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ABSTRACT 

The mammalian circadian timing system is composed of countless cell oscillators distributed 
throughout the body and central pacemakers regulating temporal physiology and behavior. 
Peripheral clocks display circadian rhythms in gene expression both in vivo and in culture. We 
examined the biosynthesis of phospholipids as well as the expression of the clock gene period 1 
(Per1) and its potential involvement in the regulation of the phospholipid metabolism in cultured 
quiescent NIH 3T3 cells synchronized by a 2 h serum shock. A 30 min pulse of radiolabeled 
precursor was given at phases ranging from 0.5 to 62 h after serum treatment. We observed a 
daily rhythm in the phospholipid labeling that persisted at least for two cycles, with levels 
significantly decreasing 29 and 58 h after treatment. Per1 expression exhibited a rapid and 
transient induction and a daily rhythmicity in antiphase to the lipid labeling. After Per1 
expression knockdown, the rhythm of phospholipid labeling was lost. Furthermore, in cultures of 
CLOCK mutant fibroblasts�cells with a clock mechanism impairment�PER1 was equally 
expressed at all times examined and the phospholipid labeling did not oscillate. The results 
demonstrate that the biosynthesis of phospholipids oscillates daily in cultured fibroblasts by an 
endogenous clock mechanism involving Per1 expression. 
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ircadian rhythms are a major characteristic of most living organisms and represent one of 
the most evident manifestations of adaptation to our environment (1). In mammals, 
circadian rhythms are generated and regulated by a circadian timing system, which 

consists of central pacemakers and peripheral oscillators, entrainment pathways, and pacemaker 
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output to effector�s systems expressing overt rhythms under circadian control. Circadian clocks 
are endogenous oscillators that measure local time and regulate the temporal organization of 
organisms. Distinct properties of these pacemakers that are required for generating circadian 
rhythms include a) endogenous oscillations, b) adjustment by environmental cues (i.e., the light-
dark cycle), and c) the production of efferent signals that reach the rest of the organism. Because 
circadian rhythmicity may constitute a cellular property, it appears that most animal cells may 
contain independent clocks. In accordance, diverse cultured mammalian cell lines (rat-1 
fibroblasts, H35 hepatoma cells) treated with high serum concentrations present a remarkable 
circadian expression of diverse genes whose transcription also oscillates in living animals (2) and 
in organ explants (3). Several transcription regulatory factors (DBP, TBP, Rev-Erbα) and clock 
genes (Per1 and Per2) are expressed rhythmically in cell cultures upon serum stimulation (2). 
These oscillations in gene expression are triggered by signals involving the glucocorticoide 
hormone, cyclic AMP, Ca++, protein kinase C activators (4, 5) and glucose (6), and by 
paradigms, including restricted feeding or temperature cycles (7�9). Okamura�s group showed 
that the peripheral oscillators present in cultured fibroblasts are identical in terms of gene 
expression (e.g., temporal profiles, phases) to those located in the hypothalamic suprachiasmatic 
nucleus (SCN), the master circadian clock in mammals (10). In addition, similar to SCN function 
in vivo, immortalized SCN cells (SCN2.2 cells) imposed rhythms of 2-deoxyglucose uptake and 
Per gene expression on cocultured NIH 3T3 fibroblasts via a diffusible factor (11).  

Genetic elements driving molecular oscillations appear to be organized in autoregulatory 
feedback loops in all organisms examined that include positive and negative regulatory elements 
(12). Clock was the first clock gene identified in vertebrates by mutagenesis screening (13). 
Homozygous Clock mutants maintained in constant darkness exhibit abnormally long periods of 
activity rhythms that ultimately become arrhythmic with longer exposure to constant 
illumination conditions (13). The Clock gene encodes a basic helix-loop-helix (bHLH)-PAS 
transcription factor, and the Clock allele carries a deletion of 51 amino acids in its transcriptional 
activation domain (14). Bmal1 is another clock gene encoding a bHLH-PAS transcription factor 
identified as a potential dimerization partner for CLOCK (15). The binding of transcription 
factors involved in the rhythm-generating molecular mechanisms such as CLOCK and NPAS2 to 
their DNA cognate sequence called E-box, is dependent, at least in vitro, on the redox state of the 
cells (16). 

