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The circadian clock in the brain coordinates the phase of peripheral oscillators that regulate tissue-spe-
cific physiological outputs. Here we report that circadian variations in the expression and activity of Cu/
Zn superoxide dismutase (SOD1; EC 1.15.1.1) are present in liver homogenates from mice. The SOD1
mRNA expression from wild-type (WT) mice peaked at Zeitgeber Time 9 (ZT9; 9 h after lights-on time).
While there was no rhythmicity in that from period2 (per2) gene knockout (P2K) mice, the level of
SOD1 from per1/per2 double knockout (DKO) mice was significantly elevated at ZT5. The enzyme activity
of SOD1 was also rhythmic in the mouse liver. Moreover, the total amount of the SOD1 exhibited a rhyth-
mic oscillation with a peak at ZT9 in the liver from WT mice. We also found that tert-butylhydroperoxide
(t-BHP)-induced oxidative damage in both WT and P2K mouse embryonic fibroblast (MEF) cells resulted
in the up-regulation of SOD1 levels. Our data suggest that the expression of an important antioxidant
enzyme, SOD1, is under circadian clock control and that mice are more susceptible to oxidative stress
depending on the time of day.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In nearly all organisms, physiological and behavioral processes
exhibit approximately 24 h rhythms that are controlled by a circa-
dian clock. These rhythms are fundamental biological systems in
most organisms. In mammals, the master clock is located in the
suprachiasmatic nucleus (SCN) at the ventral end of the hypothal-
amus [1]. The SCN controls neural and humoral signals that drive
output rhythms to synchronize the peripheral clock with day/night
cycles. Environmental time cues such as light and temperature are
known to play roles in continuously resetting the rhythm of the
clock [2,3]. The purpose of studying the circadian rhythm is to
identify how in vivo physiological changes take place in a beneficial
direction by recognizing and responding to external environmental
changes.

It was first discovered that changes in the behavior of fruit flies
were caused by a per gene mutation in the 1970s. Clock genes such
as timeless, dClock, cycle, doubletime and cryptochrome were also la-
ter identified in fruit flies [4–6]. A mouse with a clock gene muta-
tion was the first mutation obtained in mammals. Since then, our
knowledge of the mammalian clock system has progressed rapidly
and many gene knockout studies in mice have been performed.
More recently, expression patterns of circadian clock genes have
been compared in the head and body of Drosophila and the SCN,
ll rights reserved.
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fibroblast and liver in mammals through DNA chip technology. It
is well established that biological clock genes are expressed in
the SCN as well as in the liver, muscle, and kidneys [7–9]. Periph-
eral clocks reside in each organ and ensure that organ-specific
metabolism is regulated properly according to time.

Organisms are exposed to various forms of oxidative stresses,
such as light exposure during the day, including UV light, and
the formation of reactive oxygen species (ROS) caused by feeding
and locomotion. For instance, harmful UV radiation particularly af-
fects the skin and eyes and triggers the formation of ROS, and the
resulting oxidative stresses generally induce apoptosis. Therefore,
intracellular ROS or reactive nitrogen species (RNS) should be reg-
ulated very precisely, as any misregulation can cause aging and
degenerative diseases [10,11]. An antioxidant enzyme, SOD1,
which is encoded by a so-called ‘ancient gene’ [12,13], is known
to remove superoxide. Endogenous circadian and exogenously dri-
ven daily rhythms of antioxidant enzyme activities have been de-
scribed in several phylogenetically distant organisms. Substantial
amplitudes detected in several cases suggest the significance of
rhythmicity in avoiding excessive oxidative stress [14]. Previous
studies have shown that there are circadian variations in the SOD
enzyme activity in livers from Balb/c mice [15] and in the level
of mRNA for Cu/Zn SOD in the rat medial basal hypothalamus
[16]. Thus, it appears organisms actively use circadian rhythms
in order to cope with threats of oxidative stresses.

