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Human aging is accompanied by dramatic changes in daily sleep–
wake behavior: Activity shifts to an earlier phase, and the consolidation of sleep and wake is disturbed. Although this daily circadian
rhythm is brain-controlled, its mechanism is encoded by cellautonomous circadian clocks functioning in nearly every cell of
the body. In fact, human clock properties measured in peripheral
cells such as ﬁbroblasts closely mimic those measured physiologically and behaviorally in the same subjects. To understand better
the molecular mechanisms by which human aging affects circadian
clocks, we characterized the clock properties of ﬁbroblasts cultivated from dermal biopsies of young and older subjects. Fibroblast
period length, amplitude, and phase were identical in the two
groups even though behavior was not, thereby suggesting that
basic clock properties of peripheral cells do not change during aging. Interestingly, measurement of the same cells in the presence of
human serum from older donors shortened period length and advanced the phase of cellular circadian rhythms compared with
treatment with serum from young subjects, indicating that a circulating factor might alter human chronotype. Further experiments
demonstrated that this effect is caused by a thermolabile factor
present in serum of older individuals. Thus, even though the molecular machinery of peripheral circadian clocks does not change
with age, some age-related circadian dysfunction observed in vivo
might be of hormonal origin and therefore might be pharmacologically remediable.
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ircadian clocks possess an endogenous periodicity of about
24 h and play a key role in physiological adaptation to the
solar day for all living organisms, from cyanobacteria and fungi
(1) to insects (2) and mammals (3). Circadian clocks inﬂuence
nearly all aspects of physiology and behavior, including sleep–
wake cycles, body temperature, and the function of many organs
(3). During normal aging, clock function is attenuated, with
consequences both for health and quality of life. Older individuals
have an earlier phase of everyday activity compared with the
young (4). Not only is the consolidation of sleep and wake dramatically reduced (5, 6), but overall circadian amplitude of hormones and body temperature are lower (7, 8), and many agingassociated sleep–wake pathologies have been reported (9–11). As
a result, one in ﬁve healthy older individuals reports taking sleep
medications regularly (9). In cases of pathological aging, chronobiological disturbance is even more acute: Huntington disease,
Parkinson disease, and Alzheimer’s disease are all associated with
profound alterations in sleeping patterns (10–12). These effects
of aging on circadian rhythms—diminished circadian amplitude,
earlier phase, shorter circadian period, and desynchronization of
rhythms in peripheral organs—have been observed widely in
several species of mammals (7, 13, 14). Paradoxically, however,
even though the behavioral phase is earlier in aged humans,
multiple studies conclude that the free-running period remains
unchanged (15–18). Thus, changes in phase have been ascribed
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to alterations in overall circadian amplitude and changed sleep
architecture. However, the nature and mechanism of these
changes remains entirely unknown.
Mammalian circadian clocks are organized in a hierarchical
fashion: The suprachiasmatic nuclei (SCN) of the anterior hypothalamus serve as a master clock, receiving light signals from
the external environment via the retina and retino-hypothalamic
tract and elaborating these stimuli into signals that are sent all
over the body to synchronize clocks in peripheral organs (3).
Interestingly, the clock mechanism itself is cell-autonomous and
involves interlocked feedback loops of transcription and translation. These loops are encoded by dedicated clock genes: For
example, in one loop the heterodimer formed by the two transcription factors CLOCK and BMAL1 binds cis-acting E-box
sequences present in Per and Cry gene promoters to activate
their transcription. Subsequently, PER and CRY protein complexes inhibit the activity of CLOCK–BMAL1. As a consequence,
Cry and Per mRNAs decrease in concentration, and a new cycle
can start (19).
At a cellular level, the SCN and peripheral oscillators share the
same molecular mechanism (20). Thus, cellular reporters composed of clock gene promoters driving expression of luciferase or
GFP have proven to be very useful tools for the study of circadian
rhythms in the SCN as well as in peripheral oscillators (21, 22).