Taking into consideration all the evidence accumulated showing that cultured cells isolated from 
central and systemic influences contain endogenous and autonomous oscillators, the model of 
cells in culture constitutes an excellent choice for studies of circadian regulation of cellular 
metabolisms. Here, we investigated the temporal regulation of the biosynthesis of phospholipids 
in cultures of NIH 3T3 cells and of other fibroblasts. We also looked at the expression of Per1 
(mRNA and protein) and examined its potential participation in the regulation of the oscillatory 
behavior of phospholipid metabolism. We found that the synthesis of phospholipids exhibits 
circadian rhythmicity in cultured fibroblasts that depends on Per1 expression. 



 

MATERIALS AND METHODS 

Materials 

All reagents were analytical grade. 32P-Na2orthophosphate was purchased from Amersham 
(Piscataway, NJ) or NEN Life Science Products (Boston, MA). 2-3H-glycerol was from NEN 
and 32P-dATP and 35S-dATP were from Amersham or NEN. HPTLC silica gel 60-precoated 
sheets were from Merck (Whitehouse Station, NJ). The protein assay kit was from Bio-Rad 
(Hercules, CA). Phospholipid standards were from Sigma (St. Louis, MO). Oligonucleotides 
were from Biosynthesis (Lewisville, TX) and α-tubulin (DM1A) and secondary antibodies were 
from Sigma, Santa Cruz Biotechnology (Santa Cruz, CA), and Molecular Probes (Eugene, OR). 
PER1 antibody was purchased from Alpha Diagnostic (San Antonio, TX). 

Cell cultures 

NIH 3T3 cells or CLOCK/CLOCK fibroblasts were grown in Dulbecco�s modified Eagle�s 
medium (DMEM) supplemented with 5% fetal calf serum. Cells reach confluence after ~4 days. 
At time 0, the medium was changed to 50% horse serum (Gibco-BRL, Grand Island, NY)-rich 
medium or to serum-free medium for controls. After 2 h, the medium was replaced with serum-
free DMEM and maintained under this condition for several days according to the protocol by 
Balsalobre et al. (2). 

Cultures of CLOCK/CLOCK fibroblasts were obtained as a new continuous cell line derived 
from the pituitary gland of male mouse CLOCK mutants originated on a C57BL/6J (B6) strain 
background (13, 14). C57BL/6J fibroblasts (wild type) were used as cell controls for these series 
of experiments. 

Phospholipid labeling 

The incorporation of 32P-orthophosphate or 3H-glycerol into phospholipids of cultured fibroblasts 
was assessed at different times across several cycles of 24 h each. A 30 min labeling pulse of 
32P-Na2orthophosphate (10 µCi/well) or 3H-glycerol (8.5 µCi/well) was given to cultures of each 
condition at different times ranging from 0.5 to 62 h after the serum shock, and beginning at 
those phases, each is illustrated in the respective Figures 1A, 3B, and  4, and Table 1, for the lipid 
labeling. Cells were harvested 30 min after the radioactive precursor was given to the cultures at 
the different phases assessed and processed for phospholipid labeling. 

Determination of radioactivity in phospholipids 

The labeling of phospholipids was determined according to Guido and Caputto (17). In brief, cell 
preparations washed twice with 1 mM cold phosphate-buffered saline (PBS) were resuspended in 
1 ml of water and precipitated with the same volume of 10% trichloroacetic acid (TCA) and 1% 
phosphotungstic acid (PTA). After centrifugation (2500 rpm, 15 min), the supernatant fraction 
was separated. Pellets were washed three times with 5% TCA and 0.5% PTA and once with 
water by successive resuspension and centrifugation. Phospholipids were extracted with 
chloroform/methanol (2:1 vol/vol), and radioactivity was determined in a liquid scintillation 
counter. The content of protein in cell preparations was estimated by the Bio-Rad protein assay, 
based on the method of Bradford (18), using bovine serum albumin as a standard. 



 

Chromatographic separation of individual phospholipids 

Individual phospholipids were separated by a 1-D two-solvent system procedure described by 
Weiss et al. (19). Standards and individual lipid species were visualized with iodine vapors, 
autoradiography, and reading of optical densitometry for assessment using Scion Image 
software. 

