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Intrinsically driven ultradian rhythms in the hourly range are often co-expressed
with circadian rhythms in various physiological processes including metabolic
processes such as feeding behaviour, gene expression and cellular metabolism.
Several behavioural observations show that reduced energy intake or increased
energy expenditure leads to a re-balancing of ultradian and circadian timing,
favouring ultradian feeding and activity patterns when energy availability is limited.
This suggests a close link between ultradian rhythmicity and metabolic
homeostasis, but we currently lack models to test this hypothesis at a cellular
level. We therefore transduced 3T3-L1 pre-adipocyte cells with a reporter
construct that drives a destabilised luciferase via the Pdcd5 promotor, a gene
we previously showed to exhibit robust ultradian rhythms in vitro. Ultradian
rhythmicity in Pdcd5 promotor driven bioluminescence was observed in >80%
of all cultures that were synchronised with dexamethasone, whereas significantly
lower numbers exhibited ultradian rhythmicity in non-synchronised cultures
(~11%). Cosine fits to ultradian bioluminescence rhythms in cells cultured and
measured in low glucose concentrations (2 mM and 5mM), exhibited significantly
higher amplitudes than all other cultures, and a shorter period (6.9 h vs. 8.2 h, N =
12). Our findings show substantial ultradian rhythmicity in Pdcd5 promotor activity
in cells in which the circadian clocks have been synchronised in vitro, which is in
line with observations of circadian synchronisation of behavioural ultradian
rhythms. Critically, we show that the amplitude of ultradian rhythms is
enhanced in low glucose conditions, suggesting that low energy availability
enhances ultradian rhythmicity at the cellular level in vitro.

KEYWORDS

ultradian, circadian, co-expression, adipose, metabolism, PDCD5, glucose, hypoglycemia

1 Introduction

Ultradian rhythms are rapidly cycling biological rhythms, which are expressed with
periods ranging from milliseconds to hours in physiology and behaviour in a plethora of
species, extending from yeast to humans. Ultradian rhythms are often co-expressed with
circadian (~24 h) rhythms, which was first reported by Szymansky when looking at
behavioural activity patterns in a range of species (Szymanski, 1920). Since then,
ultradian rhythms have been reported in numerous behavioural and physiological
processes such as locomotor and feeding behaviour (Gerkema and van der Leest, 1991;
van Oort et al., 2007; Dowse et al., 2010; van Beest et al., 2020; Morris et al., 2022), body
temperature (Lindsley et al., 1999; Diatroptov et al., 2019; 2020; Thiel et al., 2022),
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glucocorticoid concentration (Lightman et al., 2008; Waite et al.,
2012; Flynn et al., 2018), hormone release (Van Cauter, 1990; Droste
et al., 2008; Waite et al., 2012; Kalafatakis et al., 2018), central
monoamine release (Blum et al., 2014), gene expression (Hughes
et al., 2009; van der Veen and Gerkema, 2017; Ballance and Zhu,
2021; Scott et al., 2023), and cellular metabolism (Brodsky, 2014;
Zhu et al., 2017; Goh et al., 2019; Ballance and Zhu, 2021; Yang
et al., 2022; Asher and Zhu, 2023; Psomas et al., 2023). Despite
these widespread observations of ultradian rhythms, very little is
known about their function and the intrinsic mechanisms that
drive them.

Ultradian dynamics in feeding behaviour and metabolic
physiology can be externally imposed (or masked) by e.g.,
polyphasic feeding activity. However, it is becoming increasingly
clear that ultradian rhythms in processes such as behaviour,
endocrine activity, gene expression and cellular metabolism can
also be intrinsically driven (Gerkema and van der Leest, 1991; van
der Veen et al., 2011; Bloch et al., 2013; Blum et al., 2014; van der
Veen and Gerkema, 2017; Flynn et al., 2018; Wu et al., 2018; Aviram
et al., 2021; Yang et al., 2022; Psomas et al., 2023). The mechanisms
that drive intrinsic behavioural ultradian rhythms have been shown
to involve specific brain regions such as the retrochiasmatic nucleus
(RCA) and dopamine oscillations in the midbrain (Gerkema and
Daan, 1990; Blum et al., 2014), but an ultradian oscillator has not yet
been identified. Importantly, whilst often co-expressed with
circadian rhythms, intrinsic ultradian behavioural rhythms are
independent from circadian clocks, and persist when circadian
clocks are removed, either through lesioning of the
suprachiasmatic nuclei (SCN) of the hypothalamus (Gerkema
and Daan, 1990; Schwartz and Zimmerman, 1991; Prendergast
et al., 2012; Prendergast and Zucker, 2016; Goh et al., 2019) or
through ablation of circadian clock components in mammals
(Vitaterna et al., 1994; Bunger et al., 2000; Zheng et al., 2001;
Aviram et al., 2021; Ballance and Zhu, 2021).

