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Abstract

The biological clock in eukaryotes controls daily rhythms in physiology and behavior. It displays a complex organization
that involves the molecular transcriptional clock and the redox oscillator which may coordinately work to control cellular
rhythms. The redox oscillator has emerged very early in evolution in adaptation to the environmental changes in O, lev-
els and has been shown to regulate daily rhythms in glycerolipid (GL) metabolism in different eukaryotic cells. GLs are
key components of lipid droplets (LDs), intracellular storage organelles, present in all living organisms, and essential for
energy and lipid homeostasis regulation and survival; however, the cell bioenergetics status is not constant across time and
depends on energy demands. Thus, the formation and degradation of LDs may reflect a time-dependent process following
energy requirements. This work investigated the presence of metabolic rhythms in LD content along evolution by studying
prokaryotic and eukaryotic cells and organisms. We found sustained temporal oscillations in LD content in Pseudomonas
aeruginosa bacteria and Caenorhabditis elegans synchronized by temperature cycles, in serum-shock synchronized human
embryonic kidney cells (HEK 293 cells) and brain tumor cells (T98G and GL26) after a dexamethasone pulse. Moreover,
in synchronized T98G cells, LD oscillations were altered by glycogen synthase kinase-3 (GSK-3) inhibition that affects the
cytosolic activity of the metabolic oscillator or by knocking down LIPIN-1, a key GL synthesizing enzyme. Overall, our
findings reveal the existence of metabolic oscillations in terms of LD content highly conserved across evolutionary scales
notwithstanding variations in complexity, regulation, and cell organization.
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Introduction

The circadian timing system coordinates a plethora of
physiological and behavioral rhythms in all vertebrates
in a tight mechanism of environmental adaptation to the
24-h light/dark cycles [1]. The central clock is located in
the suprachiasmatic nucleus of the anterior hypothalamus
and is daily synchronized by ambient lighting through
direct retinal projections from intrinsically photosensi-
tive retinal ganglion cells (reviewed in [2]). The central
clock coordinates numerous peripheral clocks in most
organs and tissues, even in individual cells. Although the
light/dark cycles are the main and strongest synchronizer
of the circadian system, feeding and fasting schedules,
locomotor activity, and temperature are important syn-
chronizing cues [2-5]. At the transcriptional level, the
circadian clock comprises a set of transcription factors
operating through a transcription-translation feedback loop
(TTFL) that involves positive elements, such as CLOCK,
BMALI1, and NPAS2, and negative elements, such as
Periods (PER 1, 2, 3) and Cryptochromes (CRY 1, 2).
The molecular clock regulates clock- and clock-controlled
gene (CCGQG) expression along the 24-h cycle through an
E-box sequence in clock genes and CCG promoters. In
addition, a second and interconnected loop participates
in the control of clock gene expression that implies the
nuclear receptors for the retinoic acid Rev-Erbs and the
Retinoid-related orphan receptors (RORs) that operate on
the ROR element (RORE) as negative and positive ele-
ments respectively, and mainly connecting the molecular
clock with the cellular metabolism (reviewed in [4, 6]).
At the cellular level, the biological clock comprises the
molecular transcriptional clock (TTFL) and the metabolic/
redox oscillator that may work together in a coordinated
manner to control cellular rhythms (reviewed in [3, 7-10]).
Studies in Arabidopsis thaliana, Drosophila melanogaster,
and mammals showed that rhythms in small signaling
molecules, primarily presented as “output” have a central
role within the circadian pacemaker. Thus, clock outputs
can constitute inputs to subsequent cycles and become
indistinguishable from a core mechanism. Hastings et al.
(2008) introduced the term “cytoscillator” or cytoplasmic
oscillator to refer to circadian cytosolic signals such as
cAMP and Ca2+_dependent kinases, casein kinases, C-Jun
amino-terminal kinases, ras-dependent (MAP) kinases and
their various downstream effectors and modulators (e.g.
Epac, GSK3p, phosphodiesterases, protein phosphatases)
(reviewed in [10]). Remarkably, peroxirredoxin oxidation
cycles are highly conserved through evolution in all king-
doms of life, even in transcription absence as observed
in enucleated cells [8, 11]. Evidence for the autonomous
function of the cytosolic components comes from studies
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in Cry-null SCN [12], Bmall-null SCN [13], and CRY
knockout mice [14] models that reported periodicity
upon the activity and stability of PER2, suggesting that
these findings entail an underlying, evolutionarily con-
served post-translational timekeeping mechanism taking
place in the cellular cytoplasm. This mechanism involves
the activity of the casein kinase 1 /e (CK18/€) and the
glycogen synthase kinase 3 (GSK-3) and determines the
pace of the cellular circadian clock in eukaryotes through
post-translational modifications of clock proteins [14].
Metabolic oscillations have been observed in different
cell types and organisms from retinal neurons in birds
to fibroblasts and liver cells in mice as indexed by daily
rhythms in glycerolipid (GL), particularly glycerophos-
pholipid (GPL) metabolism (reviewed in [3]). Moreover,
sustained metabolic oscillations have also been reported in
diverse synchronized tumor cells such as the human glio-
blastoma multiform-derived T98G cells, A530 cells from
murine gliomas, and human hepatocarcinoma-derived
HepG?2 cells [15-17] with periods in the circadian and
ultradian ranges. Remarkably, most metabolic rhythms
were observed in synchronized cells by dexamethasone
(DEX) pulses or a serum shock and were severely affected
when the clock gene Bmall was knocked down [15, 17].

