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Abstract

Purpose In vivo, the circadian clock drives 24-h rhythms in human physiology. Isolated cells in vitro retain a functional
clockwork but lack necessary timing cues resulting in the rapid loss of tissue-level circadian rhythms. This study tests the
hypothesis that repeated daily mechanical stimulation acts as a timing cue for the circadian clockwork. The delineation and
integration of circadian timing cues into predictive in vitro model systems, including organ-on-a-chip (OOAC) devices,
represent a novel concept that introduces a key component of in vivo physiology into predictive in vitro model systems.
Methods Quiescent bovine chondrocytes were entrained for 3 days by daily 12-h bouts of cyclic biaxial tensile strain (10%,
0.33 Hz, Flexcell) before sampling during free-running conditions. The core clock protein, BMAL-1, was quantified from
normalised Western Blot signal intensity and the temporal oscillations characterised by Cosinor linear fit with 24-h period.
Results Following entrainment, the cell-autonomous oscillations of the molecular clock protein, BMAL-1, exhibited
circadian (24 h) periodicity (p <0.001) which aligned to the diurnal mechanical stimuli. A 6-h phase shift in the mechanical
entrainment protocol resulted in an equivalent shift of the circadian clockwork. Thus, repeated daily mechanical stimuli
synchronised circadian rhythmicity of chondrocytes in vitro.

Conclusion This work demonstrates that daily mechanical stimulation can act as a timing cue that is sufficient to entrain
the peripheral circadian clock in vitro. This discovery may be exploited to induce and sustain circadian physiology within
into predictive in vitro model systems, including OOAC systems. Integration of the circadian clock within these systems
will enhance their potential to accurately recapitulate human diurnal physiology and hence augment their predictive value
as drug testing platforms and as realistic models of human (patho)physiology.
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Introduction

In vivo, the circadian system plays an overarching role in
regulating human physiology [1-3]. A cellular timing system,
or circadian clock, is present in all our tissues which drives
near-24-h rhythms in transcription [1, 4, 5]. Up to 20% of a tis-
sue’s proteome is regulated by the circadian clock [6, 7]. This
co-ordinates the temporal compartmentalisation of vital cel-
lular processes to anticipate the differing demands of the day
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or night, generating time-of-day specific cellular physiology
[8—10]. For example, the O’Neill lab has demonstrated that the
circadian clock regulates actin dependent processes such as cell
migration and adhesion, which ultimately creates remarkable
time-of-day differences in wound healing efficiency [9].

In vivo, the central clock within the suprachiasmatic nucleus
(SCN) within the brain aligns to light—dark cycles and in turn
synchronises the clocks within peripheral tissues via systemic
signals including corticosteroids and temperature cycles [11,
12]. Peripheral clocks also align to other pertinent environmental
stimuli, known as Zeitgebers (“time-giver”), in a process
called entrainment [5, 13]. The molecular clock mechanism
consists of core clock genes, CLOCK, BMALL, cryptochrome
(CRY), period (PER), and their regulators. Isolated cells retain
a functional clockwork but lack the necessary timing cues
experienced in vivo, so that the cell-autonomous clock within
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cultured cells become unsynchronised, leading to the rapid loss
of tissue-level circadian rhythms [14, 15]. Therefore, the direct
entrainment of peripheral clocks by local timing cues is an
understudied but important area.

The limitations of traditional 2D in vitro cell cultures and
animal models have inspired the development of complex
predictive in vitro model systems, including human organ-
on-a-chip (OOAC) systems that aim to represent the
minimally functional unit of target organs. These systems
aim to mimic organ level physiology by incorporating
features such as 3D culture, co-culture of multiple cell types,
and appropriate physiological mechanical stimuli such as
flow and stretch [16, 17] (Fig. 1a). Predictive in vitro models
promise to accelerate research into human physiology and
have potential ultimately to replace animal models in pre-
clinical therapeutic testing. The accurate recapitulation of
target organ physiology is therefore an essential determinant
of the value of the model system. However, current
technologies do not replicate circadian rhythmicity and this
limits their predictive value in situations where the target
physiology has a circadian component. The incorporation of
relevant timing cues into predictive in vitro model systems is
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a concept that has received limited attention to date, in part
due to the technical challenges of recapitulating the circadian
profile of synchronising endocrine signals such as cortisol
within these systems [18, 19]. However, the application
of appropriate timing cues represents an important area
of development to introduce a key component of in vivo
physiology into OOAC technology and other predictive
in vitro systems (Fig. 1b).