The independence of ultradian rhythms in behavioural
observations is particularly highlighted during periods of reduced
energy intake or increased energy expenditure in which the relative
contribution of ultradian rhythms increases at the expense of
circadian timing (Gerkema and van der Leest, 1991; van der
Veen et al., 2006; van Oort et al., 2007; van Beest et al., 2020;
van Rosmalen and Hut, 2021). The mechanism that underlies this
striking prioritisation of ultradian timing over circadian timing
when energy availability is reduced is not well understood but
alludes to the early hypotheses of a relationship between
ultradian rhythms and metabolic homeostasis (Aschoff and
Meyer-Lohmann, 1954; Aschoff, 1960; Aschoff and Gerkema,
1985). In support of this hypothesis are the recent observations
that ultradian rhythms are particularly evident in expression of
genes linked to metabolism (Enright, 1989; Hughes et al., 2009;
van der Veen and Gerkema, 2017). Ultradian rhythms have also
been identified at the cellular level in metabolic processes such as
protein synthesis, intracellular ATP concentration, cell
respiration, and glutaminolysis (Brodsky, 2014; Aviram et al.,
2021; Ghenim et al., 2021; Yang et al., 2022). Taken together,
these findings strongly suggest that ultradian rhythmicity is
linked to metabolic homeostasis at a cellular level, and that
the expression of ultradian rhythms is enhanced in times
when energy availability is limited. This hypothesis, however,

is based only on observations, and we currently lack in vitro
models to test this at a cellular level.

Here, we have developed an in vitro model of ultradian
rhythmicity in which Pdcd5 (Programmed Cell Death 5)
expression activity (van der Veen and Gerkema, 2017) is
reported in real-time using bioluminescence expression in pre-
adipocyte cells. Pdcd5 is a gene involved in programmed cell
death which exhibits robust co-expression of ultradian rhythms
in NIH 3T3 cells in vitro (van der Veen and Gerkema, 2017). Using
this model, we show that reducing energy availability in vitro
enhances ultradian rhythmicity in Pdcd5 promotor activity at the
cellular level.

2 Materials and methods

All cell culture work was conducted in a type 2 laminar flow
cabinet (ThermoFisher Scientific, 41940037) and all solutions were
pre-warmed in a water bath (Isotemp©; ThermoFisher Scientific,
300232999) at 37°C. Cultured cells were incubated at 37°C in a
humidified atmosphere with 5% carbon dioxide (CO2) in a
CellXpert incubator (Eppendorf, 6734I6002000).

2.1 Experimental protocol

The experimental approach is shown in Figure 1, with
experimental groupings in Table 1. In short, pre-adipocyte cells
were transduced with a custom-made destabilised luciferase reporter
construct (Figure 2) and transferred to 35 mm dishes. These cultures
were then incubated with media containing either standard glucose
concentration (50 mM) or reduced glucose concentrations (2, 5 or
10 mM) for 24 h prior to synchronisation of the circadian clocks
with dexamethasone for 30 min. After synchronisation, cells were
cultured in media containing either standard glucose concentration
(for S/S and R/S conditions) or media containing reduced glucose
concentrations (for R/R condition; Table 1). Cultures were then
placed in the LumiCycle for a total of 4 days (96 h) to measure Pdcd5
promoter-driven bioluminescence. All conditions, including the
negative controls, were performed to a biological replicate of 12,
and each biological replicate comprised of 3 technical replicates.
Rhythmicity in each of the technical replicates was recorded and for
a biological replicate to be considered “rhythmic”, ≥2 out of
3 technical replicates must be rhythmic.

