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1. Introduction

1.1. The circadian rhythm and related research

1.1.1. Definition of the circadian rhythm

The circadian rhythm, also known as the biological clock, is a normal
physiological phenomenon that exists in mammals, plants, and even
microorganisms. In humans, the circadian rhythm is present in the human body
from the moment of birth. This natural oscillation repeats approximately every 24
hours and has a major influence on the regulation of human physiology and
behavior every day. It is observed in a multitude of human tissues and organs,
including the liver, bones, kidneys, muscles, and adipose tissues, among other
tissues and cells.

The circadian rhythm comes from the regular change of light—dark conditions in
the surroundings, information that is received by the eyes of mammals (including
humans) and converted into chemical signals. After being processed by the
central suprachiasmatic nucleus (SCN) (Dibner et al., 2010), the melatonin
concentration is altered to reflect the changes in light and darkness in the external
environment. As an essential part of the internal biological clock, the circadian
rhythm governs numerous critical bodily functions, such as the regulation of heart
rate and body temperature, and blood pressure, as well as hormone secretion
and the regular activities of tissues, organs, and even cells (Figure 1) (Patke et
al., 2020).



SCN

ipRGCs~ £ d= %

Light N
e RHT| \ a _~—Brown fat
gy /
Hormones ”" Core body
SNS, PNS temperature

ympl
Stromal cells —— Lymph nodes

Epithelial cells -

Food

&7 @-White fat

Exercise ——%

Figure 1 The circadian rhythm in human body and tissues

Bone marrow

The circadian rhythm is a fundamental process that exists in all tissues and cells of the human
body (muscle, bone, nervous tissue, liver, kidney, lung, stomach, adipose tissue, etc.). It exerts a
major influence on the regulation of cellular metabolism and function. At the core of circadian
regulation lies the SCN, which functions as responsible for synchronizing the peripheral circadian

rhythms. This image has been used with permission from (Patke et al., 2020).

1.1.2. SCN and synchronization

The SCN is a region of the brain situated on both sides of the anterior
hypothalamus. It is essential to regulation of the circadian rhythm in the majority
of bodily tissues and cells. When the eyes, as visual receptors, sense changes in
light intensity in the external environment, they transmit this information to the
SCN, which then responds to these changes by altering the central circadian
rhythm—via changes in melatonin and other substances— to facilitate the body's
adaptation to change in the external light environment (Hastings et al., 2018;
Rosenwasser & Turek, 2015). These changes demonstrate regularity and

periodicity, typically repeating every 24 hours.

Synchronization is the process by which peripheral tissues and cells maintain
synchrony with the circadian rhythm of the SCN. It is currently postulated that the
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SCN releases certain circadian rhythm-related substances into the blood,
including melatonin, cortisol, parathyroid hormone (PTH), insulin-like growth
factor (IGF), growth hormone (GH), and bone conversion factors and markers
(which regulate the growth and function of bones cells) (Murck & Steiger, 1998;
Rahman et al., 2019; Tsang et al., 2014). Once released into the blood serum,
these substances are delivered to various tissues and cells to ensure their
circadian rhythm is in phase with that of the SCN and thus consistent with
changes in the external environment (Figure 2) (Dibner et al., 2010).

Figure 2 The central circadian rhythm in the SCN synchronizes the peripheral circadian
rhythms of organs and tissues

The SCN processes incoming information on changes in surrounding natural illumination and
modulates the central circadian rhythm accordingly. Additionally, the SCN synchronizes the
peripheral circadian rhythms with the central circadian rhythm. This image has been used with

permission from (Liang & FitzGerald, 2017).

1.1.3. Circadian rhythm genes and feedback loops

At birth, mammals and humans express several genes of circadian rhythm, such
as CLOCK, BMAL1, NAPS2, CRY1, PER1, and PER2 (Vitaterna et al., 2019),
throughout the body. The substances released from the SCN into the blood
prompt changes in the level of these genes' expression. It is well recognized

accepted that this gene expression pattern aligns with the external light
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environment and undergoes modifications in response to alterations in this

environment, thereby regulating the periodic changes in tissue and cell functions.