Immunocytochemistry 

PER1 was determined by immunocytochemistry with a specific antibody against mouse PER1 
raised in rabbit (dilution 1:100, Alpha Diagnostic) as described by Bussolino et al. (20), whereas 
the immunoreactivity associated with α-tubulin (α-Tub) was determined by the mouse 
monoclonal DM1A antibody (dilution 1:750, Sigma). The secondary antibodies used were 
rhodamine-conjugated goat anti-rabbit IgG (dilution 1:1000; Santa Cruz Biotechnology) and 
FITC-conjugated goat anti-mouse IgG (dilution 1:1000; Santa Cruz Biotechnology). Specimens 
were mounted with Fluorsave (Calbiochem, San Diego, CA) and observed with Zeiss 
(Oberkochen, Germany) Axioplan fluorescence microscopy equipped with a Princeton 
Instruments (Trenton, NJ) Micromax camera controlled with the Metamorph Imaging Software 
(Universal Imaging Corporation, Downingtown, PA). For the confocal microscopy (laser 
scanning microscopy image, LSMS Pascal inverted, Zeiss), the secondary antibodies used were 
Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 546 goat anti-rabbit IgG (Molecular 
Probes), and slides were mounted with ProLong Antifade kit (Molecular Probes). Relative levels 
of immunofluorescence associated to PER1 protein were assessed in the area encompassing the 
cellular nucleus according to the pixel gray level intensity by using Image Analysis software 
Metamorph, version 6.0 (Universal Imaging Corporation). 

Experiments of suppression of gene expression by administration of specific mRNA 
antisense oligonucleotides 

Cell cultures were treated with 4 µM of Per1 antisense oligonucleotide 30 min before the 
DMEM was supplemented with 50% horse serum (final concentration) for 2 h. After this period 
of time, the medium was replaced by serum-free DMEM containing 4 µM of Per1 antisense 
oligonucleotide and maintained under this condition for several days. Controls treated with the 
Per1 sense oligonucleotide received identical treatment as cultures fed the antisense 
oligonucleotide. The synthetic cDNAs with the end-capped phosphorothioate modification were 
as follows: Per1 antisense, 5′ TsAG GGG ACC ACT CAT GTCs T 3′, Per1 sense, 5′ CsCG TTA 
GTA CTG AGC TGAs C 3′ (21). 

In situ hybridization 

Slides containing NIH 3T3 cells were fixed with 4% paraformaldehyde in 1× PBS for 5 min and 
treated as described by Guido et al. (22) with modifications (20). Each slide was covered with 
the hybridization solution containing the 32S-probe (1×106 cpm/slide) and incubated overnight at 
37°C in a humid chamber. After exhaustive washing, the radioactivity contained in the slides 
was determined in a liquid scintillation counter. The Per1 cDNA was as follows: 5′ GCT GCT 
GGG TGG GGA TGG GGA TGG GCT CTG TGA GTT TGT AC 3′ (23, 24). 



 

Statistics 

Statistical analyses involved one- and two-way ANOVA with Newman-Keuls post hoc tests 
when appropriate. 

RESULTS 

Daily variation in the labeling of NIH 3T3 phospholipids 

We examined the time course of 32P-orthophosphate or 3H-glycerol incorporation into 
phospholipids in cultures of quiescent NIH 3T3 cells after a 2 h serum shock and at different 
times from 0 to 62 h. Results show that there was a daily fluctuation in the biosynthesis of 
phospholipids of NIH 3T3 cells treated with serum as indexed by the incorporation of 32P-
orthophosphate (F=6.84, P<0.000001 by ANOVA) (Fig. 1A) or of 3H-glycerol (F=16.043, 
P<0.0000001 by ANOVA) (Table 1) into phospholipids. Levels of 32P-phospholipids rapidly 
increased during the first 0.5 h of serum treatment and substantially decreased 1 h later. Then 
levels peaked again 5 h after the beginning of the serum shock and remained elevated for several 
hours, decreasing to basal levels at 29 h (Fig. 1A). The variation in the phospholipid labeling was 
observed at least during the following day, with the highest levels of 32P incorporation at 38 h 
and the lowest levels of labeling at 58 h. The rhythm observed exhibited a period close to 29 h. 