Cells are highly mechanosensitive and express multi-
ple mechanosensors [20] that enable them to discriminate
between different magnitudes, modes, and frequencies of
mechanical stimuli, such as stretch and shear forces that
themselves vary between day and night. OOAC technologies
typically incorporate physiological mechanical stimulation
but fail to acknowledge the diurnal pattern of such stimuli
in vivo. Recent studies have revealed interactions between
the biomechanical environment and clock function. Our
analysis of the RNAi screen for clock modulators (BioGPS.
org database) reported by Zhang and colleagues [21] finds
altered amplitude of clock oscillations following mechanore-
ceptor siRNA knockdown, as does altered substrate stiffness
[22]. However, it is not known whether mechanical stimuli
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can phase shift, or “set the time,” of the peripheral circadian
clock. The current project therefore aims to reveal whether
diurnal mechanical stimuli represents a novel timing cue that
synchronises mechanosensitive cells in vitro. The findings
are highly relevant to the fields of chronobiology and devel-
opment of highly predictive pre-clinical in vitro models.

Materials and methods
Cell source, culture, and entrainment

Primary chondrocytes were enzymatically isolated from
bovine (a diurnal species) articular cartilage [23] and seeded
at a near confluent density of 8 x 10* cells/cm? onto silicone
6-well-plates (bioflex, Flexcell) with 3 mL DMEM + 10%
serum. The plates were pre-coated with type I collagen to
promote adhesion and loaded into Flexcell mechanical stim-
ulation apparatus within a cell culture incubator. The Flex-
cell apparatus is illustrated schematically in Fig. 1 of Bleuel
et al.[24]. After 4 days, the media was completely replen-
ished in all samples. Entrainment to mechanical stimuli was
achieved by exposing the quiescent cultures to biaxial cyclic
tensile stretch (10%, 0.33 Hz), for 12 h alternating with 12-h
rest for a total of 3 days. Two experimental groups followed
an identical preparation, feeding schedule, entrainment and
sampling protocol, with the exception that a 6-h delay or “jet
lag” was applied to the mechanical stimulation of group 2
relative to group 1, illustrated schematically in Fig. 2a. The
parameters 10% and 0.33 Hz cyclic stretch were selected as
chondrocytes are demonstrated to exhibit an anabolic mech-
anotranduction response to this regime [24, 25] and this also
falls within the typical range achieved by OOAC devices.

Sampling protocol, protein extraction,
and quantification

The expression of the molecular clock protein, BMAL-1,
during the 36 h constant (unloaded) conditions following
entrainment by mechanical stimuli was quantified by West-
ern blot. Protein samples were collected at approximately
3-h intervals, illustrated in Fig. 2a. For each sample, the cells
from two wells were rinsed with PBS followed by scraping
and pooling into 100 pL lysis buffer (RIPA, Sigma + protease
inhibitor cocktail, Roche) and kept on ice for 10 min before
snap freezing on dry ice and storage at— 80 °C. Duplicate
samples were collected per timepoint. On completion of the
timecourse, all the samples were simultaneously de-frosted
and sonicated for 3 X 10 s prior to centrifuge at 14,000 g for
15 min at 4 °C and the protein concentration of the super-
natant quantified by BCA assay (Pierce). The protein con-
centration was equalised using lysis buffer, combined in 3:1

ratio with 4 X Laemmli buffer + 10% 2-merceptoethanol and
heat-denatured for 5 min.