Research has demonstrated that the peak expression of the circadian rhythm
genes in mammals typically occurs within a fixed time frame. Specifically, CLOCK,
BMAL1, and NPAS2 expression usually peaks between the morning and
afternoon; PER1 and PER2 expression is highest between the afternoon and
evening; and CRY1 shows an early morning peak (McElderry et al., 2013;
Schilperoort et al., 2020; Zvonic et al., 2007).

There are two distinct circadian rhythm gene expression feedback loops, namely
positive and negative. The positive loop represents the combined action of
CLOCK and BMAL1 with the E-Box element, which activates PER, CRY, and
other genes, thereby initiating regular and rhythmic transduction and translation.
The negative loop comprises PER and CRY. Once these proteins reach a specific
concentration, they inhibit CLOCK and BMAL1 gene expression. This positive
and negative loop regulation usually repeats every 24 hours (Figure 3).
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Figure 3 Positive and negative loops of circadian gene expression

The positive loop involves CLOCK and BMAL1. Upon binding to the E-box, CLOCK and BMAL1
activate PER and CRY, thereby initiating transcription and translation. The negative feedback
loop includes PER and CRY and their respective protein products. PER and CRY undergo
dimerization and subsequently localize to the nucleus, and inhibit CLOCK, BMAL1, and E-box
complexes. The positive and negative feedback loops operate alternately within 24 hours and

repeat every 24 hours. This image has been used with permission from (Vitaterna et al., 2019).

1.1.4. Circadian rhythm-related research

Since the discovery of the circadian rhythm (Bargiello et al., 1984; Hardin et al.,
1990; Zvonic et al., 2007), continuous research has gradually revealed that it is
widely present in the human body, participating in and controlling changes in the
functions of different organs throughout the body. The research related to the
circadian rhythm of human osteoblasts and osteoclasts has mainly utilized animal
models to assess changes in the serum levels of bone conversion factors,
including insulin-like growth factor (IGF), osteoprotegerin (OPG), receptor
activator of nuclear factor kappa-B ligand (RANKL), and procollagen type | N-
terminal propeptide (PINP) (Diemar et al., 2023). A main limitation of these
studies is the fact that they evaluate the modulation by the circadian rhythm of
the growth, differentiation, and function of the osteoblasts and osteoclasts
indirectly. New research platforms and methods are needed to directly study and
observe the circadian rhythm of human osteoblasts and osteoclasts.

1.1.5. The limitations of studying the circadian rhythm of osteoblasts and
osteoclasts in animal models
There are a considerable count of studies that have concentrated on examining
the circadian rhythm of human bone cells, but they have used a wide array of
models that present various problems. Some of these studies are based on
animal models (Schilperoort et al., 2020; Zvonic et al., 2007), and the circadian
rhythm of osteoblasts and osteoclasts has been discovered and summarized in
animal bone tissue. However, the circadian rhythm of osteoblasts and osteoclasts
characterized in animal experiments cannot be regarded as applicable to the

circadian rhythm of human osteoblasts and osteoclasts. Indeed, there is no



relevant research showing that there is the same circadian rhythm between
different species. Moreover, humans are generally diurnal, whereas commonly
used mammalian models have different activity patterns: Mice are generally
nocturnal and rabbits are crepuscular. Thus, studying the possible circadian
rhythm of human bone cells with animal experiments is not a good choice.

1.1.6. The limitations of studying the circadian rhythm of osteoblasts and
osteoclasts in human blood models

Other studies of the circadian rhythm of human bone cells are based on healthy
human blood samples. The circadian rhythm of human bone cells is measured or
evaluated indirectly: Changes in the concentrations of bone cell conversion
factors that promote or inhibit bone cells are measured in blood samples taken
during different periods of the day. In the blood, bone morphogenetic protein
(BMP), IGF, interleukin 6 (IL-6), and PTH, are the most commonly evaluated
factors (Diemar et al., 2023). They are related to both bone-building and bone-
breaking activities, and their serum concentrations show a circadian rhythm
(Kikyo, 2024). A new experimental model and platform is needed to compensate
for the limitations and deficiencies of experimental animal models and human

blood in studying the circadian rhythm of human bone cells.
1.2. The relationship between the circadian rhythm and disease