Lipid droplets (LDs) are specialized intracellular
organelles that play diverse functions such as energy
stores from bacteria to man [18, 19]. They are composed
of a core with neutral lipids, mainly triglycerides
(TAGs), and cholesterol esters, and are surrounded by
a monolayer of GPLs and specific proteins. Notably, in
eukaryotic cells, LD biogenesis and degradation, together
with their organelle interactions, are strongly coupled to
cellular metabolism and critical in regulating the levels
of toxic lipid species. Facilitating the coordination and
communication between different organelles, LDs act
as vital hubs of cellular metabolism [19]. The most
predominant features of LDs are their heterogeneity and
diversity. LD number, size, and composition vary widely
among cells even within the same cell under different
conditions [18, 20-23]. LD growth and degradation are
controlled by enzymes that promote TAG synthesis and
hydrolysis, respectively. In this respect, the phosphatidate
(PA) phosphatase 1, or LIPIN-1, is a key enzyme in the
biosynthetic pathway of more complex GPLs and TAGs
from PA. Strikingly, the rapid and dramatic changes in
LD size, number, and distribution occur in response to
cellular metabolism and nutrient availability. In this
connection, it has been shown that the BMAL1: CLOCK
transcriptional complex activates TAG hydrolysis through
the upregulation of TAG lipase and hormone-sensitive
lipase, thus providing evidence about the crucial role of
the core molecular clock in modulating LD metabolism
across the circadian cycle [24].
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As observed for the rhythms in peroxiredoxins along
evolution, cells needed to develop a precise temporal
mechanism to control the increase in ROS levels for
detoxification. For every cell, the energy requirement is
essential for survival and displaying several vital tasks
and homeostasis regulation; however, the bioenergetics
status varies along the 24-h cycle and depends on the
nutrient’s availability and energy demands. In this regard,
the dynamic formation and degradation of each LD within
the cell may represent a time-regulated process adapting
to the fluctuations in energy requirements. In this context,
we tested the hypothesis that metabolic oscillations in
LD content are conserved across various phylogenetic
kingdoms. For this, we examined LD rhythmic patterns in
different cellular and organism models, including bacteria,
invertebrates, and embryonic and tumor human cells.

Materials and methods
Cell cultures and synchronization conditions
Pseudomonas bacteria

The Pseudomonas aeruginosa HEX-1 T strain, isolated
from soil and previously characterized [25], was routinely
subcultured on Luria—Bertani (LB) agar medium from
stocks stored at —80 °C. For synchronization, bacteria were
cultured in sterile Erlenmeyer flasks shielded from light
with 20 ml of LB medium under the following conditions:
12 h at 37 °C followed by 12 h at 25 °C for 3 days. Non-
synchronized cultures were kept at a constant temperature
of 37°C. Subcultures were performed every 24 h using the
previous day's culture as the inoculum to refresh the culture
medium and prevent the system from entering the death
phase. Samples were collected every 4-h intervals after
synchronization for 36 h.

Caenorhabditis elegans

Nematodes were obtained from the Caenorhabditis
Genetics Center, supported by the National Institutes of
Health—Office of Research Infrastructure Programs (P40
0DO010440). The strain used was N2, recognized as the
reference wild-type strain. Worms were maintained at
18-25 °C using freshly prepared Nematode Growth Medium
(NGM) Petri dishes spread with Escherichia coli (OP50)
as a source of food [26, 27]. The endogenous circadian
clock was synchronized by temperature according to the
protocol reported before [28]. For this, gravid adult wild-
type worms were treated with a hypochlorite bleach solution
to obtain the eggs, which were maintained in distilled
water under rotation overnight to obtain L1 larvae. For the

synchronization, a population of wild-type L1 larvae was
entrained until the young adult stage through 12 h:12 h
temperature cycles (14 °C-18 °C) in constant darkness.
After the synchronization, when worms reached the young
adult stage, the temperature was maintained constant at
14 °C, and worms were fixed every 6-h interval for 36 h.
Two independent replicate experiments were performed,
and 3 to 5 worms of each experiment were evaluated for
each time point post-synchronization. As non-synchronized
controls, wild-type L1 larvae were maintained at a constant
temperature (14 °C) until the young adult stage, and samples
were collected as described above. Worms were fixed with
isopropanol 60% for 3 min at room temperature, washed 3
times with phosphate-buffered saline (PBS), and centrifuged
at 2000 rpm for 2 min. The samples of fixed worms in PBS
were maintained at 4 °C until staining.

HEK 293 cells The HEK-293 cell line (human embry-
onic kidney 293 lineage) (ATCC Cat# PTA-4488, RRID:
CVCL_0045) was cultured in Dulbecco's Modified Eagle
Medium (DMEM), (Gibco, BRL, Invitrogen) supplemented
with 10% (v/v) fetal bovine serum (FBS) in a CO, incubator
at 37 °C. The cell cultures were synchronized by a 50% FBS
shock in DMEM culture medium for 1 h in a CO, incubator
at 37 °C [29]. Samples were collected every 4-h intervals
post-synchronization for 36 h.

Tumor cells

T98G cells are derived from a human glioblastoma
(GBM) (ATCC, Cat. No. CRI1-1690, RRUD: CVCLO0556).
The GL26 cell line is derived from a murine GBM and
was gently donated by Dr. Marianela Candolfi (Instituto
de Investigaciones Biomédicas, Facultad de Medicina,
Universidad de Buenos Aires, Argentina). Cell cultures
were grown in DMEM supplemented with 10% FBS
according to [15] at 37 °C and 5% CO,. Cell cultures were
synchronized with dexamethasone (100 nM, DEX) for 1 h
at 37°C. Then, cells were washed with PBS to remove DEX
and cultures were maintained in DMEM supplemented with
5% FBS. Samples were collected every 6-h intervals post-
synchronization for 48 h.

