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The clock system and the renin-angiotensin system (RAS) have been reported to 

play an important role in the circadian expression of plasminogen activator inhibitor-1 
(PAI-1) gene. However, the degree of involvement of these systems remains unknown. 
In the present study, we investigated the roles of the clock system and the RAS in the 
circadian expression of PAI-1 in the peripheral tissues in vivo by using Cry1/Cry2 
double knockout (Cry1/2-deficient) and angiotensin type 1 (AT1a) receptor knockout 
(AT1a-deficient) mice. We observed no significant rhythmicity in the PAI-1 expression 
in all tissues examined in Cry1/2-deficient mice; this suggests that the clock system is 
indispensable for the circadian expression of PAI-1. In AT1a-deficient mice, apparent 
circadian oscillation of PAI-1 expression was observed in the lung and liver but not in 
the kidney, suggesting that AT1a-mediated signaling modulates the circadian 
expression of PAI-1 in a tissue-specific manner.  

 
The clinical incidence of several cardiovascular events, such as myocardial infarction, 

and stroke has been reported to exhibit circadian variations, with the highest frequency in the 
morning (4, 11, 26) Although the mechanisms underlying this variation remain unclear, 
considerable evidence indicates a role of the endogenous fibrinolytic system: circadian 
variations in the levels of plasminogen activator inhibitor-1 (PAI-1)—a key regulator of 
fibrinolysis—have been recognized (2, 18). 

In mammals, circadian rhythms are generated by transcriptional-translational feedback 
loops orchestrated by a set of clock genes (1, 6, 7). The heterodimer of CLOCK and brain 
and muscle arnt-like protein (BMAL) binds to the E-box sites upstream of period and 
cryptochrome genes and transactivates these genes. The transactivation of the PER and CRY 
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proteins by the CLOCK:BMAL heterodimer is inhibited by the proteins themselves, 
resulting in the formation of a negative feedback loop. The master oscillator is located in the 
suprachiasmatic nucleus, and autonomous peripheral oscillators have been defined for most 
tissues, including the heart, kidney, and liver. 

The results of studies performed in vitro and in animal models suggest that the circadian 
clock system may be involved in the regulation of PAI-1 expression. Maemura et al. showed 
that CLOCK forms a heterodimer with BMAL2 and upregulates the expression of the human 
PAI-1 gene through E-box elements in vitro (9). They also demonstrated the circadian 
expression of PAI-1 mRNA in the heart and kidneys of mice, which suggests that PAI-1 is 
controlled by clock genes. Further, data from recent experimental and clinical studies have 
suggested that the renin-angiotensin system (RAS) plays an important role in the regulation 
of PAI-1 expression. Angiotensin II (Ang II) causes a dose-dependent increase in the 
expression of PAI-1 in vascular smooth muscle cells, endothelial cells, and cardiomyocytes 
(5, 23, 24). In humans, activation of the RAS by either sodium depletion or diuretic use is 
associated with increased plasma PAI-1 antigen concentrations in the morning, whereas 
angiotensin type 1 (AT1) receptor antagonism and angiotensin-converting enzyme (ACE) 
inhibition decrease PAI-1 expression in several animal models and in humans (3, 17, 19). 

Previously, we have demonstrated that the circadian expression of PAI-1 mRNA is 
regulated differently among tissues and suggested that both the circadian system and RAS 
are involved in the circadian regulation of PAI-1 expression (14). However, the extent of 
involvement of these systems in the circadian expression of PAI-1 mRNA remains unknown. 
In the present study, we investigated the circadian expression of the PAI-1 gene in 
genetically modified mice with either impaired circadian rhythm (8) or AT1a-mediated 
signaling (21). 

  
 

MATERIALS AND METHODS 
Animals 

The experiments were carried out on Cry1/Cry2 double knockout (Cry1/2-deficient) (8), 
AT1a-deficient (21), and C57/BL6j Jcl mice. Male mice (at 6 weeks postpartum) were 
exposed to complete light (fluorescent light, 300 lux)-dark (LD) cycles for 2 weeks and 
then exposed to complete darkness for 2 days as a continuation of the dark phase of the last 
LD cycle. In the second dark-dark (DD) cycle, the animals were sacrificed every 4 h starting 
at circadian time (CT) 0 after inducing anesthesia with ether and pentobarbital sodium. The 
care and use of the animals strictly followed the guidelines of the Animal Research 
Committee of Kobe University Graduate School of Medicine. 