Considering the significance of the countermeasures for oxida-
tive stress relating to the circadian clock, there are surprisingly
few studies on the time-dependent regulation of antioxidant en-
zymes in mammals. Therefore, we investigated whether the
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expression of the antioxidant enzyme, SOD1, has circadian varia-
tions according to oxidative stress, and we also examined the im-
pact of pro-oxidant treatment on the expression of this enzyme.
We used per gene mutant mice and were indeed able to identify
a close relationship between SOD1 expression, oxidative stress,
and the functioning of the circadian clock.
2. Material and methods

2.1. Animals

Male 129/sv strains of 7–9-week-old mice were housed under a
12 h light:12 h dark schedule (LD cycles; lights on at 0700 h) and
fed ad libitum. The per-mutant mice used in this study have been
described previously [17], and were maintained in the animal facil-
ity of Yonsei University at Wonju, Korea. All animal care and pro-
cedures were in accordance with the guidelines of the
Institutional Animal Care and Use Committee. All mice were syn-
chronized with LD cycles over two weeks and 3–5 male mice were
sacrificed by cervical dislocation for each experiment.

2.2. Preparation of cDNA and real time polymerase chain reaction
(PCR)

Liver tissues were isolated from mice sacrificed at 4 h intervals
starting at 0700 h. Total RNA from each sample was extracted
using TRI reagent (Sigma, St. Louis, MO, USA), following the manu-
facturer’s instructions. Tissue samples in 1 ml of TRI reagent per
50–100 mg of tissue were homogenized using a motorized, hand-
held homogenizer. The amount of RNA was quantified by spectro-
photometry, and the integrity of RNA was confirmed by agarose gel
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Fig. 1. Daily rhythms of SOD1 mRNA expression in the mouse liver. Mice were entrained t
and cDNAs were prepared from liver extracts. Shown are the results of real-time PCR ana
control for normalization. (A) SOD1 mRNA levels are rhythmic in the liver from WT mice (
(as a broken line). (C) SOD1 mRNA levels are phase-shifted in the liver from DKO mice (as
of WT (open bar), P2K (gray bar), and DKO (filled bar) mice are depicted in a histogram
represent 12 h of daytime and 12 h of darkness, respectively. Each data point represents
t-test; ⁄denotes the difference between two genotypes and ⁄⁄denotes the difference amo
electrophoresis. Any contaminating genomic DNA was eliminated
using the RNase-Free DNase Kit (Promega, Madison, WI, USA).
The PrimeScript 1st strand cDNA Synthesis Kit (TaKaRa, Dalian,
China) was used to synthesize cDNA from 1 lg of total RNA,
according to the manufacturer’s protocol. The b-actin housekeep-
ing gene was used as a constitutive control for normalization.
The following primer pairs were used:

SOD1, forward, 50-GATGAAGAGAGGCATGTTGGA-30

reverse, 50-TGTACGGCCAATGATGGAATG-30;
b-actin, forward, 50-TTTTCCAGCCTTCCTTCTTGGG-30

reverse, 50-TGTGTTGGCATAGAGGTCTTTACGG -30.
PCR were carried out using the StepOnePlus Systems (Applied

Biosystems, Foster City, CA, USA). PCR conditions included one cy-
cle of 10 min at 95 �C followed by 35 cycles of 15 s at 95 �C, 30 s at
65 �C, and 30 s at 72 �C. Detection of fluorescent product was car-
ried out at the end of the 72 �C extension period. The amount of
cDNA in each sample was calculated by the 2�DDCt method [18].
All samples were analyzed in triplicate and in three independent
measures.
2.3. Western blotting

Proteins were extracted in lysis solutions with 20 mM HEPES
(pH 7.5), 100 mM KCl, 5% glycerol, 5 mM EDTA (pH 8), 1 mM
MgCl2, 1 mM DTT, 0.1% Triton X-100, and protease inhibitor cock-
tail tablets (Roche Diagnostics, Indianapolis, IN, USA). Protein ex-
tracts of 20 lg each were boiled for 5 min at 95 �C in sodium
dodecyl sulfate (SDS)-sample buffer, loaded onto a 12% polyacryl-
amide gel and then separated by SDS–polyacrylamide gel electro-
phoresis (PAGE). Protein bands were transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA) and stained briefly with
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o standard LD cycles and liver tissues were collected at the times indicated in figure,
lysis of SOD1 expression. The housekeeping gene, b-actin, was used as a gel loading