Glycogen synthase kinase-3 inhibitor treatment on T98G
cells

T98G cells were treated with CHIR99021, a glycogen
synthase kinase 3 inhibitor (GSK-3 Inhibitor XVI, Santa
Cruz) at a final concentration of 8.6 pM for 24 h at 37°C.
CHIR99021 stock solutions were resuspended in DMSO at
a final concentration of 20 mM, and the maximum volume
of DMSO in cell cultures was < 0.05%.

Lipin-1 knock-down

@ Springer



348 Page 4 of 15

P. M. Wagner et al.

Lipin-1 expression was disrupted in T98G cells using
the CRISPR/Cas9 genomic editing tool according to [15,
16]. We designed single guide RNAs (sgRNA) specifically
targeting exon 5 of the human Lipin-1 gene and subcloned
it into the PX459 vector (Addgene) to obtain the PX459-
Lipin-1 plasmid. The primer sequence corresponding to
the top and bottom sgRNA was 5’ACCACTCTCTAT
CCGAATTA3" and 5'TAATTCGGATAGAGAGTG
GT3’, respectively. GBM cultures were transfected
with Lipofectamine 2000 (Invitrogen) and selected with
puromycin (1 pg/mL) for 5 days. T98G denoted as F4
Lipin-1 knockdown (KD) cells correspond to one clone
isolated from the pool of puromycin selected-T98G cells.
The disruption of Lipin-1 gene expression was checked by
the polymerase chain reaction (PCR) and western blot (WB).

Lipid droplet identification
Pseudomonas bacteria

After synchronization, the cultures were maintained at a
constant temperature (37 °C), and duplicate samples were
collected every 4 h for 36 h. Immediately after extraction
from each flask at each time point, the optical density (OD)
at 600 nm was measured using either the PG instruments
T60UV-Visible Spectrophotometer or the Shimadzu
biospec-mini spectrophotometers. Subsequently, aliquots
were stained with Sudan Black B (SB) dye following
procedures described in [30, 31] with minor modifications.
The absorbance at 600 nm of these stained aliquots was
then determined. The ratio between the post-staining OD
value (ODy) and the OD before staining (OD;) was used to
standardize the lipid content. Additionally, images were
captured before and after staining using the Olympus
FV1000 microscope to confirm the dye's penetration into
the bacteria.

Caenorhabditis elegans

LDs were stained using Oil Red, a dye-based method for
neutral lipid staining validated as an accurate assessment
for major fat storage in C. elegans [32]. Worms from all
time points of each experiment were stained together
with Oil Red 0.3% (100 pl per condition) during 1 h in
rotation. Oil Red was prepared and filtered before being
used. After the staining, the worms were washed with
PBS. The images of LDs were obtained by an LSM 900
(Zeiss) confocal microscope with an Airyscan 2 module.
For each worm, a general image in 10X was obtained and
after that, a series of images in 40X were obtained for LD
quantification. Confocal microscopy images were generated
in a single plane where the staining intensity was higher. In
C. elegans, the intestine functions as the fat metabolic organ
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and lipids accumulate mainly in hypodermal and intestinal
cells [33]. Hence, images were taken from the posterior
region of the pharyngeal terminal bulb to the anus. Imagel
software (RRID: SCR_002285) carried out the average size,
percentage area, and number quantification of LDs. The LD
number and percentage area were normalized by the selected
area of the worm.

HEK 293 cells

After synchronization, samples in duplicate were collected
every 4 h for 36 h. The samples were washed with PBS at
room temperature and fixed with 3% (w/v) paraformaldehyde
(PFA) solution containing 4% (w/v) sucrose, for 15 min
at 4 °C. The fixed samples were washed with PBS and
incubated with Nile Red (NR, 0,05 pg/ml) and DAPI (3 uM)
in PBS for 10 min. Then, coverslips were washed with PBS
three times at room temperature for 5 min in darkness. To
visualize LDs in HEK293 cells, the confocal microscopes
Olympus FV1000 (with a PlanApo N 60X objective,
numerical aperture 1.42) and FV300 were used. They were
equipped with a dichroic mirror filter set at 405/488/543 nm
and lasers at 405 nm and 543 nm to excite DAPI and
Nile Red, respectively. Three fields were photographed
per coverslip, with a variable number of cells. A Z-stack
projection was performed for each field since LDs were
dispersed across multiple planes. The photographs were
analyzed using the ImageJ software (RRID: SCR_002285).
The number of LDs was normalized by the number of nuclei
to obtain an approximate average of the LD number per cell.

Tumor cells

1*#10* T98G cells, F4 Lipin-1 KD T98G cultures, or
GL26 cells were seeded in coverslips and synchronized
with 100 nM DEX for 1 h at 37°C. Culture cells were
maintained in DMEM supplemented with 5% SFB. After
DEX synchronization (t;), cells were collected in duplicate
every 6 h for 48 h. For LD staining, cells were fixed with
4% PFA for 15 min and washed twice with PBS according
to [17, 34]. Then, T98G cell coverslips were incubated with
BODIPY dye (Sigma cat#790389, maximum excitation/
emission wavelength: 493/503 nm) at a final concentration of
2 pM for 30 min protected from light. GL26 cell coverslips
were incubated with BODIPY dye at a final concentration
of 75 pM for 1 h protected from light. Coverslips were
washed two to four times with PBS and visualized by
confocal microscopy at 60X objective (FV1200; Olympus).
Cellular nuclei were visualized by DAPI staining (T98G
cells) or Hoechst staining (GL26 cells). Imagel software
(RRID: SCR_002285) was used to determine the average
size, percentage area, and number of LDs. The number
and percentage area were normalized by the number of
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cells in each image. For LD determination of CHIR99021-
treated cells, cultures were incubated with CHIR99021
(8.6 pM, GSK-3 Inhibitor XVI, Santa Cruz) for 24 h before
synchronization and then analyzed as described above.