Most human activities take place during the day when there is plenty of light.
During the day, the circadian rhythm helps important organs to maintain a stable
and regular state to complete various biological activities. In the evening, due to
the decrease or even disappearance of light, the SCN adjusts the circadian
rhythm, and many organs presents different or even completely opposite
biological activities from the daytime. For example, arterial pressure, core
temperature, and pulse rate and even blood glucose decrease at night, while the
blood levels of hormones such as GH, melatonin, and insulin increase at night.
Some people have to work during the dark night and rest during the day. This
lifestyle disrupts the normal circadian rhythm, changing the function of various
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organs and cells, altering the expression of circadian rhythm genes, and leading
to some diseases (Boivin et al., 2022). Indeed, compared with the general
population, night shift workers have a significantly higher risk of diabetes
(Hannemann et al., 2024; Pan et al., 2011; Sharma et al., 2017), hypertension
(Lunde et al.,, 2020), heart disease (Chellappa et al., 2019), fractures,
osteoporosis (Bukowska-Damska et al., 2022; Bukowska-Damska et al., 2020),
and tumors (Haus & Smolensky, 2013).

1.3. The circadian rhythm of bone cells

The circadian rhythm of bone cells serves a function in their differentiation and
metabolism (Luo et al., 2021). Osteoblasts and osteoclasts show differences in
differentiation, metabolism, and function at different times of the day, with peak
function in the morning and a decrease in the afternoon and evening. This has
been confirmed in animal models (Bouchard et al., 2022; Schilperoort et al., 2020;
Staub et al., 1988) and human serum bone turnover studies (Kikyo, 2024; Qin et
al., 2023; C. Swanson et al., 2017; C. M. Swanson et al., 2017; van der Spoel et
al., 2019).

1.4. Differentiation and metabolism of bone cells

Human bone tissue is primarily composed of a variety of cells, the most significant
of which are osteoblasts, the bone-forming cells (Hadjidakis & Androulakis, 2006;
Karsenty & Wagner, 2002), and osteoclasts, the bone-resorbing cells (Veis &
O'Brien, 2023). These two cell types play an essential part in the remodeling and
absorption of bone tissue (Kular et al., 2012). The homeostasis of osteoblasts
and osteoclasts serves a function in maintaining normal bone tissue morphology
and function (Figure 4) (Siddiqui & Partridge, 2016).

Following differentiation, mesenchymal stem cells (MSCs) give rise to
osteoblasts and subsequently transform into osteocytes (Ponzetti & Rucci, 2021).
The process is regulated by an amount of cytokines, such as BMPs (Xiao et al.,
2007). The synthesis, secretion, and mineralization of the bone matrix are

primarily functions of osteoblasts (Harada & Rodan, 2003). Osteoclasts are



crucial bone-resorbing cells with a multinuclear structure. They are generated
from hematopoietic stem cells (Bar-Shavit, 2007). Osteoclast function is primarily
regulated by RANKL and macrophage colony-stimulating factor (M-CSF) (Boyce,
2013; Ono & Nakashima, 2018). Osteoclasts release lactic acid, citric acid, and
other metabolites locally, and the inorganic minerals in the bone tissue are
dissolved and absorbed under acidic conditions, thereby exerting bone-resorbing
function (Blair, 1998).

y Osteoblast

. Osteocytes
Mesenchymal stem cell BMP

. ' 0'30_. "2 f" A

Bone resorption

Hematopoietic stem cells TR
O;teot;last

Figure 4 The differentiation of osteoblasts and osteoclasts
MSCs develop into osteoblasts under the influence of osteogenic factors (BMP, etc.) to build
bones and ultimately differentiate into osteocytes. Hematopoietic stem cells differentiate into
osteoclasts with the assistance of cytokines, including M-CSF and RANKL, which facilitate bone
resorption. This image was generated with the assistance of Biorender
(https://app.biorender.com/).
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1.5. In vitro co-culture models of bone cells