FIGURE 1
Schematic timeline of the cell culture protocol from transduction
to data collection. Red line indicates the bioluminescence recording
period (96 h).
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TABLE 1 Experimental controls and conditions.

Transduced Luciferin Synchronised Glucose concentration during
culturing

Glucose concentration during
measurement

2 nM 5 nM 10 nM 50 nM 2 nM 5 nM 10 nM 50 nM

Non-transduced (NT) — + + — — — + +
Non-luciferin (NL) + — + — — — + — — — +
Non-synchronised (NS) + + — — — — + — — — +
Standard glucose (S/S) + + + — — — + — — — +
Reduced glucose: R2/S + + + + — — — — — — +
Reduced glucose: R5/S + + + — + — — — — — +
Reduced glucose: R10/S + + + — — + — — — — +
Reduced glucose: R/R2 + + + + — — — + — — —

Reduced glucose: R/R5 + + + — + — — — + — —

Reduced glucose: R/R10 + + + — — + — — — + —

FIGURE 2
Vector map for the Pdcd5 reporter construct. The lentiviral vector used to track promoter activity of Pdcd5 was constructed and packaged by
VectorBuilder. Vector components include RSV promoter (Rous sarcoma virus promoter), Δ5′ LTR (Truncated HIV-1 5′ long terminal repeat), Ψ (HIV-
1 packaging signal), RRE (HIV-1 Rev response element), cPPT (Central polypurine tract), {Promoter_1100bp} (Pdcd5 promoter), Kozak (Kozak translation
initiation sequence), {LUCODC-DA} (destabilised luciferase sequence), WPRE (Woodchuck hepatitis virus posttranscriptional regulatory element),
mPGK promoter (Mouse phosphoglycerate kinase-1 promoter), Puro (Puromycin resistance gene), ΔU3/3′ LTR (Truncated HIV-1 3′ long terminal repeat),
SV40 early pA (Simian virus 40 early polyadenylation signal), Ampicillin (Ampicillin resistance gene), and pUC_ori (pUC origin of replication). Features that
are underlined were components that have been custom added to detect Pdcd5 expression by fusing the Pdcd5 promoter containing area to a
destabilised luciferase.
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2.2 Pdcd5::dLUC reporter construct

To track transcriptional activity of the Pdcd5 gene in vitro, we
designed a reporter construct that contained a copy of the murine
Pdcd5 promotor area (defined as the 1100 bp DNA sequence
upstream of the protein translation start) fused to a destabilised
luciferase (LUCODC-DA; functional half-life of 0.84 h; Leclerc GM
et al., 2000). To note, the UCSC genome browser indicates
2 transcription start sites for the Pdcd5 gene in the mouse, one
of which is present within our reporter construct for Pdcd5 (UCSC
ID: uc009gkf.2). The reporter was constructed and packaged
commercially by VectorBuilder, Texas, United States (Figure 2).
Permanent integration of the reporter construct was achieved by
transducing murine cells using a third generation Lentivirus Gene
Expression Vector containing the reporter construct (Dull et al.,
1998).

2.3 Pre-adipocyte cell culturing and
infection

Murine pre-adipocyte cells (3T3-L1) were purchased from
Merck (product #93061524), at a density of 1 × 106 cells/mL per
vial. Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma-Aldrich, D6546) containing 4,500 mg/L glucose,
sodium bicarbonate and sodium pyruvate. DMEM was
supplemented with 10% Calf serum (CS; Sigma-Aldrich,
C8056), 2 mM L-glutamine (Sigma-Aldrich, G7513) and 1%
antibiotic-antimycotic (100 units/mL; ThermoFisher Scientific,
2211104).