Using such reporters, we have shown previously that many differences in human circadian behavior also can be seen at a molecular level in peripheral cells. For example, the cellular clocks of
early chronotypes (i.e., “larks”) have shorter circadian periods
than those of later chronotypes (“owls”) (23), and circadian period length in vitro is proportional to physiological period in vivo
(24). Under entrained conditions in which cellular clocks are
constrained to 24 h via an entrainment protocol that mimics diurnal variations in mammalian body temperature (25), ﬁbroblasts
show the early or late circadian phases of their owners (23).
In principle, alterations in circadian behavior caused by aging
could arise by a variety of mechanisms. Changing neural networks
might perturb sleep–wake timing or alter the communication
between the SCN clock and other brain regions. Hormonal signals
critical for maintaining physiological homeostasis might be perturbed. On a cellular level, molecular changes associated with
aging (e.g., oxidative damage, telomere attrition) might alter basic
clock function. In this paper we have addressed the effects of
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Aging Changes Human Circadian Behavior in Vivo but Does Not Alter
Fibroblast Circadian Clocks in Vitro. To try to understand the mo-

lecular changes that might underlie modiﬁcations in daily behavior in elderly individuals, we characterized the circadian
rhythms of dermal skin ﬁbroblasts obtained from young and older
donors. Subjects were recruited based on age but also were asked
to give information about daytime preference (their preferred
waking time and bedtime both on workdays and during leisure) by
completing the Munich Chronotype Questionnaire (MCTQ)
(26). The 18 young and 18 older sex-matched subjects participating in our study are summarized in Table S1 and are described
individually in Table S2.
From the completed MCTQ, older subjects in our study displayed a signiﬁcantly earlier sleep phase compared with young
subjects (Fig.1A; unpaired t test; P < 0.01). This difference
reﬂected well the epidemiological trend that is observed in the
general population, e.g., as reported by Roenneberg and colleagues (27). To characterize possible cellular origins of these
differences, two 2-mm dermal punch biopsies were taken from
every subject. Primary ﬁbroblast cultures were isolated from the
biopsies and infected with a lentivirus that harbored a circadian
reporter construct (the Bmal1 promoter driving expression of the
ﬁreﬂy luciferase gene (28)). Circadian clocks in infected ﬁbroblast
cultures were synchronized with dexamethasone (29), and circadian bioluminescence corresponding to Bmal1 promoter activity
was measured for at least 5 d under constant conditions in a cellculture incubator. The circadian oscillations from ﬁbroblasts from
young and elderly subjects then were examined systematically for
differences in period length, amplitude, and phase. It had been
shown previously that chronotype correlates negatively with period length in vivo (30) and in vitro (23). Hence, if the origins of
aging-related differences were cell intrinsic, we hoped to see
correlations between clock properties in vitro and subject age.
The period length for each individual is shown in Fig. 1B. As we
have reported for other subject populations (28), ﬁbroblast period
differed signiﬁcantly among different individuals but not between

A

Human Sera Inﬂuence Fibroblast Circadian Period Length and Phase.

Even if the peripheral cells of elderly subjects do not differ from
younger subjects in their chronobiological properties, it is well
documented that the milieu in which these cells are found
undergoes dramatic changes as individuals age (7, 31), and peripheral organs certainly show altered function with aging (7, 13,
14, 17, 32), If cellular circadian properties per se do not change
with aging, we reasoned that age-related circadian alterations
might be provoked by a circulating factor. To test this possibility,
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Fig. 1. Inﬂuence of age on period length and chronotype. (A) Chronotype of young and old subjects, as measured by the MCTQ. The y axis shows subject
MSF-Sc. This statistic (the output of the MCTQ) is widely used as a reliable measure of human chronotype (27). Dataset variation is shown as a standard
boxplot (n = 18; unpaired t test; **P < 0.01). (B) Period length of the primary ﬁbroblasts of each subject participating in this study. For ease of display, data are
sorted on the basis of the period length. Data are mean of six independent measurements of the period length for every subject ± SEM. (Inset) Population
average of period lengths of skin ﬁbroblasts from young (Y) and older (O) subjects, shown as a standard boxplot. No statistical difference was observed
(n = 18; unpaired t test; P > 0.05).