shown as a line graph). (B) SOD1 mRNA levels are reduced in the liver from P2K mice
a broken line with two dots). (D) Temporal profiles of SOD1 mRNA levels in the liver
. The open and filled bars on the X-axis of graphs A–C and below the graph in D
the mean ± SEM of three samples. Statistical analysis was performed by Student’s
ng three genotypes, each with statistical significance at P < 0.05.
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Ponceau S (Sigma, St. Louis, MO, USA) to confirm equal loading.
Membranes were then blocked in 5% nonfat dry milk (Bio-Rad,
Hercules, CA, USA) in Tris-buffered saline with 0.05% Tween-20
(TBST) for 1 h at room temperature. Membranes were subse-
quently probed with anti-Actin goat polyclonal antibodies
(1:5000 dilution, Santa Cruz, CA, USA) and anti-SOD1 rabbit poly-
clonal antibodies (1:5000 dilution, Santa Cruz, CA, USA) diluted
in TBST with 5% blocking solution. Following incubation with the
appropriate secondary antibodies, immunoblots were developed
using Western blot detection reagents (Amersham, Buckingham-
shire, UK) and exposed to X-ray film according to the manufac-
turer’s protocol.
2.4. Enzyme activity assay

The activity of SOD1 in liver homogenates was determined
using an SOD1 Enzyme Assay Kit (EMD/Calbiochem, La Jolla, CA,
USA). Cytosolic fractions of liver were prepared in homogenization
solutions containing 20 mM HEPES (pH 7.2), 1 mM EGTA, 210 mM
mannitol, and 70 mM sucrose, followed by centrifugation at
10,000g for 15 min at 4 �C. The SOD activity assay utilizes the
reduction of tetrazolium salt by xanthine oxidase-generated super-
oxide radicals. The assay was performed in a 96-well plate and the
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Fig. 2. Rhythmic variation of SOD1 in the mouse liver. Liver samples prepared from W
preparation. Immunoblotting was performed on liver extracts collected at ZT1 to ZT21. (A
as the internal loading control for normalization. The intensity of the SOD1 band from ea
expression in the liver from WT (top), P2K (middle), and DKO (bottom) mice are depicted
and filled bars above the blot in A and on the X-axis of graphs in B represent 12 h of da
described in the Fig. 1 legend. Values are expressed as mean ± SEM, and n = 3–4 for ea
⁄⁄denotes the difference among three genotypes, each with statistical significance at P <
absorbance was measured at 450 nm using a 96-well plate reader
(VersaMax, Molecular Devices, Sunnyvale, CA, USA) in triplicate.
2.5. Cell culture, t-BHP treatment, and measurement of cell viability

MEF cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS, GIBCO,
Carlsbad, CA, USA) at 37 �C under 5% CO2. To measure the cell via-
bility, MEF cells were seeded onto six-well plates and treated with
various t-BHP concentrations (10–500 lM) for 12 h. Cells were
then incubated in methylthiazole tetrazolium (MTT) solutions
and the absorbance was measured in an ELISA plate reader at
590 nm. Each assay was repeated three times, using three wells
per drug concentration in each experiment.

Approximately 5 � 105 cells/Petri dish (10 cm in diameter)
were also plated five days before the experiment. The cells were
cultured in a serum-rich medium (DMEM supplemented with
50% horse serum [GIBCO, Carlsbad, CA, USA)]) for 2 h. The medium
was then replaced with DMEM without serum. MEF cells were
treated with various concentrations (10–500 lM) of a pro-oxidant
(t-BHP) for 12 h, and the amount of SOD1 in these cells was mea-
sured by immunoblotting.
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ytime and 12 h of darkness, respectively. The line marks in B are the same as those
ch time point. ⁄denotes the peak level of SOD1 expression in each genotype and
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3. Results

3.1. SOD1 mRNA levels are altered differentially in circadian clock
mutant mice

First, we measured the temporal expression of SOD1 mRNA in
mouse liver tissue by quantitative RT-PCR. As shown in Fig. 1A,
WT mice exhibited a robust rhythmicity in SOD1 mRNA levels, with
low levels from ZT21 to 1 and peak levels from ZT9 to 13. The level
of SOD1 mRNA expression from P2K mice exhibited little or no
change across time points and was lower than that of WT mice
(Fig. 1B). Interestingly, in DKO mice, we observed a shift in the
phase of SOD1 expression. The phase of SOD1 mRNA expression
in DKO mice advanced about 4 h when compared to that of WT
mice. Indeed, the expression of SOD1 in DKO mice was already high
in midday with a peak from ZT5 to 9 (Fig. 1C). We found a signif-
icant difference in SOD1 expression among genotypes, especially
from ZT5 to ZT13.
3.2. Expression of SOD1 is under circadian regulation in the mouse
liver