Pre-adipocyte cells were grown in T75 culture flasks to
reach 70%–90% confluency. For passaging, the culture medium
was aspirated, and cells were washed with pre-warmed 1 x
phosphate buffered saline twice (PBS; Sigma- Aldrich, D8537).
For cell detachment, 5 mL of 1 x Trypsin-EDTA (Sigma-
Aldrich, T3924) was added to the cells before incubation at
37°C, 5% CO2, for 4 min. To ensure full detachment of cells,
flasks were gently tapped and checked under a microscope for
confirmation of full cell detachment. Trypsin-EDTA was then
inactivated by addition of 5 mL of fresh culture media to the
flask. The cell suspension was transferred to a 15 mL falcon
tube and then centrifuged at 600 g for 10 min, at 4°C. After
centrifugation, the supernatant was removed, and the cell pellet
was resuspended in 2 mL of fresh culture medium. The cell
suspension was either placed back in culture flasks for further
growth or placed in appropriate media and dishes for further
experiments.

For transduction, pre-adipocyte cells (passage 3–4) were seeded
and grown to 50%–60% confluency in 35 mm dishes. On reaching
the desired confluence, each 35 mm dish of pre-adipocyte cells was
infected with the lentiviral particles, with a multiplicity of infection
(MOI) of 2, by dissolving 2 × 1013 viral particles in 2 mL DMEM,
supplemented with 50 mM glucose, 10% calf serum, 2 mM L-
glutamine, 1% antibiotic-antimycotic and 8 ug/mL of protamine
sulphate (Sigma-Aldrich, P4020). After 24 h of exposure to the
transduction medium, cells were washed with pre-warmed PBS
and then transferred to T75 culture flasks or 35 mm dishes for
further experiments.

2.4 Circadian clock synchronisation

Cells were treated with the synthetic glucocorticoid
dexamethasone (DEX, Sigma-Aldrich) to synchronise the phase
of the circadian oscillators between pre-adipocyte cells
(Balsalobre et al., 1998; Balsalobre et al., 2000). Once the pre-
adipocyte cells reached 60%–70% confluence in 35 mm dishes,
cells were synchronised using dexamethasone (DEX) at a
concentration of 0.1 µM in 2 mL of culture medium and
incubated for 30 min (Bieler et al., 2014). At the end of the
incubation, the DMEM-DEX solution was aspirated, the dishes
were washed with pre-warmed PBS and fresh culture medium
was added to the cells. The start of DEX synchronisation is taken
as timepoint 0.

2.5 Bioluminescence recording of Pdcd5
promoter activity

We recorded Pdcd5 promoter-driven bioluminescence for
4 days (96 h) using a LumiCycle 32-channel luminometer
(Actimetrics) with pre-adipocyte cells at passage 3–4 (passage
1 represents cells passaged after purchasing from supplier)
transduced with the Pdcd5::dLuc reporter construct. Transduced
and non-transduced pre-adipocyte cells were plated at a density of
1 × 105 cells/mL in 35 mm dishes containing 2 mL of DMEM and
were incubated for 24 h at 37°C with 5%CO2 and then synchronised.
For conditions with specified reduced glucose concentration,
DMEM without glucose was used (Thermo Fisher Scientific,
A1443001), and supplemented with the same additive
concentrations as high glucose DMEM, except for glucose which
was added with the desired reduced glucose concentrations.
Afterwards, the cells were washed twice with pre-warmed PBS
and then treated with 2 mL of bioluminescence solution that
contained 10% calf serum, 1% antibiotic-antimycotic, 1%
L-Glutamine, and 0.1 mM Luciferin-EF™ (Promega, E6551) in
DMEM with the varying levels of glucose concentration (2, 5 or
10 mM) depending on the treatment group. The dishes were sealed
with glass coverslips which were secured with silicon grease
(ThermoFisher Scientific, 12302058), and then transferred to the
LumiCycle for bioluminescence monitoring and recording. Pdcd5-
driven bioluminescence was recorded every 10 min as photons/
second, and after the measurement duration of 4 days, raw data
were exported from the Actimetrics LumiCycle software for further
analysis.

2.6 Data analysis

The first 24 h of the 4-day recording was discarded to remove the
immediate effects of dexamethasone supplementation.
Bioluminescence recordings were baseline detrended using a 16 h
running average to remove circadian and/or other long-term
variations, and mean expression levels were compared between
treatment groups using a one-way ANOVA. The total number of
rhythmic cultures per group were then compared using a Chi-square
test, where the number of rhythmic groups in the standard glucose
condition (S/S) was taken as the expected values and multiple
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comparisons between the S/S group as compared to the R/S and R/R
groups were performed. Rhythmicity analysis consisted of cosine
curve fitting, which was statically tested against a straight line using
an extra-sum-of-squares F test (Psomas et al., 2023). Cosinor
parameters such as period and amplitude were compared
between experimental groups using a 2-way ANOVA (levels were
1) effect of synchronising cultures and 2) different glucose
concentrations).