A similar daily variation in the labeling of glycerophospholipids was observed when the 
precursor used was 3H-glycerol. After the serum shock, levels of 3H-glycerophospholipids were 
high at 5 h and remained elevated for several hours until they substantially decreased at 29 h of 
initiating serum treatment (Table 1, Serum). A daily variation in the phospholipid labeling was 
also seen in control NIH 3T3 cell cultures synchronized by a DMEM exchange, at least during 
the first cycle with high levels of 3H-glycerol incorporation 5 h after treatment and low levels at 
29 h after medium replacement (Table 1, Control). Remarkably, we also found an overall 
activation of the phospholipid biosynthesis in response to the serum stimulation as compared 
with nonstimulated controls at all times studied (Table 1, compare Serum with Control). 

The oscillation described in the labeling of total phospholipids was accompanied by similar 
changes in all individual phospholipid species labeled (Fig. 2). Phosphatidylinositol (PI) 
accounted for the labeled species, with the highest 32P-orthophosphate incorporation at all times 
examined, followed by phosphatidylglycerol (PG)/phosphatidylethanolamine (PE), phosphatidic 
acid (PA), phosphatidylcholine (PC), and other phospholipids (Other PLs), including lyso-
derivatives and phosphoinositides. Moreover, similar patterns were observed at the different 
phases examined between the control and shock-treated cultures, with slight differences among 
phases and treatment conditions. PC, PG/PE, PI, and PA were the highest labeled phospholipid 
species when the precursor used was 3H-glycerol. 

Circadian expression of Per1 mRNA and protein in NIH 3T3 cells 

We examined the expression of Per1 mRNA (Fig. 1B) and protein (Fig. 3A) in NIH 3T3 cells 
after the serum shock. As described previously by Schibler�s group (2), in different immortalized 
cell lines, we found a rapid and transient induction of Per1 mRNA expression during the first 
minutes after the serum stimulation and a significant daily variation that persisted for at least two 
cycles, with the highest levels within the first hour (30 and 60 min), 27 h, and 55 h, respectively, 



 

after the serum shock. These findings demonstrated that Per1 expression oscillates rhythmically 
in cultures of NIH 3T3 fibroblasts, with a period close to 27�28 h. 

The statistical analysis carried out by ANOVA with the factor of time revealed that there was a 
significant effect of time on the expression of Per1 mRNA in the cell cultures (F=5.4644, 
P<0.0000001). The immunocytochemistry showed that PER1 also exhibits a significant daily 
variation, with values of immunoreactivity that peaked within the first 0.5�1.5 h after the serum 
shock, declining by 3 h after treatment and remaining low for several hours until they peaked 
around 26 h later (Fig. 3A). Remarkably, PER1 immunoreactivity was mainly confined to the 
cell nucleus as compared with the α-Tub immunoreactivity, which highlighted the rest of the cell 
(Fig. 3A). 

Effect of the Per1 expression knockdown on the phospholipid labeling of NIH 3T3 cells 

Taking into consideration that the metabolic oscillation described in the phospholipid synthesis 
(Fig. 1A) is driven by endogenous clock mechanisms and that this oscillation is in antiphase with 
the circadian expression of Per1 in NIH 3T3 cells (Fig. 1B, 3A), we investigated a potential role 
of this clock protein in the generation of rhythmic phospholipid synthesis. PER1 protein was 
substantially reduced when cells were fed a specific antisense oligonucleotide 30 min before the 
serum shock and maintained in the cell culture during the treatment with serum (Fig. 3C). PER1 
expression was determined at all other times examined after the serum shock for the 
phospholipid labeling shown in Figure 3B, and decreased protein levels were found after the 
antisense treatment (data not shown). In the antisense treated cells, the daily fluctuation of 32P-
phospholipid labeling was also significantly inhibited (Fig. 3B, gray bars). The major effect on 
phospholipid biosynthesis was seen at that phase at which the incorporation of radiolabeled 
phosphate was expected to be significantly decreased (~29 h after serum shock) as occurs in 
controls (sense) that exhibited the typical oscillation in the phospholipid labeling (Fig. 3B, black 
bars).  