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different biopsies from the same individual (Fig. S1A). No differences were observed between the groups (Fig. 1B Inset; unpaired t test; P > 0.05; and Table S1). Additionally, no correlation
was seen between period length and MCTQ sleep phase in either
older or younger subjects (Fig. S1B; linear regression: P > 0.05).
[Previous studies showing correlations between questionnairebased sleep–wake behavior and period length were based on
comparisons of extreme early vs. late chronotypes (23, 30).]
In addition to period length, other clock properties include
amplitude (the difference between peak and nadir expression
values) and phase (the relative timing of each cycle relative to
a periodic entraining stimulus). We also studied the circadian
amplitude of the oscillations that we observed in vitro. No correlation with aging was observed, nor did amplitude correlate
with ﬁbroblast cell passage number (i.e., a longer or shorter time
in cultivation) (Fig. S2 A–C; unpaired t test; P > 0.05).
Theoretically and biologically, period and phase are tightly
coupled: A longer period leads to a later phase. Under certain
circumstances, amplitude and phase also are coupled, with lower
amplitude leading to earlier phase (23). Nevertheless, phase differences also can be driven by rhythmic inputs from outside the
circadian oscillator (e.g., by the timing of light to the retina in
mammals). To measure circadian phase in ﬁbroblasts in vitro, we
entrained ﬁbroblast clocks to a 24-h daily cycle using periodic
oscillations of incubator temperature between 34 and 37 °C. After
6 d, ﬁbroblast daily rhythms entrained well to these cycles in both
young and old subjects regardless of their period lengths. On day
7, we measured the phase of reporter gene expression relative to
the temperature cycle. An earlier phase was not observed in older
vs. younger subjects (Fig. S2D; unpaired t test; P > 0.05), conﬁrming the lack of effect of subject age on period and amplitude
that we already had observed. In total, none of the physiological
signs of human circadian aging could be detected or duplicated in
cultured ﬁbroblasts from elder subjects.

Period length (hrs)

aging on molecular circadian clock properties using a ﬁbroblastbased assay. Our results are consistent with the hypothesis that
the molecular machinery of circadian rhythms in peripheral
oscillators is not altered by age but that molecules present in serum might be responsible for some of the circadian changes that
occur in the elderly.
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Fig. 2. Length of circadian period of skin ﬁbroblasts treated with media containing human serum. (A) Lengths of circadian period in one representative cell
line taken from a young subject (Y) measured in medium containing FBS (white) and media containing human serum from eight young (YS; gray) and ﬁve
older (OS; black) donors. Bars represent the mean of three independent measurements ± SEM. (B) Equivalent measurements from a representative cell line
from an older subject (O). (C) Bar graph showing the average differences in period length in four Y cell lines treated with YS and OS. Results are expressed
as average ± SEM. (D) Equivalent measurements for two O cell lines. In both cases, treatment with YS gave a highly different period length (unpaired t test;
***P < 0.001 compared with the treatment with OS in Y cell lines). (E) Average period length across experiments using human serum, as a function of the
age of the serum donor (linear regression: P < 0.0002; r2 = 0.6274).
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Inﬂuence of Human Serum on Period Length Is Caused by HeatSensitive Substances in Sera from Older Subjects. Our results sug-

gested that one or more substances in human serum can recapitulate at a cellular level the differences in circadian phase
seen between younger and older subjects. In principle, such
effects could arise from substances either in YS or in OS. To
investigate further the nature of the substance(s) responsible
for the aging effects, we attempted to heat-inactivate four YS
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we replaced the normal standardized FBS used in our cell cultures with human serum harvested from donors of different ages.
The circadian rhythms of four young (Y) and two old (O) cell
lines were measured in the presence of eight different media
containing human serum from young (YS) male donors and ﬁve
different media containing human serum from three older male
donors and two postmenopausal female donors (OS). Data regarding these blood donors are listed in Table S3. Fig. 2 A and B
shows representative data from one Y and one O ﬁbroblast cell
line tested with all sera. (The complete data set is shown in Fig
S3.) Fig. 2 C and D shows averages from all cell lines and all sera
collectively. Irrespective of whether the treated ﬁbroblasts were
from young or older subjects, cells measured in serum from older
donors had a signiﬁcantly shorter circadian period than cells
in serum from young donors (Fig. 2 C and D; unpaired t test;
PY < 0.001; PO < 0.001). In the presence of YS, cells from young
and older subjects showed a period length of 24.61 ± 0.18 h and
24.35 ± 0.18 h, respectively, whereas in the presence of OS cells
from young and older subjects showed a period length of 23.79 ±
0.16 h and 23.60 ± 0.33 h, respectively. Analyzed individually,
period measurements with different sera showed a strong correlation between donor age and period length (Fig. 2E; P < 0.0001;
R2 = 0.91).