3 Results

To test our hypothesis that expression of ultradian rhythmicity
at a cellular level is enhanced in conditions of reduced glucose
availability, we designed an in vitro model assessing ultradian
activity of the Pdcd5 promotor under normal and reduced
glucose conditions in pre-adipocytes. We first confirmed that the
Pdcd5::dLuc reporter construct drove bioluminescence in vitro by
comparing bioluminescence levels between negative control cultures
(non-transduced; NT and non-luciferin; NL) to positive control
cultures that were transduced and cultured in the presence of
luciferin during bioluminescence measurement (non-
synchronised; Ns). Mean bioluminescence levels in Pdcd5::dLuc
(N = 12 biological replicates, each comprising 3 technical
replicates) over 72 h (days 2–4) was significantly higher in
transduced cells (58.9 ± 12.0 counts/sec, Figure 3) compared to
negative controls (NT; mean ± SD: 34.5 ± 4.5 counts/sec and NL
35.3 ± 9.4 counts/sec, Tukey’s HSD test, p < 0.01). We then
confirmed that mean levels of expression in the experimental
groups were all significantly higher than the negative controls (S/
S; 72.2 ± 17.0 counts/sec; R/S; 64.3 ± 11.8 counts/sec; R/R; 63.6 ±
2.6 counts/sec, Tukey’s HSD test, p < 0.001). Within the reduced

glucose conditions (R/S and R/R), no significant differences were
found in mean bioluminescence levels between glucose
concentrations from 2 mM to 10 mM (Tukey’s HSD test, p >
0.05) within the R/S and R/R groups.

We next characterised the number of cultures (12 biological
replicates * 3 technical replicates = 36 cultures per condition)
expressing significant ultradian rhythms in Pdcd5::dLuc-driven
bioluminescence as determined by cosinor analysis. Ultradian
cosine fitting identified low numbers of ultradian rhythmicity in
the negative controls (NT and NL; 9 and 10 rhythmic cultures,
respectively), and only 4 rhythmic cultures were found in the non-
synchronised (Ns) positive control (Figure 4). Visual inspection
(Figures 5A–C) confirmed that the negative controls exhibited
very low levels of variation in background bioluminescence over
time, whereas the non-synchronised (Ns) controls exhibited
high levels of bioluminescence with high-frequency, irregular
variation which did not fit a cosine curve. The bioluminescence
pattern in cultures that were synchronised and cultured in
standard glucose (S/S; 50 mM) exhibited significant ultradian
rhythms in 27 out of the 33 (82%) cultures measured (Figure 4),
which was characterised by high amplitude, regular rhythms in
Pdcd5 driven bioluminescence (Figure 5D). When looking at the
number of rhythmic cultures when glucose concentrations were
reduced, either pre-synchronisation only (R/S), or pre- and
post-synchronisation (R/R), we observed that on average, 30/
36 (83%) cultures in the R/S groups and 33/36 (92%) cultures in
the R/R groups were rhythmic.

Chi-square analysis showed that synchronising the cellular
circadian clocks using DEX associated with a significantly higher
number of ultradian rhythmic cultures (S/S: χ2 (1, N = 11) = 36.7, p <
0.0001) as well as culturing in reduced glucose concentrations (R/S:
χ2 (1, N = 12) = 37.7, p < 0.0001.; R/R: χ2 (1, N = 12) = 46.8, p <
0.0001). We observed that when glucose concentrations were
reduced at pre- DEX synchronisation, rhythmic cultures made up
31/36 (86%) cultures for R2/S, 28/36 (78%) cultures for R5/S and 30/

FIGURE 3
Absolute bioluminescence levels across different experimental
conditions including negative controls. Bar graph representing the
mean, absolute bioluminescence levels (±SD) across different
experimental conditions. Group biological replicates are
indicated at the base of the bar, where each biological replicate
comprised of 3 technical replicates. *p < 0.05 against negative
controls (NT and NL), **p < 0.01 and ***p < 0.001 by one-way ANOVA,
and by Tukey’s multiple comparisons test for each condition
compared to the negative control.