Statistical and Periodic Analysis

Statistical analysis involved one-way ANOVA to test
the time effects on LD parameters with Tukey's multiple
comparisons test, or the Kruskal Wallis (K-W) analysis
with Dunn's multiple comparisons test, when the normality
of residuals was infringed. In all cases, significance was
considered at p <0.05. To analyze significant differences in
LD number between T98G control and CHIR-99021-treated
cells or T98G control and F4 Lipin-1 KD cultures, a two-way
ANOVA was performed to test the effect of treatment/cell
type and time post-synchronization.

Experimental data was analyzed against three alternative
rhythmicity algorithms to test its periodicity. Both ARSER
(ARS) and JTK_CYCLE (JTK) methods implemented by
the Metacycle package [35] and RAIN [36] algorithm were
performed in R (4.0.3). It is important to evaluate periodicity
in time-series data against different algorithms due to some
of them performing better on experimental data with higher
levels of noise, non-24-h periods, or various sampling
conditions. In this case, both the ARS and JTK_CYCLE
detect sinusoidal waveforms whereas the RAIN algorithm
can detect oscillations with narrow peaks or troughs [37].
LD variations in the different models were graphed using the
amplitude, phase, and period values of the ARS algorithm to
model the time series using harmonic regression ((y =cos (2
X pi X (time—phase)/period) X amplitude + mean).

Results

To ascertain metabolic oscillations across evolution,
we analyzed the rhythmic patterns of LD content
following specific synchronization stimuli in prokaryotic
(Pseudomonas aeruginosa) and invertebrate (C. elegans)
models, as well as in human cells, including human
embryonic kidney cells (HEK-293) and mammalian tumor
glioma cells (human T98G and murine GL26).

Lipid droplet oscillations in prokaryotes

To investigate lipid content oscillatory patterns in prokary-
otes, we employed the Pseudomonas aeruginosa HEX-1 T
strain, a chemotrophic bacterium that causes opportunistic
infections in diverse hosts. Bacteria cultures underwent syn-
chronization through temperature cycles spanning 3 days,
with samples collected at 4-h intervals post-synchronization.
Subsequently, bacteria were stained with Sudan Black B
(Fig. 1a) to quantify lipid content (see Materials and Meth-
ods for detailed protocols). Results showed a significant tem-
poral effect on lipid content in synchronized bacteria over a
36 h period (p<0.0001 by Kruskal-Wallis test), with pro-
nounced lipid staining at 4, 8, 16, 20, and 28 h post-synchro-
nization, and reduced levels at 0, 12, 24, 32, and 36 h. Upon
fitting the experimental data to a periodic function using the
ARS and JTK_CYCLE methods from the Metacycle pack-
age, a distinct 12-h cycle emerged (Fig. 1c; Table 1, Suppl.
Table 1). In contrast, non-synchronized bacteria cultures
exhibited a weak and damped oscillation (Suppl. Figure 1) in
lipid content but without a 12-h significant periodicity when
the experimental data was adjusted to a periodic curve using
the ARS method or the JTK_CYCLE algorithm (Fig. 1b).
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Fig.1 Lipid droplet oscillations in Pseudomonas aeruginosa HEX
1 T. a Representative images of confocal microscopy of untreated
bacteria (left) and cultures after Sudan Black B staining (right). The
arrows indicate stained lipid accumulations Scale bar=1 pm. b Non-
periodic variation was observed in LD content in non-synchronized
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cultures. ¢ Temperature-synchronized bacteria evidenced a significant
oscillation with a period of 12 h 2=0,967, dashed curve) using the
ARS method. OD{/OD; is the ratio of final optical density (ODy) to
initial optical density (OD;). The black dots represent the mean of
three independent experiments performed in duplicates +SD
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Table 1 Lipid droplet number oscillations in different models

2

Model Cell type/organism Period (h) p-value r
Pseudomonas Bacteria 12 0.0007 0.967
C. elegans Nematode 29 0.0091 0.99
HEK?293 cells Human embryonic kidney cells 10 0.003 0.85
T98G cells Human glioblastoma cell line 29 0.002 0.99
CHIR-T98G cells Human glioblastoma cell line treated with CHIR99022 16 0.02 0.96
LIPIN-1 KD-T98G cells Human glioblastoma cell line knockdown for LIPIN-1 33 0.015 0.97
GL26 cells Murine glioma cell line 29 4.8E-7 0.99