Because changes in period are coupled to changes in phase (as
described above), to verify these results we wanted to ensure that
the dramatic changes in circadian period that we observed were
mirrored by corresponding changes in phase. Using the temperature entrainment paradigm described earlier to entrain
clocks in all cells to rhythms of 24 h, we measured the circadian
phase after temperature entrainment of two Y cell lines and two
O cell lines in the presence of two YS and two OS. Serum from
older subjects indeed phase-advanced the circadian rhythms of
cells from both young (Fig. 3A) and older (Fig. 3B) subjects,
compared with the same cells in YS (unpaired t test; P < 0.05),
and there was a strong correlation between period length and
phase shifting in individual sera (Fig. 3C; P = 0.0265; R2 = 0.66).
Therefore, the shortened period observed with sera from older
individuals manifested as earlier phase under entrained conditions, at least in cells.
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Fig. 3. Circadian phase of ﬁbroblasts in the presence of serum from young
and older subjects. (A) Phase of cell lines from young subjects (Y) was determined after temperature entrainment in the presence of serum from younger
subjects (YS) or from older subjects (OS). Results are expressed as phase difference (in h) between the two treatments. Each bar results from the average
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all sera from young subjects (linear regression: P = 0.0265; r2 = 0.6488).
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balance in elderly individuals changes cellular clock properties and shifts phase earlier at sleep–wake centers but cannot entrain the SCN. In cells, only intrinsic
and hormonal inﬂuences are operative, resulting in shorter period and earlier phase in the presence of serum from older individuals.
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If the changes in period that we observe with OS are responsible for changes in phase, then it would be likely that heatinactivated OS also should no longer produce phase changes. We
tested this hypothesis by examining phase in a temperature entrainment protocol with two sera each from old and young
donors, tested on two cell lines each from old and young subjects.
As expected, heat treatment abolished the earlier phase produced by serum from older individuals (Fig. 4C).
Theoretically, either a diurnal factor or one constantly present
could achieve the effects that we observe. Multiple phase-shifting
activities are known to be present in serum, no matter what time
of day it is drawn (29). Two obvious labile circadian candidates
would be melatonin and cortisol, hormones widely used as circadian markers and known to phase-shift the circadian clock.
Melatonin would be barely present in serum at these times, although cortisol would be abundant. We tested the levels of both
these substances explicitly in our sera: They were not signiﬁcantly
different in young and older blood donors at the time that these
sera were taken (ca. 2:00 PM) (Fig. S5 B and C; unpaired t test;
P > 0.05). Because a trend toward elevated cortisol was visible in
older subjects, we tested sera supplemented with different
amounts of cortisol to see whether this hormone could cause the
changes we observe. Because ﬁbroblasts treated with different
amounts of cortisol at levels found in the blood of these donors
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(YSHI) and four OS (OSHI). In this way the secondary structure
of proteins and unstable metabolites would be destroyed, and
a ﬁrst indicator of molecular identity would be given. The circadian period length from four cell lines (two Y and two O) were
analyzed in the presence of medium containing each of these
sera. Individual values for each serum in a single cell line are
shown in Fig. 4A. (The complete data set is shown in Fig S4.)
Average values for cell lines from younger and older individuals
are shown separately in Fig. 4B. Heat treatment had no effect on
YS: Measurements from cells with YSHI were not different from
measurements with YS [period Y = 24.61 ± 0.18 h (with YS) vs.