FIGURE 4
Number of cultures expressing ultradian rhythms in Pdcd5::dLuc
driven bioluminescence. Stacked bar graph representing the number
of rhythmic (coloured) and non-rhythmic cultures (light grey) in all
experimental conditions. A chi-squared test of independence
was performed to examine the relationship between reduced glucose
conditions and presence of ultradian rhythmicity in cultures.
Experimental groups were compared to Ns negative control, and the
relationship between variables was significant for all comparisons.
****p < 0.0001 against negative control (Ns).
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36 (83%) cultures for R10/S. For cultures that were at reduced
glucose concentrations at pre- and post-synchronisation,
rhythmic cultures made up 32/36 (89%) cultures for R/R2,
33/36 (92%) cultures for R/R5 and 35/36 (97%) cultures for
R/R10 (Figure 4). Comparison of rhythmic cultures within the
different reduced glucose concentrations showed no significant

differences between conditions (p values >0.05, see
Supplementary Table S1).

Cosine fitting also provided estimates of the periods of the
ultradian rhythms expressed in Pdcd5::dLuc driven
bioluminescence (Figure 5). The few cultures expressing ultradian
rhythms in bioluminescence in the negative controls (NT and NL;

FIGURE 5
Examples of Pdcd5::dLuc bioluminescence recordings in pre-adipocyte cells. Detrended data (black line) was analysed for presence of rhythms
using cosinor analysis and compared to a straight line (extra-sum-of-squares F-test; red line). The panels shows representative examples of
bioluminescence from cultures that are Non-transduced (NT; panel (A), Non-luciferin (NL; panel (B), Non-synchronised (Ns; panel (C), Standard glucose
(S/S, 50 mM; panel (D), cultures with reduced glucose only at pre-synchronisation with varying glucose concentrations (R/S, 2 mM, 5 mM and
10 mM; R2/S: panel (E), R5/S: panel (F), R10/S: panel (G)), and cultures with reduced glucose both at pre- and post-synchronisation (R/R, 2 mM, 5 mM and
10 mM; R/R2: panel (H), R/R5: panel (I), R/R10: panel (J).
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9 and 10 rhythmic cultures, respectively) and non-synchronised
cultures (Ns, 4 rhythmic cultures) exhibited periods of 4.1 h (±0.2 h;
SD), 4.4 h (±0.5 h) and 5.3 h (±1.8 h), respectively (Figure 6). In
cultures that were grown and measured in standard glucose
concentrations, the ultradian period in Pdcd5::dLuc on average
was 7.9 h (±1.9 h; S/S). In cultures that had been placed in
reduced glucose concentrations only at pre-synchronisation, an
average ultradian period of 8.2 h (±2.7 h; Figure 6) was observed
whereas an ultradian period of 6.9 h (±1.1 h; Figure 6) was observed
in cultures that were placed in reduced glucose concentrations at both
pre- and post-synchronisation. Ultradian periods observed from
cultures in standard glucose concentrations (S/S) and reduced
glucose only at pre-synchronisation (R/S) were significantly longer
than the negative controls (NT andNL; Tukey’s HSD test, p < 0.01, see
Supplementary Table S2). The ultradian period for cultures in reduced
glucose only at pre-synchronisation were also significantly longer than
that of cultures in reduced glucose concentrations both at pre- and
post-synchronisation (R/R; Tukey’s HSD test, p < 0.002), depicting
much shorter average ultradian periods under reduced glucose
concentrations throughout. When compared between different
glucose concentrations within the R/S and S/S groups, no significant
differences in period length were found (Tukey’s HSD test, p > 0.05).

