [4, 10, 20, 25, 26]. The 
stimulation of serum PAI-1 was small after single expo-
sure of nocturnal light, but there is remaining possibil-
ity to induce significantly changes when repeated expo-
sure of light. Additionally, the effects of the lighting 
environment should be considered on the future study 
because the timing, illuminance level, and spectral dis-
tribution of the light were reported to affect the expres-
sion levels of some genes displaying circadian rhythms 

Fig. 3.	 Effects of nocturnal light exposure on hepatic expression of clock genes. After acclimatization, C3H/He 
mice were exposed to light (70 lux) for 1 h starting at ZT14. Liver samples were collected just before light 
exposure at ZT14 and just after light exposure at ZT15, 16, 18, 21, and 24 to determine the expression 
levels of the major clock genes Bmal1 (A), Clock (B), Per1 (C), Per2 (D), and Cry1 (E). Open circles and 
filled circles represent the nocturnal light exposure group and the control group, respectively. Values are 
presented as the mean ± SE (n=5). *P<0.05 vs the control group at each time point (Dunnett’s test).

Fig. 4.	 Effects of nocturnal light exposure on plasma adrenalin 
and noradrenalin levels. After acclimatization, C3H/He 
mice were exposed to light (70 lux) for 1 h starting at ZT14. 
Plasma samples were collected 1 h after exposure (ZT16). 
Values are presented as the mean ± SE (n=5) in the noc-
turnal light exposure group relative to the control group. 
*P<0.05 vs the control group (Student’s t -test).
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[1].
The circadian rhythmic oscillation of the Pai-1 gene 

in peripheral organs is probably regulated by the mo-
lecular circadian clockwork [23]. The hepatic expression 
levels of the clock genes Bmal1, Clock, and Per1 were 
increased after nocturnal light exposure (Fig. 3). How-
ever, the increase in Pai-1 expression in the liver oc-
curred at the same time as that of Clock but earlier than 
that of Bmal1. These findings indicate that light regulates 
hepatic Pai-1 gene expression through a pathway that is 
independent of the clock genes.

Corticosterone, which is secreted from the adrenal 
gland, was candidate stimulus to increase Pai-1 gene 
expression [9]. Some research groups reported that light 
exposure increases blood levels of corticosterone in ro-
dents [14, 29]. Interestingly, we found that nocturnal 

light exposure at ZT14 for 1 h significantly decreased 
the serum corticosterone level at ZT16 (Fig. 2). We also 
found that this decrement appeared within 5 min after 
the light exposure (data not shown). Buijs et al. reported 
that the immediate decrease in plasma corticosterone by 
the light exposure was only observed at the beginning 
of the dark period (ZT14), but not at other time points 
(ZT2 and ZT20) [6]. Light did not inhibit corticosterone 
secretion from the adrenal cortex at ZT20, which indi-
cates that light plays an inhibitory role on the adrenal 
cortex, but only at the start of the dark phase [6]. Our 
observations obtained in this study strongly agree with 
the results of the study by Buijs et al., and suggest that 
corticosterone did not mediate the increase in Pai-1 gene 
expression after nocturnal light exposure.

Jiang et al. investigated the effects of restraint stress 
on plasma PAI-1 levels using C57BL/6 mice [17]. They 
found that 30 min of stress exposure dramatically in-
creased plasma PAI-1 levels, and concomitantly elevat-
ed catecholamine levels (adrenalin plus noradrenalin). 
Cell culture and animal experiments revealed that adren-
alin and noradrenalin induce Pai-1 mRNA levels in 
cardiac blood vessel cells and cardiomyocytes, as well 
as in the brain and heart [5, 34]. The physiological re-
sponses to stress are initiated by activation of the sym-
patho-adrenomedullary system, resulting in the release 
of catecholamines. In this study, we found that plasma 
adrenalin levels were significantly increased at ZT16 in 
mice exposed to light (Fig. 4). We also evaluated the 
effects of ADX on hepatic Pai-1 expression induced by 
nocturnal light exposure for 1 h from ZT14. The he-
patic gene expression levels of Clock and Pai-1 were 
significantly greater at ZT16 (1 h of nocturnal light) than 
at ZT14 in sham mice (Fig. 5). This increase in Pai-1 
expression disappeared in ADX mice, although the ex-
pression of Clock was still affected by nocturnal light 
exposure. These data suggest that nocturnal light expo-
sure alters hepatic Pai-1 expression by stimulating the 
sympatho-adrenomedullary pathway. Interestingly, bio-
logical responses to exogenous stimulus have been re-
ported to be different among the mouse strains [11]. 
Hence, the experiment using the other strains than C3H 
should be conducted in the future study.

In conclusion, our study has shown that nocturnal light 
exposure for 1 h starting at ZT14 alters hepatic gene 
expression of Pai-1, as well as the clock genes Bmal1, 
Clock, and Per1 in C3H/He mice. Light exposure also 
significantly increased the plasma adrenalin levels. The 

Fig. 5.	 Effects of adrenalectomy (ADX) on hepatic gene expres-
sion following nocturnal light exposure. After acclimatiza-
tion, ADX or sham C3H/He mice were exposed to light 
(70 lux) for 1 h starting at ZT14. Liver samples were col-
lected at ZT16 to determine the gene expression levels of 
Clock and Pai-1 by quantitative RT-PCR. Values are pre-
sented as the mean ± SE (n=5) in the nocturnal light expo-
sure group relative to the control group. *P<0.05 vs the 
control group (Student’s t -test).
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effects of light exposure on Pai-1 expression had disap-
peared in ADX mice, although the clock genes were still 
modified. These observations suggest that nocturnal light 
affects hepatic Pai-1 gene expression by stimulating the 
adrenal pathway, and adrenalin secreted from the adrenal 
gland might be a signaling mediator for these effects of 
nocturnal light. Our results also imply that the lighting 
environment should be considered when conducting 
animal experiments to evaluate the biological effects, at 
least in the fibrinolytic system, of target compounds in 
mice.
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