Gel electrophoresis and Western blotting
for BMAL-1

An equal quantity of protein in 16 pL was loaded per well of
pre-cast mini-protean TGX gels 4-20% gels (Biorad), with
one gel per timeseries. Electrophoresis was applied accord-
ing to the manufacturers protocol with a tris—glycine-SDS
running buffer (Biorad). Protein transfer onto nitrocellulose
membranes (Biorad) was performed using the trans-blot
turbo mini kit (Biorad). The membranes were allowed to
dry at room temp for 1 h prior to quantifying the total protein
using the Li-Cor total protein stain protocol and Odyssey
blot-imager (Li-Cor). The membranes were blocked using
5% non-fat milk powder (Marvel) in Tris-buffered saline
(TBS) for 1 h at room temperature before incubating over-
night at 4 °C with primary antibody (rabbit anti-bmal-1,
abcam ab93806) diluted 1:3000 in 2.5% milk in TBS +0.1%
tween-20. After washing, membranes were incubated for
1 h at room temp with secondary antibody, donkey anti-
rabbit IRDye 800CW (Licor, 925-32,213) diluted 1:10,000
in TBS +0.2% tween-20. The membranes were washed
extensively before imaging with the Li-Cor Odyssey blot-
imager. The 800 nm fluorescence signal from BMAL-1 was
quantified using the Image Studio Lite software (Li-Cor
Bioscience) and normalised to total protein. Representative
Western blot images are presented in Fig. S1 in the supple-
mentary material.

PER1 gene expression

To demonstrate if the core clock gene PER1 gene expres-
sion is mechanosensitive, unsynchronised monolayer cul-
tures of chondrocytes were exposed to a single 5-h episode
of mechanical stimuli from hyperosmotic (500 mOsm)
media exposure, and PER1 mRNA was quantified by gPCR
micro-array. Chondrocytes were seeded in 6-well plates
(VWR), with a seeding density of 5x 10* cells/cm? and
cultured overnight. Subsequently, the specimens were sub-
jected to mechanical stimuli, involving osmotic challenge
at 500 mOsm/kg for 5 h, with control samples maintained
at 300 mOsm/kg. The total RNA from each specimen was
extracted directly after the osmotic challenge regime, using
an RNA extraction kit (RNeasy Mini Kit, Qiagen, Crawley,
UK). The cDNA and cRNA were synthesised from the total
RNA by using Illumina TotalPrep RNA Amplification Kit
(Ambion, Paisley, UK). The cRNA samples were hybridised
onto MouseRef-8 v2.0 Expression BeadChips (Illumina),
stained with Cy3- streptavidin, and the genome wide expres-
sion level was measured by Illumina iScan (Illumina, Little
Chesterford, UK). The MouseRef-8 v2.0 BeadChip contains
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Fig.2 Circadian oscillations of the clock protein, Bmal-1, align to
daily patterns of mechanical stimuli a Schematic of the entrainment
protocol by daily patterns of mechanical stimulation and subsequent
sampling time-course under constant conditions. Cyclic biaxial
stretch (10%, 0.33 Hz) was applied for 12 h alternating with 12 h rest
for 3 days, to entrain the circadian clock, before sampling during con-
stant unloaded conditions. Group 1 (red) and group 2 (blue) cultures
where cultured and sampled in parallel, but group 2 had a 6 h phase
delay or “jet lag” in the entrainment protocol. b Quantification of the
circadian clock protein, BMAL-1, from normalised Western blot sig-
nal intensity, showing that cell autonomous oscillations of BMAL-1
protein align to daily patterns of mechanical stimuli. A linear model
was fit to the data points of each group using Cosinor package (R stu-
dio) with 24 h periodicity (p <0.001). There were 11 datapoints per
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Mechanical stimuli

time series illustrated, with replicate timeseries yielding comparable
results. The shaded areas on the graphs illustrate times of mechanical
stimulation anticipated for each group, according to the prior loading
protocol shown in a. The cell autonomous circadian oscillations in
BMAL-1 demonstrated a nadir in the early anticipated loaded phase
and peak in the early anticipated rest phase. ¢ Overlay comparison of
the cosinor linear models from B shows a 6-h phase delay in clock
oscillations in response to a 6-h shift in loading protocol. d Array
data illustrating mechanosensitive Perl gene expression in response
to a single 5 h bout of mechanical stimuli (n=3). Together, these
data demonstrate that daily patterns of mechanical stimuli acts as a
novel timing cue that is sufficient to re-set the circadian clock within
in vitro systems
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8 arrays, each of which contains 25,697 probes that represent
19,100 genes in total. Data for PER1 were extracted from
the array dataset and statistical comparisons with unloaded
control (300 mOsm) samples were by #-test (n=3).

Statistical analysis

A model with 24-h periodicity was fit to the 11 data points of
each BMAL-1 protein timeseries using the Cosinor package
within the R-studio platform [26].