We next looked at the amplitude of the cosine fits as a measure of
prominence of ultradian rhythmicity. Within the negative controls,
cosinor amplitudes were 0.001 counts/sec (±0.002), 0.009 counts/sec
(±0.012) and 0.038 counts/sec (±0.047) for NT, NL, and NS,
respectively (Figure 7, Supplementary Table S3). Amplitudes in
all experimental groups were significantly higher than the
negative control conditions (Figure 7, Supplementary Table S2,
two-way ANOVA, Tukey’s HSD test, p < 0.05, see Supplementary
Table S4, S5). Crucially, amplitudes of ultradian rhythmicity in
Pdcd5::dLuc-driven bioluminescence in the experimental groups

that were measured under conditions of normal glucose
concentration (S/S and R/S) were significantly lower than the
amplitudes measured under reduced glucose concentration at
2 mM (R/R2) and 5 mM (R/R5) (two-way ANOVA, Tukey’s HSD
test, p < 0.001). Cosinor amplitudes of ultradian rhythms from cells
that were incubated at 10 mM glucose pre- and post-synchronisation
exhibited an amplitude that was not significantly different from the
normal glucose concentration (S/S and R/S).

4 Discussion

Our novel approach in pre-adipocyte cells exposed substantial
intrinsically-driven ultradian rhythmicity in Pdcd5 promotor
activity in vitro. Ultradian rhythmicity was apparent in >80% of
cultures in which the circadian clocks were synchronised, which is in
line with other observations that ultradian rhythms are
synchronised to circadian rhythms (Gerkema et al., 1993; Psomas
et al., 2023). Crucially, we show that the ultradian amplitude is
enhanced, and the ultradian period is shortened, in cells cultured at
low glucose concentrations. The glucose levels tested were below
levels that are considered euglycemic in mice (approximately
<10 mM; Berglund et al., 2008; Ayala et al., 2010). These
observations support our hypothesis that an unfavourable energy
balance enhances ultradian rhythmicity in vitro and suggest that
ultradian rhythmicity is linked tometabolic homeostasis at a cellular level.

We observed that even under normal glucose concentrations,
most cultures exhibited ultradian rhythms in Pdcd5-driven
bioluminescence. The recorded Pdcd5 driven bioluminescence
signal is an integration of signals originating from all cells in the
culture combined, and ultradian rhythmicity in this signal was only
evident after circadian rhythms within the cultures were

FIGURE 6
Violin plots representing the period distribution of ultradian
rhythms of Pdcd5::dLuc bioluminescence under different glucose
conditions compared with negative controls. Black solid line represents
the mean period found across all biological replicates (N = 12) per
condition, excluding the S/S condition which represents the mean
period across N = 11. ***p < 0.001 by one-way ANOVA, and by Tukey’s
multiple comparisons test against negative controls (NT, NL), α p <
0.002 by one-way ANOVA, and by Tukey’s multiple comparisons test
against R/S. See Supplementary Table S2 for detailed comparisons.

FIGURE 7
Cosinor amplitudes of ultradian rhythms of Pdcd5::dLuc
bioluminescence under different glucose conditions. Box plot
representing the spread of the cosinor amplitude values across
experimental conditions and negative controls. Comparison
between experimental conditions against the negative controls (NT
and NL) and comparison of cosinor amplitudes between glucose
concentrations were performed using two-way ANOVA. **p <
0.01 and ***p < 0.001 against the standard concentration (S/S), α p <
0.0005 against R/R2, αα p < 0.0001 against R/R5.
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synchronised using dexamethasone (Balsalobre et al., 1998;
Balsalobre et al., 2000). When placing cultures in the lumicycle,
the sealed system provided a challenge which was addressed by
performing longevity testing on the cultures we place in the lumicycle
and have ensured that the results presented are based on living cultured
cells. Previous reports on ultradian feeding behaviour in the vole also
reported that the phase of behavioural ultradian rhythms were
synchronised by circadian rhythms (Gerkema et al., 1993; Psomas
et al., 2023), and it could be that this is also the case for ultradian
rhythms in Pdcd5 expression in vitro.