The statistical analysis revealed that there was a significant major effect of time on the 32P 
incorporation into phospholipids for the sense treated cultures (F=2.861, P<0.003 by ANOVA), 
whereas cultures fed the antisense oligonucleotide showed no significant differences across time 
(F=1.392, N.S.). The labeling profiles for individual phospholipid species in both sense and 
antisense treated cells were similar to those shown in Figure 2 in which PI exhibited the highest 
labeling followed by important amounts of PA, PE/PG, and other lipids such as lyso-derivatives 
and phosphoinositides, PC, and PS (phosphatidylserine) at all times examined. Although some 
minor differences exist between the cyclic profile of phospholipid labeling shown in Figure 1A 
(serum shock and DMEM treatment) and Figure 3B (serum shock and sense treatment), closely 
related temporal patterns of labeling were found in both conditions. The highest labeling levels 
were observed around ZTs 3�10 for the sense treated cultures (Fig. 3B) and ZTs (zeitgeber 
times) 5�10 for the DMEM treatment (Fig. 1A), and the lowest levels of labeling were found at 
ZTs 29�30 for both experimental conditions. Nevertheless, we cannot discard after the analysis 
of only one cycle of metabolic labeling, possible small shifting effects of the sense 
oligonucleotide treatment on lipid labeling. 



 

Phospholipid labeling and Per1 expression in CLOCK/CLOCK fibroblasts 

To further investigate the temporal regulation of the biosynthesis of phospholipids in cell 
cultures and the potential involvement of clock genes, we assessed 32P-phosphate incorporation 
into phospholipids and PER1 immunoreactivity in cultures of CLOCK/CLOCK and of the 
corresponding wild-type fibroblasts derived from their respective male mouse pituitary gland. In 
wild-type cells, both the phospholipid labeling (Fig. 4) and PER1 expression (Fig. 5) displayed a 
daily variation, with profiles resembling those described for NIH 3T3 cells. A one-way ANOVA 
with the factor of time for 32P phospholipid labeling revealed a significant effect of this factor 
(F=4.9367, P<0.000004), whereas the pairwise comparisons determined that labeling levels 4 h 
after the serum shock were significantly greater than those at all other times examined. Levels of 
labeled phospholipids 25 h after the serum shock were the lowest and significantly different from 
those at 0, 1, 4, 10, and 27.5 h.  

By contrast, in CLOCK/CLOCK fibroblast cultures, the expression of PER1 was constant and 
robustly observed at all times assessed (Fig. 5), and the metabolic labeling of phospholipids did 
not significantly vary across time (F=1.1571, N.S. by ANOVA) (Fig. 4). Remarkably, levels of 
labeled phospholipids in the mutants were continuously high with respect to those in the wild 
type except at 4 and 27.5 h after the serum shock. A two-way ANOVA with the factors of time 
and cellular genotype (wild-type vs. CLOCK mutants) on phospholipid labeling revealed a 
significant main effect of time (F=2.5376, P<0.004), of cell type (F=82.1228, P<0.0000001), and 
of interaction (F=2.7041, P<0.002). 

DISCUSSION 

In mammals, the master circadian pacemaker that governs most physiological, biochemical, and 
behavioral rhythms is located in the SCN. Circadian oscillators, however, are widespread in the 
entire organism and particularly in peripheral tissues (2�4, 10, see ref 12 for review, 25). The 
timing system that generates these oscillations with a period near 24 h is made up, at the 
molecular level, of several clock genes whose proteins are also expressed in the peripheral 
oscillators.  

At present, at least nine clock genes have been identified to participate in the molecular loops of 
transcription and translation of clock proteins that determine daily rhythms. Molecular loops are 
conformed by positive and negative elements that regulate the expression of clock genes and 
clock-controlled genes by activating and repressing transcription along the 24 h period (15, 26�
29). PER1 has been shown to be a negative element of the transcription/translation loops that 
inhibits its own synthesis once it is translated. In addition, posttranslational modifications of 
clock proteins such as phosphorylation mediated, among others, by the casein kinases Iξ and Iδ 
may result in the protein degradation or inhibition of mechanisms required for nuclear 
translocation of complexes of clock proteins containing the PAS domain of dimerization (26, 30, 
31, 28). If the protein concentration is high enough, Per proteins form part of negative factors 
that suppress their own transcription by binding to the positive factors (CLOCK/BMAL1).  