Results

Cells were entrained for 3 days by daily mechanical stimuli
before sampling at intervals under constant free-running
conditions, illustrated schematically in Fig. 2a. Oscillations
of the molecular clock protein, BMAL-1, were observed
during the free-running (unloaded) conditions following
entrainment by mechanical stimuli (Fig. 2b). This demon-
strates the cell-autonomous nature of the clockwork and its
synchronisation within the cell population in vitro. A linear
model was fit to the timeseries from group 1 and group 2
using the Cosinor package (R studio) with 24-h periodic-
ity (p <0.001), indicating the rhythmicity was circadian
(Fig. 2b).

In a novel discovery, it was observed that the oscillations
in BMAL-1 aligned to the diurnal patterns of mechanical
stimuli. The shaded regions in Fig. 2b illustrate the times
that mechanical stimulation would be anticipated and had
the prior loading protocol shown in Fig. 2a been continued
into the sampling phase. In each group, the cell autonomous
oscillations in BMAL-1 demonstrated a nadir in the early
anticipated loaded phase and peak in the early anticipated
rest phase. Like other tissues, cartilage experiences varying
intensity of mechanical stimuli in vivo, with higher load-
ing during the daytime active phase in diurnal species such
as man, and relative unloaded conditions during rest at
night. Therefore, the shaded areas in Fig. 2b are akin to the
subjective active phase and the unshaded to the subjective
rest phase. Remarkably, this finding is in keeping with the
findings of Mure and colleagues [1], who report that peak
expression of BMAL-1 in the peripheral clock of a diurnal
species aligns with transition from light to dark.

Next, it was examined whether a 6-h shift in the mechani-
cal stimulation protocol elicited an equivalent phase shift in
the BMAL-1 oscillation. Group 1 (red) and group 2 (blue)
cultures where isolated, cultured, fed, and sampled in paral-
lel, but group 2 had a 6-h delay or “jet lag” in the mechanical
stimuli during the entrainment protocol. The Cosinor linear
models from Fig. 2b are overlaid in Fig. 2c to illustrate the
observed 6-h phase delay of circadian oscillations in group
2 relative to group 1. This is the first evidence demonstrating

that cells can directly sense the daily pattern of mechanical
stimuli and align their circadian clockwork (and hence their
clock-controlled physiology) to it. Thus, rather than being
simply responsive to mechanical stimuli, cells are able sense
daily rhythms in mechanical stimuli and align their physiol-
ogy in anticipation of it.

To examine if other genes of the circadian clockwork are
mechanosensitive, the expression of PER1 gene was exam-
ined by PCR array in unsynchronised chondrocytes follow-
ing a single episode of mechanical stimuli. A significant
upregulation of PER1 gene expression relative to unstimu-
lated controls was observed (p <0.05, t-test). This obser-
vation is pertinent as PER1 is not only essential to clock
rhythmicity but is also reported to be an early response gene
to other, established, entrainment stimuli [27].

Together, these data demonstrate that daily cycles of
mechanical stimuli are a timing cue, or zeitgeber, for the
peripheral circadian clock mechanism, which is sufficient
to synchronise the cellular clock within in vitro culture sys-
tems. Furthermore, this data supports the concept that daily
patterning of mechanical stimuli may replicate in vitro the
active:rest phases of the circadian cycle that occur in vivo.

Discussion

The data presented in this study demonstrate that the cir-
cadian clockwork within isolated chondrocyte cells aligns
to daily patterns of mechanical stimuli. This indicates that
mechanical stimuli can act as a direct entrainment factor
(timing cue) for the peripheral clock, which is an impor-
tant yet understudied area of chronobiology. The implica-
tions of mechanical stimuli as a novel entrainment factor
are broad-reaching: Repeated daily mechanical stimuli have
potential to synchronise cell populations to “set the time” in
the tissue; once entrained, cellular physiology pre-emptively
adapts in anticipation of daily mechanical stimuli, rather
than being simply responsive to it. We propose that the intro-
duction of circadian timing cues, including daily patterning
of mechanical stimuli illustrated in this study, will sustain
circadian biology in vitro, thus enabling in vitro systems to
better mimic in vivo diurnal human physiology. Accurately
replicating diurnal physiology in vitro has the potential to
transform the predictive potential of OOAC systems for
research and pre-clinical testing.