24.63 ± 0.27 h (with YSHI); period O = 24.35 ± 0.18 (with YS)
vs. 24.50 ± 0.45 (with YSHI); PY > 0.05; PO > 0.05]. Nevertheless, measurements with OSHI were signiﬁcantly longer than
with OS and were not signiﬁcantly different from those with YS
[period Y = 23.79 ± 0.16 (with OS) vs. 24.60 ± 0.14 (with OSHI);
period O = 23.60 ± 0.33 (with OS) vs. 24.32 ± 0.28 (with OSHI);
one-way ANOVA Tukey’s multiple comparison test: PY < 0.001;
PO < 0.01]. Thus, the longer periods observed with young sera
were rescued by the heat inactivation of OS, providing strong
evidence for heat-sensitive circulating factors present in serum
from older individuals that can shorten period. In support of this
hypothesis, iterative dilution of OS with FBS results in a progressive loss of this period-shortening effect (Fig S5A).

did not show differences in period length compared with untreated cells, we conclude that cortisol is not the factor responsible for our effects (Fig. S5D).
Discussion
In this study, we have shown that skin ﬁbroblasts taken from
young and older subjects do not differ in their circadian properties per se, but incubation of both cells in serum from older
subjects results in a shortening of circadian period and a shift to
earlier phase compared with incubation with serum from younger subjects. Moreover, the effects that we observe are caused by
a thermolabile activity in serum from older subjects. Our results
suggest that hormonal changes can alter cellular clocks, and
these changes in turn might underlie the differences in circadian
behavior caused by aging.
Various theories have been proposed to explain a shift toward
earlier behavior in elderly individuals. According to one hypothesis, fragmentation of the sleep–wake cycle coupled with increased daytime napping results in less nighttime sleep and a shift
to an earlier activity phase (6, 33). In this scenario, changes in
sleep structure alter self-selected timing of light, and thereby
circadian phase. Such changes in sleep structure might be caused
by age-related reduction in the evening circadian signal that
opposes homeostatic sleep pressure (15, 34). According to another theory, changes in eye physiology with age (e.g., lens yellowing and senile miosis or cataracts) and changes in behavior
(less time in direct sunlight outdoors) are thought to reduce the
entraining effects of solar light, exacerbating a circadian entrainment problem in elderly individuals (35). Recent studies
corroborate these hypotheses and demonstrate clearly that the
circadian system in the elderly is less sensitive to light (36, 37).
The results that we present provide an additional cellular explanation for the shift toward earlier chronotype based on
changes in hormone balance in elderly individuals. The putative
causal factor could be constantly present in serum and use
asymmetry in phase-response curves to shift overall phase. In this
case, we would expect that the magnitude of the factor would be
different in older and younger individuals at all times of day.
Alternatively, if the factor were rhythmically secreted, it could
have the same amplitude but a different phase proﬁle in older and
younger individuals. In this case, the difference in abundance that
we saw by sampling at a single time would reﬂect different circadian dynamics of the putative clock-modifying substance in
older and younger individuals.
Nevertheless, there is one obvious problem with this idea:
Excellent studies suggest that the physiological period of human
beings does not change with age (15, 16, 38). If a circulating
hormone were shortening period, then why does free-running
physiological period remain unchanged? We propose that such
a factor might act upon non-SCN regions of the human brain and
periphery but not upon the SCN itself. This hypothesis would
explain our data and also would explain nicely why the phase of
sleep–wake timing is shifted earlier relative to the timing of the
endogenous circadian clock even in “forced desynchrony” laboratory studies. In rodents, brain structures other than the SCN
(e.g., hippocampus, thalamus, and cortex) actually show an entrainment reminiscent of peripheral cells: They have a clock
phase 4 h later than the SCN, and they are entrained to feeding
and temperature-entrainment signals, whereas the SCN is not
(25, 39). Other types of decoupling of locomotor activity rhythms
from SCN clock phase (e.g., by methamphetamine in rats or by
darkness in certain mouse strains) also are accompanied by
alterations in the phase of clock gene expression in non-SCN
brain areas (40, 41).
Overall, compelling evidence exists for all three models, and it
is likely that each could contribute to the dramatic changes in
behavior seen in elderly individuals (a model is shown in Fig.