Next, we measured the total amount of SOD1 during LD cycles
in the mouse livers by Western blot analysis (Fig. 2A). In WT mice,
SOD1 protein was at its maximum at ZT9 (Fig. 2B top left). The total
protein level shifted in P2K mice, with peak levels at ZT13 to 17
(Fig. 2B middle left). Interestingly, the rhythmic expression of
SOD1 in DKO mice peaked at ZT21 and reached a trough between
ZT9 and 13, that is, the phase was delayed about 12 h compared to
that of WT mice (Fig. 2B bottom left). It was evident that there is a
phase difference in the peak level of SOD1 expression among geno-
types (Fig. 2C).
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Fig. 3. Rhythmicity of SOD1 enzyme activity in the mouse liver. Cytosolic fractions of live
as described in the materials and methods section. The SOD1 activity oscillated in the liv
each genotype (⁄). (D) Temporal profiles of SOD1 enzyme activity in the liver of WT, P2K
described in the Figs. 1 and 2 legend. Each data point represents the mean ± SEM of thr
3.3. Temporal profile of SOD1 enzyme activity in the mouse liver

The enzyme activity of SOD1 in cytosolic fractions of livers from
WT, P2K and DKO mice was analyzed at different times during the
day. There was an oscillation in the WT liver: the enzyme activity
peaked at ZT9 and troughed at ZT21 (Fig. 3A). The P2K liver also
exhibited a weak rhythmicity in SOD1 activity, with a peak around
ZT13. However, the enzyme activity of SOD1 in P2K liver was
weaker than that in the WT liver and was phase-shifted about
4 h (Fig. 3B). The SOD1 enzyme activity in DKO mice was the high-
est, peaking at ZT5 (Fig. 3C). Overall, SOD1 activity was clearly dif-
ferent among genotypes and time-of-day specific (Fig. 3D).

3.4. t-BHP-induced oxidative damage in MEF cells

We observed that cell viability was significantly reduced when
t-BHP-induced oxidative stress was applied to MEF cells, as deter-
mined by MTT assays. Exposure of the MEF cells to t-BHP caused a
dose-dependent decrease in cell viability. As illustrated in Fig. 4A,
12 h treatment of t-BHP at a concentration of 50 lM led to a signif-
icant reduction in cell viability. WT MEF cells that were exposed to
250 and 500 lM t-BHP manifested a decrease in viability. Oxida-
tive stress induced by t-BHP also resulted in dramatic changes in
P2K and DKO MEF cells. While the viability of WT MEF cells de-
creased in a dose-dependent manner, that of P2K and DKO cells be-
gan to drop drastically starting at 250 lM t-BHP.

To further examine t-BHP-induced oxidative damage in MEF
cells, SOD1 expression in cells initially exposed to 10–500 lM of
t-BHP for 12 h was determined (Fig. 4B). Both WT and P2K MEF
cells were found to have a progressive and dose-dependent in-
crease in SOD1 expression. Interestingly, SOD1 in DKO MEF cells
maintained a high and constant level independent of t-BHP dose
(Fig. 4C).
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Fig. 4. Effects of t-BHP on SOD1 expression in MEF cells. (A) Cell viability following a 12-h exposure to t-BHP is depicted in the histogram. MEF cell lines of three different
genetic backgrounds were exposed to increasing concentrations (10–500 lM) of t-BHP for 12 h and the extent of cell death was determined by MTT assays. (B) Three MEF cell
lines were treated with various concentrations (10–500 lM) of t-BHP for 12 h and the effects of t-BHP treatment were detected by immunoblotting. The housekeeping
protein, b-actin, was used as the internal loading control. The relative level of SOD1 intensity is displayed in a line graph below each blot. (C) Profiles of SOD1 expression in
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4. Discussion

Organisms are influenced by their environment and display var-
ious rhythms that are governed by a circadian clock, which is self-
sustainable and free-running in the region of the brain called the
SCN [1–3]. Since an important role for the circadian clock is to en-
able diverse physiological and biochemical phenomenon to occur
at proper times in response to daily environmental changes, it is
reasonable to infer that antioxidant enzymes exhibit a daily cycle
in their expression. In this study, we explored whether the circa-
dian clock impacts the expression of downstream genes, focusing
on SOD1. To our knowledge, the regulation of SOD1 expression in
circadian mutant mice has not been thoroughly investigated in
prior studies. We demonstrated that there are clear differences in
the level of expression, enzyme activity, and in the rhythmicity
and the phase of the rhythm among mouse genotypes.