Furthermore, a second loop that complements the core feedback loop and enhances the amplitude 
of rhythm has been reported (32). Homozygous Per1 mutants display a shorter circadian period 
with decreased precision and stability; moreover, PER1 may regulate Per2 at a 



 

posttranscriptional level and the expression of a yet undetermined number of genes involved in 
the output pathways of the circadian system (33). PER1 has also been involved in the clock 
entrainment mechanisms, thus it could mediate the shifting effects of light that entrains the 
activity rhythms in vivo as well as the glutamate shifting effects on the firing rate of SCN 
neurons in vitro (21, 33, 34). 

The metabolic activity of cells, and particularly the redox state, recently has been shown to play 
a key role in the function of the circadian system. At a molecular level, the presence of NADPH 
or NADH promotes binding of the heterodimeric clock transcription factor complexes to DNA 
(16, reviewed in ref 35). Moreover, NADH oxidases on the external cellular surfaces exhibit 
stable and recurring patterns of oscillations with a period length of 24 min postulating them as 
biochemical ultradian drivers of the cellular biological clock (36). Glucose utilization by the 
SCN and other brain structures indicates time of day differences in the metabolic rates of these 
cells (37, 38), and this metabolite may also regulate gene expression in cultured fibroblasts (6). 
In humans, core body temperature oscillates daily, indicative of gross changes in metabolic rate 
(39). 

In the past few years, a strong body of evidence has demonstrated that a countless number of 
peripheral oscillators forming a web of circadian pacemakers participate in the regulation of 
temporally coordinated physiology (reviewed in ref 40). Oscillators present in fibroblasts after 
synchronization display robust circadian rhythmicity in the expression of an important number of 
genes (at least 85) (41), including known clock or clock-driven genes whose protein products are 
involved in diverse cellular functions. In addition to the circadian fluctuations of gene expression 
reported in mammalian tissue culture cells (2�4, 20) that can be responsible for generating the 24 
h molecular mechanisms, our findings indicate that fibroblasts in culture are also capable of 
exhibiting metabolic oscillations as shown by the changes observed in the biosynthesis of 
phospholipids. The findings described herein support the idea that these rhythms may involve 
either de novo biosynthesis of phospholipids, as observed after the administration of glycerol, 
and/or partial turnover of the lipid moieties labeled with radioactive phosphate. These metabolic 
oscillations may constitute an output of the circadian oscillators located in the cultured cells and 
may reflect a differential requirement of phospholipids recently synthesized for the biogenesis of 
membrane or for the generation of distinct waves of lipid-derived second messengers varying 
across time. Interestingly, these metabolic oscillations persist at least during two cycles and 
exhibit a period longer than 24 h that also correlates with the longer period of Per1 mRNA 
expression in these cells. 

Another striking characteristic displayed by these cells is that the daily variation of phospholipid 
biosynthesis occurs in an antiphase manner to the expression of Per1: When phospholipid 
labeling is high, Per1 expression is low and vice versa. Moreover, when Per1 expression is 
knocked down with specific antisense oligonucleotides, the metabolic oscillation observed in the 
incorporation of labeled precursors into phospholipids damps out, increasing the levels of 
radioactive phospholipids at those phases in which biosynthetic levels are expected to be low 
(26�29 h after serum shock). Interestingly, in fibroblasts derived from the pituitary gland of the 
CLOCK mutant, a cellular model bearing an altered circadian clock mechanism, the oscillatory 
mechanisms are severely impaired at least for Per1 expression and the biosynthesis of 
phospholipids. Thus, there is a good correlation between both measured parameters.  



 

In contrast to wild-type fibroblasts, CLOCK cells display neither the circadian expression of 
PER1 nor a temporal variation in precursor incorporation into phospholipids. Remarkably, the 
metabolic state of the CLOCK mutants indicated by the rate of radiolabeled precursor 
incorporation into phospholipids was both exacerbated as compared with the wild-type cells and 
out of control by endogenous clock mechanisms. Note that in these cells, at least two 
components of the core clock mechanism are severely affected�CLOCK and PER1�and that 
Per1 displays a constant and robust expression across time. These anomalous changes may 
reflect, at least in part, the high levels of phospholipid labeling observed. In addition, according 
to data reported by Ishida�s group, expression of Bmal1, Per2, and DBP mRNAs is considerably 
altered in peripheral tissues of CLOCK mutant mice. In these studies, the expression of Bmal1 
mRNA was constant and high, close to peak levels in wild-type mice (42). Moreover, the 
expression of 41 genes was up-regulated in livers of CLOCK mutants (29). In mammals, Bmal1 
expression is down-regulated by BMAL1 through the product of Rev-Erbα gene (43).  