1.5.1. 2D in vitro osteoblast-osteoclast co-culture model

As noted above, the limitations of animal models and human blood prevent the
direct observation of the circadian rhythm of human osteoblasts and osteoclasts.
So, in vitro cell models have been constructed. For example, researchers have
constructed in vitro cell models with human fibroblasts and neonatal rat
cardiomyocytes to do the research on the circadian rhythm (Francia et al., 2024;
Niehoff et al., 2021). In this study, an in vitro osteoblast-osteoclast co-culture cell
model was used to demonstrate the circadian rhythm (Ehnert et al., 2020; Zhu et
al., 2018). Human immortalized mesenchymal stromal cells (SCP-1 cells, which
are osteogenic) and monocytic THP-1 cells (osteoclast precursors) were used to
construct an in vitro co-culture model of the osteoblast-osteoclast (Weng et al.,
2021). Previous studies have shown that SCP-1 cells release cytokines such as
M-CSF and RANKL during their differentiation into osteoblasts, and these
cytokines, along with the addition of phorbole-12-myristate-13-acetate (PMA),
can help mononuclear macrophages differentiated from THP-1 cells to further
differentiate into osteoclasts (Figure 5). After SCP-1 and THP-1 cells have
completed differentiation into osteoblasts and osteoclasts, respectively, the 2D in

vitro co-culture model of the osteoblast-osteoclast is ready to use.

1.5.2. 3D in vitro osteoblast-osteoclast co-culture model

A 2D in vitro co-culture models of the osteoblast-osteoclast the interactions
between osteoblasts and osteoclasts. However, to simulate a microenvironment
that more closely resembles bone cells in the in vivo environment, we must also
consider cell-matrix interactions. For this reason, researchers have seeded THP-
1 and SCP-1 cells on scaffolds made of platelet-rich plasma (PRP) (Figure 5)
(Weng et al., 2020). After optimizing the culture medium and plating ratio of the
THP-1 and SCP-1 cells, the 3D in vitro co-culture model of the osteoblast-

osteoclast can maintain the function and viability of the two cell lines.
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Figure 5 Establishment of the in vitro 2D and 3D osteoblast-osteoclast co-cultures

2D and 3D in vitro osteoblast-osteoclast co-culture models can be generated with equal cell ratios.
In the 2D co-culture model, THP-1 and SCP-1 cells are seeded directly into the wells, and the
culture medium is subsequently added. In the 3D co-culture model, the cells are resuspended in
15 pL of culture medium per scaffold and seeded on the scaffolds. After incubation for 4 hours
(37°C and 5% CO3), 500 pL of culture medium is added to each scaffold. In both models, the
culture medium is replaced regularly (three times a week) to facilitate the growth and
differentiation of the cells. This image was generated with the assistance of Biorender
(https://app.biorender.com/).
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1.6. Composition of human serum

Human serum, the clear liquid that remains after blood clotting, is a complex
mixture of substances. It consists primarily of water, which makes up about 90%
of its volume. Serum contains essential proteins, primarily albumin, which
supports osmotic balance and substances transports, with globulins including
antibodies and transport proteins (Malm et al., 2016). It also contains complement
proteins that participate in the immune response. Electrolytes including
potassium, sodium, calcium, bicarbonate, magnesium, chloride, and phosphate
are essential for maintaining acid-base balance and osmotic pressure. Hormones,
which are critical for regulating physiological processes, are also present. Serum
carries nutrients such as glucose, amino acids, fatty acids, and vitamins, as well
as metabolically generated excretory compounds, such as urea, creatinine, and
bilirubin, which must be excreted. It also contains dissolved gases, including
oxygen and carbon dioxide; lipids, such as cholesterol and triglycerides; and
essential minerals and trace elements, such as iron, zinc, copper, and selenium.
The exact concentrations of these components can vary based on individual
health, diet, and hydration (Krebs, 1950).

A number of substances have been identified in human serum that are related to
osteoblast differentiation. These include PTH, vitamin D (Khundmiri et al., 2016),
calcitonin, cortisol, IGF, melatonin, IL-6, and BMP, among others. Additionally,
several bone transformation markers are present in serum, including OPG,
RANKL, PINP, and CTX (Kulik-Rechberger & Kozlowska, 2024). Research has
demonstrated that PTH, GH, IGF, BMP, and bone transformation markers exhibit
a pronounced circadian rhythm (Diemar et al., 2023; Luo et al., 2021; Swanson
et al., 2018).