 
Northern Blot Analysis and Real-Time Quantitative Reverse Transcriptase-Polymerase 
Chain Reaction 

RNA was extracted from the heart, lung, kidney, and liver as previously described (10). 
Total RNA (10 µg) was separated on a formaldehyde/1.1% agarose gel, transferred to a 
nylon membrane, and hybridized using random-primed 32P-labeled probes. Probes of mPer2, 
dbp, Bmal1, and PAI-1 were prepared as previously described (10). The membrane was 
washed and exposed to an imaging plate, and the fragments were visualized using a BAS 
2000 Bio-imaging analyzer (FUJIX, Japan). The signals were normalized to those obtained 
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. RT-PCR was performed 
as previously described (10). The primers 5'-GGGACACCCTCAGCATGTTC-3' and 
5'-TCTGATGAGTTCAGCATCCAAGA-3' were used for PAI-1 amplification. The 
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hybridization probe used was 5'-AGAAAGATGTGCACCTCTCCGCCCTC-3'. PCRs were 
performed using the TaqMan PCR reagent kit (Applied Biosystems), according to the 
manufacturer’s instructions. 

 
Measurement of Total Plasma PAI-1 Levels 

Total plasma PAI-1 levels were measured using Total Murine PAI-1 antigen assay 
(Molecular Innovations, Inc.), according to the manufacturer’s instructions. 

 
Statistical Analysis 

The single cosinor method was used for the analysis of circadian rhythm. The rhythm 
characteristics estimated by this method include the acrophase (time of peak value in the 
fitted cosine function, expressed as the lag from midnight in hours and minutes), the mesor 
(middle value of the fitted cosine representing a rhythm-adjusted mean), and the amplitude 
(half the difference between the minimum and maximum of the fitted cosine function). A p 
value ≤ 0.01, as determined from a comparison of residuals before and after cosine curve 
fitting, indicated the presence of a rhythm.  

 
 

RESULTS 
Expression of Clock Genes 

To investigate whether AT1a-mediated signaling influences the expression of clock 
genes, the expression of mRNAs that encoded the mPer2, Bmal1, and dbp proteins in the 
heart, kidney, lung, and liver was assessed in wild-type mice, Cry1/2-deficient mice, and 
AT1a-deficient mice by using northern blot analysis (Figure 1). Statistical analysis using the 
single cosinor method revealed highly significant (p < 0.01) 24-h variations in the expression 
of all clock genes in wild-type and AT1a-deficient mice. In contrast, circadian oscillations in 
the expression of all clock genes disappeared in Cry1/2-deficient mice; this finding is 
consistent with that of a previous report (10). These results demonstrate that the AT1a 
receptor pathway did not mediate the circadian variations observed in clock gene expression 
in the peripheral tissues examined.  

 
Expression of PAI-1 mRNA 

We next examined the circadian expression of PAI-1 mRNA in the heart, kidney, lung, 
and liver in wild-type mice, Cry1/2-deficient mice, and AT1a-deficient mice by using 
northern blot analysis (for the heart, lung, and kidney) or quantitative RT-PCR (for the liver) 
(Figure 2). In the lung and liver, PAI-1 mRNA expression showed a significant daily rhythm 
in wild-type mice and AT1a-deficient mice but not in Cry1/2-deficient mice. In the kidney, 
PAI-1 mRNA expression showed a significant circadian rhythm in wild-type mice, whereas 
no significant rhythmicity was observed in AT1a-deficient mice and Cry1/2-deficient mice. 
In the heart, no significant circadian variation was noted in PAI-1 gene expression in 
wild-type, AT1a-deficient mice, and Cry1/2-deficient mice. 
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Figure1 Circadian expression of clock genes in the heart, kidney, lung, and liver of C57/BL6j mice, 

AT1a-deficient mice, and Cry1/2-deficient mice. mRNA levels were determined by northern 
blot analysis as described in the materials and methods section. Representative autographs are 
shown. Values are expressed as the relative ratio of the control samples. CT indicates 
circadian time. Three to six mice were used in each experiment. 
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Figure2 PAI-1 gene expression in the heart, kidney, lung, and liver of C57/BL6j mice, AT1a-deficient 

mice, and Cry1/2-deficient mice. mRNA levels were determined by northern blot analysis 
(heart, kidney, and lung) or by real-time quantitative RT-PCR (liver) as described in the 
materials and methods section. Representative autographs are shown. CT indicates circadian 
time. Three mice were used in each experiment.  

 
Total Plasma PAI-1 Antigen 

To determine the role of the RAS and clock system in the circadian variation of PAI-1 
levels in circulating plasma, changes in the total plasma PAI-1 levels were examined. 
Apparent circadian changes in plasma PAI-1 levels were observed in wild-type mice. PAI-1 
levels in AT1a-deficient mice and Cry1/2-deficient mice exhibited no circadian oscillation. 
In addition, average concentration of PAI-1 in Cry1/2-deficient mice was higher than that in 
wild-type mice and AT1a-deficient mice. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure3 Total plasma PAI-1 levels in C57/BL6j mice, AT1a-deficient mice, and Cry1/2-deficient mice. 

Total plasma PAI-1 levels were measured using Total Murine PAI-1 antigen assay. CT 
indicates circadian time. Three mice were used in each experiment. 