A computational model for the mammalian circadian clock based on the positive and negative 
regulatory loops involving Per, Cry, Bmal1, Clock, and Rev-Erbα genes has been recently 
proposed by Leloup and Goldbeter (44). Based on experimental observations (29, 42), and taking 
into account the high levels of PER1 in our cultures of CLOCK fibroblasts in which the clock 
mechanisms are impaired, we may infer that BMAL1 together with other putative clock proteins 
(i.e., NPAS2, functional analog of CLOCK) could be acting directly or indirectly (by the down-
regulation of Rev-Erbα gene expression) as potent activators of Per1 expression, maintaining its 
high levels at all times examined. 

The cultured fibroblasts of our experiments were grown to confluence, and upon stimulation by a 
high concentration of mitogenic factors present in the serum, a series of biochemical events take 
place in these cells that are generally associated with the G0 to G1 transition of the cell cycle. The 
biosynthesis of phospholipids has been shown to be tightly regulated by the cell cycle; however, 
the biochemical mechanisms that coordinate macromolecular and bulk membrane phospholipid 
production are largely unknown (45). In addition, different studies have demonstrated that the 
overexpression of PI synthase in NIH 3T3 cells enhances growth and G1 progression (46), 
whereas Ha-ras transformation alters the metabolism of PC and PE (47), and different growth 
factors and PKC activators stimulate the synthesis of various phospholipids in these cells (48, 
49).  

We have previously shown that the inducible transcription factor c-Fos associates with the 
endoplasmic reticulum (ER) and activates phospholipid metabolism in cultures of NIH 3T3 cells 
stimulated with fetal calf serum to re-enter growth (20). Upon cellular stimulation by a variety of 
external effectors (e.g., light, serum), the biosynthesis of phospholipids is significantly and 
rapidly activated in different cellular models, including retinal cells and cultures of fibroblasts 
(20, 50�52, reviewed in 53). Remarkably, under these situations, the expression of c-Fos is also 
rapidly induced, located to the cytoplasmic compartment associated with the ER, in addition to 
its nuclear localization as transcription factor, and shown to be essential in mediating the 
metabolic stimulation described (53, 54). The biosynthesis of phospholipids in different retinal 
cell populations has also been shown to be controlled by an endogenous circadian clock 
mechanism in constant illumination conditions (55). On the basis of these observations, we can 
infer that the synthesis of cellular phospholipids is subjected to complex mechanisms involving 
novel regulatory factors and temporal regulation. 



 

Our findings demonstrate that the daily fluctuation observed in the biosynthesis of phospholipids 
is driven by a circadian clock located in the cell cultures and that the molecular clock mechanism 
operating in the generation of these oscillations involves the circadian expression of the clock 
gene Per1. Whereas circadian clocks have been intensively dissected, little is known about the 
mechanisms by which these clocks regulate gene expression and output activities of the 
oscillators. Direct regulation for some of them by the clock proteins has recently been 
documented, but this likely represents an exceptional situation (see ref 56 for review). Further 
studies will be required to elucidate the insight mechanisms that take place in these cultures and 
the link between the phospholipid synthesis and the clock protein activity. To our knowledge, 
this is the first report that demonstrates a tight correlation between a particular metabolic 
oscillation such as that related to phospholipid biosynthesis and clock-related mechanisms in 
peripheral oscillators. 
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Table 1 
 
Daily variation of 3H-glycerophospholipid labeling in NIH 3T3 fibroblasts subjected to a 2 h serum shock 
(Serum) or a medium exchange (Control) at time 0a 
________________________________________________________________________ 

3H-Phospholipid Labeling  
(cpm/µg protein)  

 
  Treatment Condition  

_______________________________________________________________   
Time (h)   Control     Serum 
_________________________________________________________________________ 
0.5    277 ± 103    323 ± 135 
5     630 ± 144             2633 ± 868 
7    353 ±   45             1683 ± 196 
24    471 ± 194              1671 ± 450 
29    261 ± 115     422 ± 142 
32    348 ± 104              1830 ± 220 
 
aData are mean ± SE (n= 4–10/group). A two-way ANOVA (factors of time and treatment) revealed a significant effect of time on the phospholipid 
labeling (F=16.043, P<0.0000001), of treatment (F=200.772; P<0.0000001), and of interaction (F=9.592, P<0.0000001). 