Fetal calf serum (FCS) is an animal product that is often used in cell culture
experiments. Its main function is to nourish cells and to help them grow and
reproduce. The difference between FCS and human serum lies in the nutrients,
immune components, and sources they contain. FCS contains more nutrients

and higher concentrations of nutrients compared with human serum, and it is
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more effective in helping cell growth than human serum. The immune
components in human serum are higher in content and more diverse than those
in FCS. Finally, FCS comes from animals, while human serum comes from
humans. Human serum is more suitable for simulating and constructing the
biological environment in the human body, which is especially helpful for

experiments that use human cells.
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1.7. Aim of the study

The objective of this study was to establish an in vitro osteoblast-osteoclast co-
culture that can show the circadian rhythm of human bone cells. Below, the two
specific aims and the steps performed for each aim are presented.

e Demonstrate the circadian rhythm of human bone cells in an in vitro co-
culture model of the osteoblast-osteoclast with FCS.

¢ An in vitro co-culture model of the osteoblast-osteoclast with FCS
and THP-1 and SCP-1 cells was established.

¢ Following incubation for 21 days, RNA was isolated using phenol—
chloroform extraction at three distinct time points: morning (7—8 am),
afternoon (1-2 pm), and evening (7—8 pm).

¢ Following the isolation of RNA from the co-culture model, the
expression patterns of circadian genes was evaluated with
quantitative reverse transcription polymerase chain reaction (qRT-
PCR).

¢ The results of the expression of biological clock genes were
compared with those reported in the literature to assess the
reliability of the cell culture model.

e Demonstrate the circadian rhythm of human bone cells in an in vitro co-
culture model of the osteoblast-osteoclast with human serum collected in
the morning, afternoon, and evening.

¢ Human blood was collected from healthy volunteers in the morning
(7—8 am), afternoon (1-2 pm), and evening (7—8 pm) on one day. It
was centrifuged to obtain serum, which was stored at —-80°C.

¢ Different concentrations of the human serum were tested to
determine a suitable concentration to replace FCS in the in vitro co-
culture model of the osteoblast and osteoclast.

¢ Using the optimal concentration, human serum samples collected
in morning, afternoon, and evening were employed to construct an
in vitro osteoblast-osteoclast model and to assess the circadian
rhythm.

13



¢ RNA was extracted after 21 days of incubation, and gRT-PCR was
used to assess the expression of circadian clock genes.

¢ The circadian gene expression was compared with the literature to
evaluate the reliability of the in vitro osteoblast-osteoclast co-culture
model.
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2. Materials and Methods

2.1. Materials

2.1.1. Equipment

Table 1 presents a list of the equipment used for the experiments.

Table 1 List of equipment

Equipment Manufacturer Type Catalog number

Agitator magnetic IKA-Werke GmbH RH B2 06.050357

stirrer

Agitator, magnetic Heidolph Instruments | MR Hei-Mix L 040700340

stirrer GmbH

Centrifuge Thermo Fisher Megafuge 40R 41307652
Scientific

Centrifuge Thermo Fisher Fresco 21 30637320
Scientific

Computed Siemens Healthineers | SOMATOM

tomography (CT) Definition Edge

scanner

Electrophoresis Bio-Rad Laboratories | Power Pac 200 285BR05538

power supply GmbH

Freezer —-20°C BSH 1Q500 GS51NYW41(01)

Freezer —-20°C Liebherr Med Line LGex3410-21K001

Freezer —-80°C Thermo Fisher 905 827860-2521
Scientific

Fridge +4°C Liebherr Comfort 3523-21L

Fridge +4°C Cool Compact HKMT 040-01 CC00412514
Kihlgerate G

Ice maker Scotsmen AF 87 DD 8837 11 X

Incubator Binder GmbH 9040-0078 11-22649

Incubator Binder GmbH 9040-0081 11-22190

Laboratory pump Carl Roth Cyclo 2 1109-065

(bench) GmbH+Co.KG

Microscope Peglab Biotechnologie | GmbH EVOS-fl 91-AF-4301

Mixer Coming Inc Vortex Mixer 804995

Mixer Labinco BV LD- 76 76000
Corning Inc. 5-50 pL 151620022

Multichannel pipette Corning Inc. 20-200 pL 551630277
Corning Inc. 50-300 L 151640033