Our analysis also identified some low-amplitude, short-
period ultradian rhythms in a minority of our negative control
cultures. These control conditions either do not contain the
reporter construct or the substrate luciferin to measure
bioluminescence and these signals therefore do not originate
from our construct and were excluded because their amplitude
and period fell below that observed in the experimental
conditions. These signals are not considered to be ultradian
rhythms and may be attributed to several technical aspects
such as autofluorescence, intrinsic oscillatory bias of photon
detection in the instrumentation, or other noise originating
from the equipment. Our experimentally-induced amplitude
enhancement of ultradian rhythms in Pdcd5 expression
in vitro using low glucose concentrations are in line with the
enhancement of ultradian behavioural rhythms seen during
negative energy balance (van Oort et al., 2007; van Beest et al.,
2020; van Rosmalen and Hut, 2021). This finding suggests that the
re-balancing of ultradian and circadian metabolic rhythms in response
to a metabolic challenge already occurs at a cellular level. Within this
project, ultradian rhythm amplitudes were observed to be significantly
enhanced in cultures that were acutely cultured at glucose
concentrations of 2 and 5 mM, but not at 10 mM. The pre-
adipocyte cells were originally isolated from mice, and blood glucose
levels of ~10 mM are considered euglycemic in mice, whereas
concentrations <10 mM are considered a hypoglycaemic state (Ayala
et al., 2010). Our results thus suggest that the increased prominence of
ultradian rhythmicity in vitro could be related to acute cellular
hypoglycaemic conditions.

Besides an increase in ultradian amplitude in Pdcd5
expression, acute low glucose conditions also associated with
shorter ultradian periods. It could be argued that the period
shortening suggests that ultradian rhythms are not driven by a
buffered, or compensated oscillator mechanism such as the
molecular circadian clock (Takahashi, 2017), and indeed it has
already been established that ultradian behavioural rhythms do
not rely on the presence of the circadian clock (Gerkema and
Daan, 1990; Schwartz and Zimmerman, 1991; Vitaterna et al.,
1994; Bunger et al., 2000; Zheng et al., 2001; Prendergast et al.,
2012; Prendergast and Zucker, 2016; Goh et al., 2019; Aviram
et al., 2021; Ballance and Zhu, 2021). Another reason for this
period shortening could be that low glucose availability directly
modulates the physiology that drives ultradian rhythms, such as
cyclical, or autoregulatory processes in cellular metabolism. The
latter hypothesis is tempting given that ultradian rhythms are
often observed in systemic and cellular metabolism (Brodsky,
2014; Aviram et al., 2021; Ghenim et al., 2021; Yang et al., 2022;
Psomas et al., 2023) and provides a new focus to the search for
ultradian oscillatory mechanisms.

Our choice for using Pdcd5 as a model to investigate ultradian
rhythms in gene expression was based on our observation of robust
Pdcd5 ultradian mRNA expression patterns in vitro (van der Veen
and Gerkema, 2017). The function of Pdcd5 ranges from tumour
suppression to positive regulation of apoptosis, specifically binding
to tumour suppressors, such as p53 (Liu et al., 1999; Xu et al., 2012;
Li et al., 2013). Moreover, Pdcd5 has been associated with arresting
the cell cycle (Li et al., 2017), and we previously saw that ultradian
gene expression was enriched for genes associated with the cell cycle
(van der Veen and Gerkema, 2017). Apoptosis has also been shown
to be modulated by circadian clock genes (Liu et al., 2021), and
therefore co-expression of these biological rhythms with different
cell cycle lengths indicates the importance in intricately regulating
this system.

A link between ultradian rhythms and metabolic homeostasis
has long been hypothesised (Aschoff and Meyer-Lohmann, 1954;
Aschoff, 1960; Aschoff and Gerkema, 1985), and more recently
evidence for a close relationship between ultradian rhythmicity and
metabolism has been accumulating. Here, we developed a novel
in vitro model for cellular ultradian rhythmicity and showed that
reduced energy availability enhanced ultradian rhythmicity at a
cellular level. Our findings confirm the intimate link between
cellular metabolic homeostasis and ultradian rhythmicity and
suggest that a reduction in energy availability directly enhances
ultradian amplitude. Recent developments, in line with our results,
also show a relationship between glutamine and ultradian rhythms
in vitro providing further evidence of the interaction between
metabolism (Yang et al., 2022). This presents an opportunity to
investigate the role of ultradian rhythms in metabolism using
glutamine and other energy sources. The dynamic interplay
between glucose concentration and ultradian rhythms observed
offer new insights into the functional significance of ultradian
rhythmicity, suggesting these intrinsically driven biological
rhythms serve metabolic homeostasis at a cellular level.
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