Periodic analysis of LD number variations in different models. MetaCycle analysis using the ARS method was performed to test periodic

oscillations in LD number

p-value <0.05 indicates a significant effect on the fit of the experimental data with respect to the theoretical curve. See methods for further

details

Lipid droplet rhythms in an invertebrate model
organism

Caenorhabditis elegans is a soil nematode extensively
used as a model organism to perform studies related to
genetics, developmental biology, fat metabolism, and cir-
cadian rhythms [38, 39]. It is an excellent animal model
to study the regulation of fat accumulation and distribu-
tion [32]. Also, its transparent body facilitates qualitative
assessment of lipid distribution among different tissues
[40]. We examined LD content variations in wild-type
nematodes to investigate possible metabolic oscillations
in this invertebrate model. Worms were either synchro-
nized by temperature cycles (12 h (14 °C): 12 h (18 °C))
or maintained at constant temperature (14 °C), in constant
darkness, from L1 larval to the young adult stages. After
reaching the young adult stage (about 3—4 days), the nema-
todes were maintained at a constant temperature (14 °C)
and samples were fixed at different times along 36 h for
both experimental conditions. In Oil Red stained worms,
the LD quantification was made from the posterior region
of the pharyngeal terminal bulb to the anus. At the longer
times evaluated (> 30 h), worms contained eggs which
were stained by Oil Red as reported in the literature [41].
However, the Oil Red signal from eggs was not detected in
the single planes selected for confocal images. In synchro-
nized worms, we found a significant time-dependent effect
on LD number and percentage area examined by confocal
microscopy (p <0.0001 by one-way ANOVA, p <0.002
by Kruskal-Wallis test, respectively) (Fig. 2, Table 1). No
significant variations were observed in the average size of
LDs in these worms. The lowest levels for both param-
eters were achieved at 30 and 36 h after synchronization
(Suppl. Table 2). Experimental data was analyzed against
different algorithms to carry out the periodic adjustment.
A significant period of 24-29 h was detected when the
3 parameters tested (LD number, percentage area, and
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average size) were adjusted to a periodic function using
the ARS method. A longer period (36 h) was evidenced by
the RAIN method only in the number and percentage area
of LDs (Fig. 2, Table 1, Suppl. Table 1).

On the other hand, a slight, but statistically significant
time-dependent effect on the percentage area (p <0.043 by
Kruskal-Wallis test) and average size (p <0.041 by one-
way ANOVA) was found in non-synchronized worms kept
at constant temperature (Fig. 2). Notably, and in contrast
to the observations in temperature-synchronized worms, no
periodic fit was observed when the experimental data of LD
number and percentage area of non-synchronized worms
were analyzed using the RAIN algorithm (Suppl. Figure 2,
Suppl. Table 1 and 2).

Lipid droplet rhythms in vertebrate models
Embryonic HEK-293 cells

Having observed LD oscillations with different periods in
synchronized prokaryotes and the invertebrate model, we
extended these studies to identify any potential temporal
variation in lipid accumulation in eukaryotic cells from
diverse origins. For this, in the first series of studies, HEK-
293 cells were synchronized by a serum shock, collected
every 4 h post-synchronization over 36 h, and stained with
Nile Red to identify LDs. A significant effect of time was
observed in LD content along the 36 h post synchronization
tested (p <0.01 by Kruskal Wallis test) (Suppl. Table 2),
showing the highest values at 8, 16, and 36 h post-synchro-
nization. Remarkably, the number of LD per cell exhibited
a clear rhythmicity with a period near 10 or 8 h when the
experimental data was adjusted to a periodic function using
the ARS or the JTK_CYCLE method, respectively (Fig. 3,
Table 1, Suppl. Table 2).
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a)

Fig.2 Lipid droplet parameters (average size, number, and % area)
in C. elegans. The L1 larvae population was synchronized by tem-
perature cycles (black circles) or maintained at constant temperature
(gray circles) and fixed at each 6-h intervals for 36 h. a Representa-
tive image of adult worms fixed at tg, t;,, ty;, and t, h after synchro-
nization and stained with Oil Red (left column, scale bar=100 pm).
LD accumulation is shown in red. Further magnified in the insets are
on the right column, scale bar=20 pm. The insets correspond to the

Tumor cells

Once we evidenced LD rhythms in a human embryonic cell
line, we evaluated if this metabolic periodicity also occurs
in brain tumor cells. Previous results from our laboratory

b)
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@ Temperature cycles synchronization
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anterior middle region of the worm. b Periodic analysis of LD param-
eters in synchronized worms (black circles) using the ARS method
indicated a significant period of 29, 24, and 28 h in terms of the num-
ber, percentage area, and average size, respectively (dashed curve).
The black dots represent the mean of two independent experiments
(n=3-8 worms analyzed per experiment) + SEM

evidenced an intrinsic metabolic clock that functions in
glioblastoma tumor cells, controlling diverse metabolic
pathways and highlighting differential states of tumor suit-
ability for more efficient time-dependent chemotherapy [15,
42]. Here, we evaluated if these immortalized tumor cells