Multichannel pipette Thermo Electron Co. 0.5-10 pL CH98998 4510

PCR thermal cyclers Thermo Fisher Arktik 10040953
Scientific

pH meter Mettler-Toledo GmbH | Five Easy FE 20 1232315296

Pipette controller Integra GmbH Pipetboyacu 629619

Pipette controller Heathrow Scientific Rota-Filler 3000 HSA05119

LLC
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Cool Compact HKMT 040-01 CC 00412516
Refrigerator Kuhigerate G
Cool Compact HKMN 062-01 CC 00412513
Kuhigerate G
Real-time PCR Thermo Fisher Step One Plus 4376600
system Scientific
Thermo Fisher Maxisave 41293949
Scientific S20201.8
Safety workbench Thermo Fisher Maxisave 41293948
Scientific S20201.8
Scale Kem &Sohn GmbH ABJ 120-4M WB 1140084
LTF Labortechnik DRS 12 11DE243, 11DE090
Shaker, laboratory
GmbH
Shaker, laboratory PeglabBiotechnologie | ES-20 010111-1107-

GmbH

0119

Shaker, laboratory Corning Inc. LSE Vortex Mixer 1101260
Corning Inc. 0.5-10 pL 158220060
Corning Inc. 2-20 yL 158230441

Single-channel Coming Inc. 10-100 L 158240031

pipette Coming Inc. 20-200 pL 158250088
Corning Inc. 100-1000 pL 058261237
Eppendorf 0.1-2.5 uL P35434B

Spectrophotometer BMG Labtech GmbH Fluostar Omega 415-1264

Water bath Lauder Dr.R.Wobser Al 25 LCB 0727-11- 0094

GmbH

2.1.2. Consumables
Table 2 details the consumables that were employed in the experiments.

Table 2 List of consumables

Consumable

Manufacturer

Type

Serial number

Cell culture plastic

Cell culture plastic

Cell star Tubes

Eppendorf tube
Eppendorf tube

Greiner bio-one
Greiner bio-one
Corning Inc
Corning Inc
Greiner bio-one
Greiner bio-one
SARSTEDT AG
Carl Roth GmbH +
Co.KG

Eppendorf

96-well plates, flat
bottom

96-well plates, V
bottom

48-well plates, flat
bottom
6-well-plates, flat
bottom

50 mL

15 mL

0.5 mL, white

1.5 mL, yellow,
white, blue, green,
red

2.0 mL, white

655180

651101

3548

353046

227261

188271

72.699

4204.1, 41821,
4190.1, 42091,
4189.1
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Pipette tips Sorenson
BioScience, Inc.

Pipette tips Sarstedt AG & Co.

Pipette tips Ratiolab GmbH

2.1.3. Chemicals

0.1-10 uL

2-200 pL
100-1000 pL

Colorless

Yellow
Blue

Table 3 provides a list of the chemical used in the experiments.

Table 3 List of chemicals

Substance Article NO. Company
4-Nitrophenyl acetate (esterase substrate) N8130-5G Merck
4-Nitrophenyl phosphate disodium salt 4165.1 Carl Roth
hexahydrate (pNPP)

Acetic acid, purity 299.0% 20104.298 VWR
Ammonium persulfate A3678-25G Merck
Alizarin Red S (C.1.58005) 0348.2 Carl Roth
Ammonium thiocyanate 221988-100g Merck
Boric acid 6943.1 Carl Roth
Bromophenol blue A512.1 Carl Roth
Calcium chloride (CaClz2) CN93.1 Carl Roth
CaClz CN93.2 Carl Roth
Cetylpyridinium chloride monohydrate CN27.1 Carl Roth
Cholecalciferol 95230 Merck
Chloroform Y015.1 Carl Roth
Dulbecco’s phosphate-buffered saline (DPBS) | D8537 Merck
DMEM high glucose D5796 Merck
Dimethyl sulfoxide (DMSQ) 4720.2 Carl Roth
Disodium hydrogen phosphate T876.1 Carl Roth
Disodium hydrogen phosphate T876.1 Carl Roth
Diethylpyrocarbonate (DEPC) K028.3 Carl Roth
Disodium tartrate dihydrate 0254.1 Carl Roth
DPBS without Mg?* L182-50 Merck
ddH:20 3175.1 Carl Roth
Ethylenediaminetetraacetic acid (EDTA) 8043.2 Carl Roth
Ethanol (EtOH) ETO-10000-99-1 SAV
EtOH (100%) A1613 Applichem
FCS 10270 Thermo Fisher
First Strand cDNA synthesis Kit K1612 Thermo Fisher
Glycine 3908.2 Carl Roth
Guanidine thiocyanate 0017.1 Carl Roth
Glycerol G6376-100G Merck
Glutaraldehyde 3778.1 Carl Roth
Hydrochloric acid (HCI) NO076.1 Carl Roth
Isopropanol 33539 Honeywell
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L-Ascorbic acid-2-phosphate sesqui- A8960-5G Merck
magnesium salt