Based on our findings, the total amount and enzyme activity of
SOD1 in WT mice has a similar pattern to its mRNA levels, with a
peak shown at ZT9, implying that SOD1 expression is mainly regu-
lated by transcription. However, in the P2K mutant, both the
amount and activity of SOD1 was phase-delayed by 4 h compared
to WT mice. The expression pattern of SOD1 was most drastically
different in DKO mice, peaking at the late dark phase. Therefore,
it appears that WT mice equipped with a normal clock are able
to anticipate and prepare countermeasures for the upcoming activ-
ity span and accompanying oxidative stresses. In contrast, mutant
mice became more sensitive to oxidant stress due to the partial or
total breakdown of their circadian clock, which might disrupt the
functioning of antioxidant defense mechanisms in these mice.
Most organisms are thought to have antioxidant defense mech-
anisms that are protective against oxidative stresses originating
primarily from metabolic activity and exercise [14]. Several studies
have shown that antioxidant defense systems such as free radical
scavengers and antioxidant enzymes (e.g., SOD1, catalase, GPx1,
and glutathione reductase) are under the influence of circadian
rhythms [13–15]. For example, in the rat heart and cerebral cortex,
there is a day-night rhythm of lipid peroxidation, and GPx1 and
superoxide dismutase activity that appears to be related to modu-
lation of cellular functions [19]. We have also shown the cyclic
expression of SOD1 mRNA in the brain from WT compared to
per1 knockout mice through in situ hybridization [20]. Consistent
with our WT data, in most cases, there is an up-regulation of anti-
oxidant defense measures during the nighttime when the ROS level
is increased by food intake and exercise.

As mentioned earlier, one cause of oxidant stress is activity.
Many animals, including humans, have distinctive patterns of sleep
and activity related to daily cycles that lead to definite rhythms in
the activities of skeletal muscle and the brain. Through these activ-
ities, oxidative stress inducers may manifest time-of-day specific
rhythmicity [21,22]. As shown in Fig 3, SOD1 enzyme activities
in WT and mutant mice had similar rhythm patterns relating to
their mRNA levels. In independent experiments, we could observe
that the temporal expression of GPx1 exhibited a very similar pat-
tern to SOD1 in the liver from WT mice and revealed a rhythmic
pattern with a peak at ZT9 in WT mice (data not shown). GPx1 acts
against oxygen free radicals generated in the presence of peroxides
by reducing hydrogen peroxide and lipid peroxides through the
oxidation of glutathione [23]. In P2K mice, GPx1 levels did not have
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a rhythmic pattern and expression was low. Interestingly, the
expression level of GPx1 in DKO mice was the highest among geno-
types, but no temporal oscillation patterns were seen, implying
that the sensitivity to oxidant stress in these mice was enhanced.
At this time, we cannot rule out the possibility that organisms allo-
cate the specific function of individual per genes to manage oxida-
tive stresses.

By performing in vitro experiments using MEF cell lines, we
found a strong correlation between SOD1 level and cell viability,
corresponding to the existence of per genes when oxidant stress
was applied. When we treated cells with a pro-oxidant, t-BHP, at
a concentration greater than 250 lM, cell viabilities of all 3 MEF
cell lines were dramatically decreased up to 50%. We found that
the expression of SOD1 gradually increased in a dose-dependent
manner in WT and P2K MEF cells. Importantly, the expression of
SOD1 in DKO MEF cells was constantly high regardless of the con-
centration of t-BHP added. Because melatonin is known as an effec-
tive antioxidant and anticancer agent and is under circadian clock
regulation, melatonin may be one possible candidate for mediating
SOD1 action against t-BHP. There are precedents for the stimula-
tory action of melatonin on the antioxidant enzyme activities
[24,25]. Therefore, the circadian clock may exploit melatonin to al-
low the defense system to work at the level of expression and
activity of antioxidant enzymes such as SOD1 and GPx1.

In summary, the fact that the expression and activity of antiox-
idant enzymes such as SOD1 are intimately responsive to oxidative
stress in both mice and MEF cell lines led us to conclude that the
circadian clock gene (per) mutants were more influenced by oxi-
dant stress than the control genotype. Further study is required
to determine if a connection exists between SOD1 and other clock
genes and to ascertain how different antioxidant enzymes are in-
volved in defense mechanisms relating to specific times of the day.
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