The current study utilised isolated chondrocytes as an
exemplar model system. The cartilage circadian clock drives
24-h rhythmic gene expression such that a considerable pro-
portion of the cartilage proteome (12.3%) in vivo exhibits
24-h rhythms in abundance [7, 28]. Accordingly, cellular
physiology in vivo differs markedly according to the phase
of the clock, i.e., “time of-day.” The temporal segregation
of key physiological functions by the circadian clock is also
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exemplified in numerous other tissues, with up to 20% of the
proteome subject to circadian control [6]. This can result in
dramatic time-of-day specific cellular behaviour, attributable
to the circadian clock. For example, Hoyle and colleagues
[9] found that in humans, daytime wounds healed ~60%
faster than night-time wounds, attributed to cell-intrinsic
rhythms in cytoskeletal actin dynamics. In another example,
Zhang and colleagues [29] report that drug efficacy may dif-
fer 2—tenfold depending on the time of day, due to circadian
rhythmicity of the drug target. This highlights the impor-
tance of incorporating circadian timekeeping within in vitro
models across numerous tissue types and applications.

The majority of WHO essential medicines may benefit
from timed administration or “Chronotherapy,” based on
circadian rhythmicity of the drug target and relatively short
drug half-life [29]. The benefits of timed dosage for a very
limited number of individual drugs have been confirmed in
clinical trials [30, 31]. Yet, there is no platform incorporat-
ing human circadian rhythmicity for research and validation
prior to clinical use, which would enhance drug discovery
programmes. This project demonstrates the potential to
utilise mechanical stimuli to induce and sustain circadian
rhythmicity within OOAC technology that may in turn rep-
licate human circadian physiology. This represents a novel
research tool to evaluate investigative therapies and disease
models in the presence of circadian control. This tool may
also be used to examine conditions that lead to disruption
of normal clock function, a causal factor in many diseases,
including osteoarthritis and arteriosclerosis [32-35].

The current data demonstrates control of the cartilage
peripheral clock by mechanical stimuli, but this exciting
novel concept demands further research to fully capitalise
on this discovery. Further studies are needed demonstrate
the subsequent regulation of tissue specific clock-controlled
physiology following mechanical entrainment. Future work
should also aim to establish whether mechanical stimuli rep-
resents a universal entrainment factor, common to all periph-
eral tissue types, as was reported of 24-h temperature cycles
and corticosteroid pulses [11, 12], to determine the breadth
of the relevance, as well as the hierarchy and synergy of
this novel timing cue in combination with established tim-
ing cues. Earlier work by our group has also shown that
the anabolic response of chondrocytes to 12 h:12 h on:off
repeated daily bouts of cyclic mechanical stimuli is greater
than alternative intermittent or continuous loading regimes
with equivalent number of loading duty cycles [36]. It would
be interesting to determine whether the circadian clock
mechanism is essential to this observation, which could
indicate “time-of-day” specificity of the mechanoresponse,
in addition to mechanical regulation of the clock illustrated
in this study.

Next steps also include elucidating the signalling path-
ways that are involved in transducing mechanical signals
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to the circadian clock. The CREB (cyclic AMP response
element binding protein)/CRE (cyclic AMP response ele-
ment) pathway is a known signalling conduit coupling tim-
ing cues to the resetting of the circadian clockwork [37,
38]. Upon phosphorylation of CREB, CRE-mediated tran-
scriptional induction of the core clock genes, Period 1 and
Period 2, initiates phase resetting of the circadian clockwork
[39-41]. Furthermore, the CREB/CRE pathway can regulate
the amplitude of the core clock timing rhythm [42]. The
present study indicates Perl as an early mechanosensitive
gene and it has been shown by our lab (data not shown) and
others [43] that CREB is phosphorylated upon mechanical
stimulation; therefore, the role of the CREB/CRE pathway
in the transduction of mechanical signalling to the circadian
clock mechanism warrants further investigation.

Conclusion

This study shows mechanical stimuli can act as a direct
timing cue for the peripheral circadian clock that is sufficient
to set the time in isolated cells. These findings may be
exploited to synchronise the peripheral circadian clock
and sustain circadian physiology within predictive in vitro
model systems. Introducing the circadian clock within
in vitro models such as OOAC systems would enhance
their potential predictive value as drug testing platforms
and models of human (patho)physiology. Enhancing the
predictive power of OOAC technology in this way may, in
turn, ultimately enhance the success rate of costly clinical
trials which currently have low efficiency.
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