@ Springer
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Fig.3 Lipid droplet number oscillation HEK293 cells. a Repre-
sentative confocal microscopy images of LDs in HEK293 cells
across time. Nile Red and nuclei staining are shown in red and blue,
respectively. Scale bar=10 pm. b Periodic analysis of LD number
per cell using the ARS method indicated a significant period of 10 h
(2=0.851, dashed curve). The black dots represent the mean of three
independent experiments performed in duplicates + SEM
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exhibit rhythms on different LD parameters including num-
ber, size, and percentage area. For this, synchronized T98G
cells derived from a human glioblastoma were fixed at dif-
ferent times post-synchronization and stained with BODIPY
dye. The results clearly showed a significant time-depend-
ent effect on LD number and percentage area (p <0.001
and p<0.01 by Kruskal-Wallis test, respectively) (Suppl.
Table 2) displaying high LD levels at 12 and 3640 h and
low levels at 24-30 h after DEX synchronization (Fig. 4).
To elucidate the periodicity for these oscillations, experi-
mental data was analyzed against three alternative algo-
rithms. Results from the ARS and JTK method integrated
into the Metacycle package showed periodic oscillations of
28-30 h for the LD number and percentage area parameters
whereas the average size evidenced a significantly shorter
period of 17-18 h. Moreover, similar results for LD num-
ber and percentage area were obtained when the oscillation
observed was fitted to a periodic function using the RAIN
algorithm which can detect asymmetric circadian oscilla-
tions (Fig. 4, Table 1, Suppl. Table 1). When these observa-
tions were extended to another glioma cell model, metabolic
oscillations in different parameters of LDs were also found.
In synchronized GL26 murine GBM cells collected at dif-
ferent times post-synchronization along 48 h, we found a
significant effect of time on LD number and average size
(p<0.02 by one-way ANOVA) (Suppl. Table 2). A signif-
icant oscillation with a 29 h-period was seen for the LD
number by the ARS method. However, longer periods of 42
and 48 h were shown by the JTK and the RAIN algorithms
for the LD number and average size, respectively (Suppl.
Table 1Table 1, Suppl. Figure 3). In addition, a significant
rhythm with a period of 20-24 h was observed for the LD
percentage area when the experimental data was evaluated
both with the ARS and the RAIN algorithms (Suppl. Fig-
ure 3, Suppl. Table 1).

Pharmacological modulation of the circadian clock: Effect
of the treatment with the GSK-3 inhibitor (CHIR99021)
on T98G LD rhythms

To establish if there is an interplay between LD
oscillations and the cytoscillator on the glioblastoma
cell line, we next examined whether the pharmacological
modulation of the cytosolic kinases could affect the
periodic oscillations observed using the GSK-3 inhibitor
(CHIR99021). For this purpose, T98G cells were treated
with the GSK-3 inhibitor (CHIR99021, 8.6 uM for 24 h)
before DEX synchronization (Fig. 4). Interestingly,
CHIR99021-treated cells exhibited a significant effect of
time on LD number, percentage area, and average size
(p<0.01 by the Kruskal-Wallis test, p<0.0001 by the
Kruskal-Wallis test, and p <0.01 by one-way ANOVA
test, respectively) (Suppl. Table 2). Remarkably, the
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content of LDs, assessed across the three parameters,
exhibited a pronounced decline approximately 36 h
and beyond following synchronization with a reduced
amplitude as compared to the vehicle-treated cells, likely
suggesting the loss of rhythmicity at longer times of cell
culture treatment. A two-way ANOVA with the factors of
time and pharmacological treatment revealed a significant
effect of time (p <0.0123) and of interaction between
time and treatment (p < 0.0009) but not of treatment
alone (p=0.1, ns) for the LD number. The pairwise
comparisons by Bonferronis’s test clearly showed that
levels of LDs from CHIR99021-treated cells at 24 h
post-DEX synchronization significantly differed from the
control samples (Fig. 4b). Regarding LD oscillations after
GSK-3 inhibition, the ARS method showed significantly
shorter periods (16—17 h) and the JTK algorithm revealed
the loss of rhythmicity in the circadian range compared
to control cells in terms of LD number and percentage
area parameters. In parallel, RAIN results also showed no
significant periods in the circadian range displaying 48 h
for LD percentage area and number. In line with this, the
average size of LDs displayed a rhythm of 42 h by the
ARS method and no significant oscillations were identified
by the JTK or RAIN algorithms (Fig. 4, Table 1, Suppl.
Table 1).

Metabolic disruption: Effect of LPIN knockdown on T98G LD
rhythms

To examine whether the expression of key regulatory lipid
synthesizing enzymes could alter metabolic oscillations in
glioblastoma cells, we evaluate LD rhythms after LIPIN-1
disruption, a key enzyme in GL synthesis. Once we
confirmed a significant reduction in LPIN expression on
transfected T98G cells (Suppl. Figure 4), LDs were stained
with BODIPY on synchronized cell cultures. Results
evidenced a significant effect of time in LD average size
(p<0.025 by one-way ANOVA). No significant differences
were observed throughout the times tested in LD number
and percentage area (Suppl. Table 2). A two-way ANOVA
with the factors of time and cell type revealed a significant
effect of time (p <0.0246), cell type (p<0.0195), and
interaction (p < 0.0144) for the LD number. The pairwise
comparisons by Bonferronis’s test clearly showed that
levels of LD at 18 h after synchronization for the LIPIN-1
KD cells significantly differed from the wild-type cells
(Fig. 4c). For rhythmicity analysis, no significant periodic
adjustment was observed in the LD percentage area or
average size. Only the ARS method evidenced a significant
oscillation in LD number with a period of 33 h. Absolute
values were similar in LD number and percentage area of
both groups. However, higher values in LD average size

were observed in LIPIN-1 KD compared to control cells
(Fig. 4, Table 1, Suppl. Table 1).

Discussion

All phyla across the life tree store fat in LD. The initial
biochemical characterization of LD in the simplest
organisms defines them as exclusive cell stores for energy;
however, a deeper investigation in the last decades shed
light on multifaceted roles in cell biology and physiology
for LD [19, 43]. The expanded knowledge of LD functions
defines them as a hub of metabolism and signaling
balancing crucial mechanisms related to life and death.
LDs maintain energy and redox homeostasis to protect
cells from toxic lipid species during stress events. Since
cellular compartmentalization is a key biological principle
displayed throughout the different kingdoms of life, LDs
offer an effective platform for biochemical processes related
to metabolism and signaling [43—45]. Therefore, we tested
the hypothesis that metabolic rhythms in LD content are
conserved across different phylogenetic kingdoms. Next, we
provided evidence of the changes observed in LD oscillatory
patterns in tumor cells after pharmacological inhibition of
the cytosolic kinase GSK-3 or genetic disruption of Lipin-1.