 
 
 
 



Fig. 1 
 

                         
Figure 1. A) Daily variation of 32P-phospholipid labeling of NIH 3T3 fibroblasts grown to confluence with 5% fetal calf 
serum and subjected to a 50% horse serum shock for 2 h (time 0). Cells were given a 30 min pulse of 32P-orthophosphate at 
different times along 60 h after serum treatment. Results are mean ± SE (n=4–11/group). A daily variation was observed in 
the incorporation of 32P into total phospholipids (F=6.84, P<0.000001 by ANOVA) with a period close to 29 h. The lowest 
levels of labeling were observed at 29 and 58 h after treatment. B) Circadian oscillation of Per1 mRNA expression in NIH 
3T3 cells after a 2 h serum shock as shown in A and assessed by in situ hybridization. Results are mean ± SE (n=4–
20/group). A daily variation was observed in levels of Per1 mRNA (F=5.4644, P<0.0000001 by ANOVA), with the 
highest levels within the first minutes (30 min) and at 27 and 54 h after the serum shock. 



Fig. 2 
 

 
                         
Figure 2. Percentile distribution of individual 32P-phospholipids in NIH 3T3 fibroblasts synchronized by a 
medium change (Control: black bars) or by a 2 h serum shock (Serum: gray bars) at different times up to 29 h 
posttreatment. Lipids were extracted and subjected to high-performance TLC as described in Materials and Methods. 
Phosphatidylinositol (PI) is the species with the highest precursor incorporation at the different times examined followed 
by phosphatidylglycerol (PG)/phosphatidylethanolamine (PE), phosphatidic acid (PA), phosphatidylcholine (PC), and 
other phospholipids (Other PLs), including lyso-derivatives and phosphoinositides. Data are mean ± SE (n=3 independent 
experiments). 



Fig. 3 
 

                
                         
Figure 3. A) Temporal expression of PER1 in NIH 3T3 cells after a 2 h serum shock. Cells were harvested at different 
times (h) and immunostained as described in Materials and Methods. Photomicrographs show the immunofluorescence 
associated to PER1 with nuclear localization, whereas α-Tub highlights the rest of the cell. B) Effect of the knockdown of 
Per1 expression on 32P-phospholipid labeling in NIH 3T3 fibroblasts. Per1 expression was knocked down in the cells by 
continuous treatment with specific Per1 antisense oligonucleotides (ASO) (gray bars). Controls were treated with Per1 
sense oligonucleotide (SO) (black bars). C) Effect of Per1 ASO on PER1 immunoreactivity in NIH 3T3 cells 1.5 h after 
the initiation of the serum shock as compared with SO controls. Scale bar, 50 µm. 
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Figure 4. Daily variation of 32P-phospholipid labeling of CLOCK/CLOCK and WT fibroblasts grown to 
confluence with 5% fetal calf serum and stimulated by a 2 h serum shock at time 0. Cells were given a 30 min 
labeling pulse of 32P at different times along 30 h after treatment. Results are mean ± SE (n=4–15/group). A daily variation 
was observed in the incorporation of 32P into phospholipids of WT fibroblasts (P<0.0002 by ANOVA), whereas no 
significant changes were found in the labeling of CLOCK/CLOCK phospholipids. 
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Figure 5. Expression of PER1 in synchronized cultures of CLOCK/CLOCK and WT fibroblasts. A) Confocal 
microscopy images of the double fluorescence immunostaining for PER1 (red) and � -Tub (green) in CLOCK/CLOCK 
and WT fibroblasts at different phases after a 2 h 50% horse serum shock. B) Histograms indicating relative levels of 
nuclear PER1 in CLOCK/CLOCK (gray) and WT (black) fibroblasts across time. Data are mean ± SE (n=15–25). 