 
DISCUSSION 

In the present study, we examined the roles of the RAS and clock system in the circadian 
expression of PAI-1 in peripheral tissues by using wild-type and genetically modified mice. 
We observed no significant rhythmicity in PAI-1 expression in all the tissues examined in 
the Cry1/2-deficient mice; this suggests that the clock system is indispensable for the 
circadian expression of PAI-1. In AT1a-deficient mice, apparent circadian oscillation of 
PAI-1 expression was observed in the lung and liver but not in the kidney, suggesting that 
AT1a-mediated signaling alters the circadian expression of PAI-1 in a tissue-specific manner. 
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Considering the fact that PAI-1 performs a variety of biological functions in addition to the 
regulation of the fibrinolytic cascade, it is important to elucidate the mechanism of PAI-1 
regulation in each organ. 

Maemura et al. demonstrated that the CLOCK:BMAL2 (cycle-like factor, CLIF) 
heterodimer is capable of inducing PAI-1 gene expression by binding the E-box element in 
the PAI-1 promoter (9). They also observed the apparent diurnal variations in the PAI-1 
mRNA expression in the heart and kidneys in mice; this finding suggests that the circadian 
expression of PAI-1 gene mRNA is regulated by the clock system. Schoenhard et al. reported 
that BMAL1 functions as a direct transcriptional regulator of PAI-1 expression, and this 
shows that CLOCK:BMAL1 and CLOCK:BMAL2 additively contribute to PAI-1 gene 
transcription in vitro (20). In the present study, we assessed mRNA expression in different 
organs, including the heart, lung, kidney, and liver, as well as the plasma PAI-1 level, and 
demonstrated that PAI-1 expression in different tissues is closely controlled by clock genes 
in vivo. 

Another important aspect of our findings is that the average expression level of PAI-1 
mRNA is greater in the heart, kidney, and liver, and is accompanied by an increase in the 
plasma PAI-1 level. This suggests that the loss of clock genes may result in increased PAI-1 
expression, which could be a contributing risk factor for cardiovascular disease. However, 
from the data presented here, we cannot exclude the possibility that Cry, a strong negative 
regulator of clock genes, suppresses PAI-1 mRNA expression independent of its clock 
function. In fact, Oishi et al. reported that circadian expression of PAI-1 mRNA was low in 
Clock mutant mice (16). Investigations using other models such as Bmal1-deficient mice 
models will be useful to elucidate the detailed mechanisms of this process (15, 25). 
Nevertheless, modulation of clock gene expression may be a novel therapeutic option for the 
regulation of PAI-1 expression. 

Previous studies suggest that the RAS may play an important role in the regulation of 
plasma and tissue PAI-1 expression (5, 23, 24). In vitro studies have demonstrated that Ang 
II is a potent stimulator of PAI-1 in cultured endothelial cells and smooth muscle cells. ACE 
inhibitors and AT1 receptor antagonists have been shown to reduce plasma PAI-1 levels in 
vivo; this supports the physiological importance of the RAS in the modulation of PAI-1 
levels (3, 17, 19). While these studies provide evidence of the important role played by the 
RAS in PAI-1 expression, the role of the AT1 receptor in the regulation of PAI-1 expression 
remains controversial (12, 13, 22). In the present study, we have demonstrated that the AT1a 
receptor is important for the circadian expression of PAI-1 in the kidney and for plasma 
PAI-1 levels, but not in the liver and lungs in mice.  

In the kidney, circadian expression of the clock genes, mPer2, Bmal1, and dbp, in 
AT1a-deficient mice is indistinguishable from that in wild-type mice. These results suggest 
that endogenous Ang II-AT1a signaling does not affect the circadian expression of the clock 
genes in the kidney. In contrast, circadian expression of PAI-1 in the kidney of 
AT1a-deficient mice was inhibited. These results indicate that both clock genes and 
AT1-mediated signaling are required to maintain the circadian expression of PAI-1 in the 
kidney.  

In the present study, we did not observe the circadian expression of PAI-1 mRNA in the 
heart of wild-type mice and in the kidney of AT1a-deficient mice, which is not consistent 
with the previous reports (9, 15, 22). We feel these discrepancies may have arisen due to the 
methods of sample preparation. We kept the mice in the complete darkness for two days 
before sacrifice to exclude the effects induced by the light (CT: Circadian time) whereas 
others exposed the mice in LD cycles (ZT: Zeitgeber time). Since light is known to induce 
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circadian rhythm independent of the biological clock located in the suprachiasmatic nucleus, 
as a masking effect, we believe evaluation with CT is more appropriate to evaluate the 
function of endogenous biological clock. 

In conclusion, this report supports the view that the circadian clock plays an important 
role in the diurnal fluctuation of PAI-1 expression, and that the clock genes and the RAS 
may differentially affect on the circadian expression of PAI-1 in various tissues.  
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