To investigate the existence of metabolic oscillations
across different kingdoms of life, we initially examined
metabolic variations in LD content within a prokaryotic
model. Bacteria and archaea typically accumulate lipids in
various forms, such as polymeric polyhydroxyalkanoates,
TAG, and/or wax esters in the case of oleaginous bacteria
[46—49]. Our analysis of temperature-synchronized P.
aeruginosa cultures revealed a significant variation in the
lipid content, with a distinct 12 h periodicity using three
different algorithms (Table 1, Suppl. Table 1) and peak
levels observed at 4, 16, and 28 h post-synchronization.
Remarkably, non-synchronized cultures exhibited a weak
oscillatory pattern but a non-significant 12-h rhythmic
variation. Although previous studies have reported 24-h
cycles in peroxiredoxin oxidation in bacteria [11], our
findings represent the first evidence of metabolic oscillations
related to lipid storage in P. aeruginosa within the ultradian
range. Temperature serves as a crucial modulator of cellular
physiology, influencing the regulation of gene and protein
expression and behavior [50]. For instance, a thermosensory
PAS domain was recently discovered in a protein from the
P. aeruginosa strain PAO1, which regulates cellular levels
of the ubiquitous bacterial second messenger c-di-GMP,
exerting global effects on development and motility [51].
Recent studies have revealed that light/dark and temperature
cycling during the growth of P. aeruginosa biofilms can
impact respiratory activity and redox metabolism, thereby
affecting the expression of genes encoding components
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«Fig. 4 Lipid droplet parameters (average size, number, and percent-
age area) in T98G cells. T98G control or CHIR-treated cells were
synchronized by a 1 h pulse of DEX (100 nM) and then collected
at different times for LD assessment. a Representative micropho-
tographs of LD staining across time in both conditions. BODIPY
and nuclei staining are shown in red and blue, respectively. Scale
bar=10 pm. b Quantification of LD number, percentage area, and
average size in control (black circles) and CHIR99021-treated cells
(gray circles). Significant differences between experimental condi-
tions were observed at certain times post-synchronization by unpaired
t-test or Mann—Whitney test (* p<0.05, ** p<0.001, *** p<0.001).
¢ Periodic analysis of LD parameters using the ARS method indi-
cated a significant period of 29, 28, and 17 h for control cells (black
circles) in the number, percentage area, and average size param-
eters, respectively (dashed black periodic curve). On the contrary,
CHIR99021-treated cultures (gray circles) evidenced significant
periods of 17, 16, and 42 h in the LD number, percentage area, and
average size parameters, respectively (full gray experimental curve).
F4 Lipin-1 KD cultures (gray squares) revealed a significant oscilla-
tion of 33 h in terms of LD number; no significant variations were
observed in the percentage area or average size of LD using the ARS
algorithm (full gray experimental curve)

of the electron transport chain [52]. Hence, the observed
temporal variations in lipid content within this bacterial
species could be associated with cyclic alterations in storage
lipid metabolism in response to temperature fluctuations.
Regarding lower animals, all metazoans accumulate
TAG and/or cholesterol esters in their LDs; particularly
for C. elegans, here used as an invertebrate model, it has
been shown LD accumulation throughout the body cells
with the highest concentration in the gut epithelium [38,
53]. In terms of circadian rhythms, C. elegans has been
shown to display rhythms in locomotor activity, physiology,
metabolism (abiotic and biotic stress tolerance, food and
oxygen consumption), protein activity and regulation,
and gene expression (reviewed in [54]). In line with the
circadian rhythms described in C. elegans for different
processes, we showed for the first time sustained rhythmicity
in the number and percentage area of LDs, with periods
fluctuating in the circadian range or longer from 24 to 29 h.
The metabolic oscillations observed in LDs may reflect the
daily requirement of lipids and energy for the nematode to
complete its larval to adult transition and interaction with
the environment, food availability, and higher locomotion
activity at particular times. The multiple functions that can
be buffered by lipids in LD variations observed in C. elegans
could also be associated with a differential metabolic state
for affording challenges such as responses to stress signals,
defenses against pathogens, or buffering toxic lipid species.
Once the metabolic oscillations in bacteria and C. elegans
were described, we further investigated such oscillatory
behavior in eukaryotic cells of mammals from three different
models, a human embryonic kidney-derived (HEK-293) and
a human and murine glioblastoma-derived (T98G, GL26)
cell lines. HEK-293 cells kept in culture and synchronized
by a brief serum shock display sustained oscillations in LD

content with short periods in the ultradian range. These
fluctuations in embryonic cells with this particular timing
may reflect a differential activity of immature kidney cells or
special requirements in lipid and energy for the early stages
of kidney differentiation and development.