4D). Our ﬁndings open the possibility that circadian difﬁculties
7222 | www.pnas.org/cgi/doi/10.1073/pnas.1008882108

associated with aging might be hormonally driven in part and
therefore might be pharmacologically treatable without recourse
to potentially addictive sleep aids. If so, this approach would
represent a major beneﬁt to health.
Materials and Methods
Subject Recruitment Criteria and Chronotype Determination. Eighteen healthy
young (age 21–30 y) and 18 healthy older subjects (age 60–88 y) were chosen
for participation based on age alone and were asked to ﬁll out the MCTQ.
MSF-Sc was calculated from this questionnaire and used as a measure of
chronotype (26). Subject statistics are shown in Table S1. Prior ethical consent for the use of human skin tissues was given by the Ethical Committee of
Basel, and informed written consent for participation in this study was
obtained from all human subjects.
Tissue Isolation, Fibroblast Culture, and Viral Infection. Two cylindrical cutaneous biopsies (2 mm diameter) were taken from the buttocks of each
recruited healthy subjects. Fibroblasts were isolated from biopsies by 4-h digestion of tissue in DMEM/1% penicillin streptomycin (Sigma)/1% Glutamax
(Sigma) (DMEMc)/20% FBS (Sigma)/87.5 ng/mL Liberase (Roche), and cultured
in DMEMc/20% FBS. Conﬂuent cells were infected using Bmal1::luciferase
lentivirus. Transfected cells were positively selected 3 d after infection (28).
Harvesting of Sera. At 2:00 PM, 45 mL of blood were collected from eight
healthy young male (age 25.5 ± 4.6 y) and ﬁve healthy older (three male and
two postmenopausal female; age 74.4 ± 9.8 y) subjects in clot-activator
vacutainers (BD Vacutainer System). Whole blood was incubated 30 min at
room temperature and then centrifuged 10 min at 2,000 × g. Serum was
harvested and stored at −20 °C. When speciﬁed, human serum was heatinactivated by treatment for 30 min at 56 °C.
Synchronization and Measurement of Circadian Period and Phase. Five days or
more after human ﬁbroblast infection, circadian rhythms were synchronized
by 100 nM dexamethasone (Sigma) in DMEMc + 20% FBS (42). DMEMc without
phenol red was supplemented with 0.1 mM luciferin (Molecular Probes)
to obtain the counting medium (CM), and light output was measured in
homemade light-tight atmosphere-controlled boxes for at least 5 d. To
measure the ﬁbroblast basal circadian rhythms, CM was supplemented with
10% FBS; to determine the inﬂuence of human serum on circadian period
length, CM was supplemented with 10% human serum; to determine the
inﬂuence of cortisol on period length, CM was supplemented with 10% FBS
or 10% FBS and 25 ng/mL cortisol (Sigma) or 10% FBS and 75 ng/mL cortisol;
to determine the inﬂuence of heat-inactivated human serum on period
length, CM was supplemented with 10% heat-inactivated human serum. For
phase determination experiments, cells in luciferin-supplemented medium
were synchronized by incubation for 6 d in a temperature-controlled incubator under a 16 h/8 h 35 °C/37 °C daily temperature cycle. On day 7, cells
were transferred to the Lumicycle device at 37 °C, and bioluminescence was
measured for an additional 16 h. Cellular phase was determined by measuring the time of the transcriptional maximum of reporter gene expression
in the smoothed and normalized dataset during this interval (23).
Melatonin Determination in Sera. A direct double-antibody RIA was used for
the melatonin assay, validated by gas chromatography-mass spectroscopy
(Buehlmann Laboratories). The minimum detectable dose of melatonin
(analytical sensitivity) was determined to be 0.2 pg/mL The functional leastdetectable dose using the <20% coefﬁcient of interassay variation criterion
was <0.65 pg/mL Melatonin concentrations in the sera were expressed as pg/
mL of serum.
Cortisol Determination in Sera. Quantiﬁcation of cortisol in sera was performed using a Cortisol ELISA Kit (R&D) following the manufacturer’s instruction. Cortisol concentration in the sera was expressed as ng/mL of
serum, and the assays were performed in duplicate.
Statistical Methods. Details of statistical methods are given in SI Materials
and Methods.
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