On the other side, and regarding tumor cells, we have
taken into consideration the numerous LD functions in
cancer, i.e. promoting tumor proliferation, driving epithelial-
mesenchymal transition, mediating radio-resistance and
chemo-resistance, maintaining cancer cell stemness, and
avoiding immune destruction (reviewed in [55]. Because of
this, we further investigated LD oscillations in glioblastoma
cell lines. Previously, we reported significant rhythmicity in
proliferative T98G cultures in the labeling of total >*P-GPLs
and individual GPL species, such as phosphatidylcholine
(PC), with a period of 24 and 32 h, respectively, and a 24-h
periodicity in the total LIPIN enzyme activity, evidencing
a functional metabolic clock in glioblastoma cells [15].
Remarkably, LIPIN-1 dephosphorylates phosphatidic
acid (PA) to diacylglycerol (DAG) to synthesize PC,
phosphatidylethanolamine (PE), phosphatidylserine as
well as TAGs (reviewed in [3]). In support of the previous
evidence of a functional metabolic clock in tumor cells,
we reported here periodic self-sustained oscillations of
LD content in synchronized-T98G cultures with rhythms
of 28-30 h for the number and percentage area, and of
17-18 h or longer for average size parameters. Additionally,
we described oscillations in these LD parameters in
synchronized GL26 cells, which display rhythms of 48 h
for the average size, > 29 h for the number, and 20-24 h for
the LD percentage area. LDs also show periodic oscillations
in hepatocellular carcinoma which was severely altered in
terms of size and percentage area after Bmall disruption
[17]. Strikingly, tumor cells from different origins and
mammalian species display self-sustained rhythms in the
content of LDs with periods ranging from the ultradian to
circadian or longer.

The monolayer of GPLs is a critical factor for the
stability and curvature of LDs and is expected to change
depending on the physiological cellular state [56]. In fact,
the cylindrically shaped characteristics of PC are crucial to
LD stability, in contrast to the cone-shaped and negatively
curved PE (reviewed in [19]). Circadian oscillations of
choline kinase-a (Chok-a) expression and activity as well
as in PC levels have been previously described in different
models (reviewed in [3]) [57]. Therefore, the periodic
oscillations of LDs described could be due in part to the
circadian regulation of GPL and TAG metabolism at the
lipid content, mRNA, and activity level of specific enzymes,
likely including the Chok-a and LIPIN-1 axis as shown in
HepG2 cells [17] together with a novel activity recently
described for the Chok-a shown to promote LD lipolysis
[58].
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In the attempt to decipher the mechanisms involved in
LD rhythms, we explored how the inhibition of GSK-3
affects these oscillations. We found metabolic alterations
in T98G after the GSK-3 inhibition using the selective
pharmacological inhibitor CHIR99021. Together with the
casein kinase 1 &/e (CK16/€), GSK-3 determines the speed
of the cellular circadian clock in eukaryotes [10, 14, 59]
by controlling the half-lives of clock proteins, even in the
absence of transcription [8, 60].

In agreement with the literature, the LD number showed
a shorter period (16 h) after CHIR99021 treatment than the
29-h oscillation in control cultures [59, 60]. Overall, the
content of LDs in CHIR9901-treated cells showed a marked
decrease by 36 h after synchronization with a damping
amplitude compared to the controls.

On the other hand, no significant variations were
observed in the LD content after the genetic disruption of
LIPIN-1 over the evaluated times. A possible explanation
for this result is that during LIPIN-1 downregulation LD
content remained unaltered by the upregulation of LIPIN2
or through exacerbated deacylation/reacylation cycles [61].
LIPIN-1 is the rate-limiting enzyme for forming DAG, the
precursor of GPLs and TAGs. LIPIN-1 is highly regulated
by the circadian clock at the mRNA level in normal and
tumor cells [15, 17] (reviewed in [3]) and its expression is
strongly altered after disruption of the clock gene Bmall
[17]. The regulation of LIPIN-1 by the circadian clock and
its role as a versatile lipid homeostasis regulator have been
considered potential targets for cancer therapies [62]. Our
findings highlight the circadian clock function related to
the evolutionary conserved rhythmic regulation of lipid
metabolism. This conservation occurs despite the differences
in the LD composition of specific lipids and proteins and the
different regulatory levels and mechanisms present across
organisms, ranging from a simple oscillatory process in
bacteria to highly complex processes in mammalian cells
and likely in C. elegans. Moreover, in eukaryotic cells, we
can infer that, as part of the cellular clock, the TTFL works
together with the cytosolic kinases of the cytoscillator to
regulate the temporal variations in metabolism as observed
in tumor cells treated with CHIR9901 or after disruption
of the molecular clock [17]. In addition, another level of
regulation in the oscillations observed in the LD content of
eukaryotic cells was observed after the metabolic alteration
by genetic disruption of LIPIN-1 affecting levels of more
complex GPLs and TAGs and turning the LD content
arrhythmic or with a period longer than that in the circadian
range.

The circadian control of lipid metabolism constitutes
a crucial regulatory mechanism that allows organisms to
optimize their energy reservoirs during the day and night
to tightly adapt to environmental changes, including light/
dark cycles, food availability, fasting schedules, stress and

@ Springer

pathogen responses, and energy demands. The most ancient
function described for LDs is energy storage; however,
numerous novel functions are now recognized including
membrane traffic and remodeling, cellular stress tolerance,
metabolic regulation protein storage, and signaling pathways
(reviewed in [19]). Thus, LD rhythms may also be associated
with some of these processes.

Conclusion

Vital functions related to bioenergetics and lipid metabolism
are common from bacteria to humans. Based on our
findings, we can infer that the metabolic oscillations in
LD content are conserved across different life kingdoms
through a more complex mechanism from prokaryotes to
eukaryotic cells (see Graphical Abstract). Our evidence in
tumor cells suggests that the pharmacological modulation
and the genetic disruption of the GL-synthesizing enzyme
alter the LD oscillatory pattern. This highlights that the
transcriptional clock and the cytosolic oscillator can operate
coupled to maintain cellular homeostasis.
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