MEM alpha ALO81A HiMedia
Magnesium chloride (MgClz) M2670 Merck
MgCl2 KK36.2 Carl Roth
N-2-hydroxyethylpiperazine-N-2-ethane HN78.2 Carl Roth
sulfonic acid (HEPES)

PMA AB120297 Abcam
pHEMA 128635-500G Sigma
RPMI 1640 R8758 Merck
Resazurin sodium salt 199303-1G Merck
Roti Aqua Phenol A980.3 Carl Roth
Sodium chloride (NaCl) S7653 Merck
NaCl 27810.295 VWR
Sodium acetate X891.2 Carl Roth
Sodium hydroxide (NaOH) T135.1 Carl Roth
Sodium hydrogen carbonate 6885.2 Carl Roth
Sulforhodamine B (SRB) sodium salt S1402-1G Merck
Trypan Blue CN76.1 Carl Roth
Tris(hydroxymethyl)aminomethane (Tris) AE15.1 Carl Roth
Trypsin / EDTA T3924 Merck
Tris base T1503 Merck
Tetramethylethylenediamine (TEMED) 2367.3 Carl Roth
B-Glycerophosphate disodium salt hydrate G9422-10 Merck

2.1.4. Solutions
Table 4 provides the recipe and brief instructions for making the solutions that

were employed in the experiments.

Table 4 List of solutions

Buffer/mediums/solutions Composition and handling

10X TBE 108 g (0.89 M) Tris
55 g (0.89 M) boric acid 99.8% pa
40 mL EDTA (0.5 M) pH 8
Adjust the volume to 1 L with ddH20

Acetic acid solution (1%) 49.5 mL ddH20
1% (500 uL) acetic acid, purity 299.0%
ALP activity assay buffer 3.75 g (50 mM) glycine

12.11 g (100 mM) Tris base

95.2 mg (1 mM) MgClz

900 mL ddH20

Adjust pH to 10.5 with NaOH

Adjust volume to 1 L with ddH20
ALP assay solution 1.3 mg (3.5 mM) pNPP

1 mL ALP activity assay buffer (pH 10.5)
Alizarin Red staining solution (0.5%) 200 mg Alizarin Red S
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CA 1l activity assay buffer

CA Il substrate solution

CA 1l Assay Solution

Calcium stock solution

Calcium phosphate solution

Cetylpyridinium chloride solution (10%)
Cholecalciferol stock solution

Co-culture medium

DEPC H.0 (0.1%)
EtOH (70%)

Human serum pool

40 mL ddH20

Adjust pH to 4.0

75.7 mg (12.5 mM) Tris base

219.2 mg (75 mM) NaCl

40 mL ddH20

Adjust pH to 7.5 with HCI

Adjust volume to 50 mL with ddH20

54.3 mg (200 mM) 4-nitrophenyl acetate (esterase
substrate)

1.5 mL EtOH (100%)

10 pL (2 mM) CA 1l substrate solution (ultrasonic
treatment for 30 minutes to dissolve crystals)

1 mL CA Il activity assay buffer

139 mg (25 mM) CaCl:

4 g (1.37 M) NaCl

71.4 mg (15 mM) MgCl2

45 mL 50 mM Tris buffer

AdjustpHto 7.4

Adjust total volume to 50 mL with 50 mM Tris buffer
5.98 mg (2.25 mM) disodium hydrogen phosphate
22.2 mg (4 mM) CaCl:

407.5 mg (140 mM) NaCl

Adjust pH to 7.4, adjust total volume to 50 mL with
50 mM Tris buffer

10 g cetylpyridinium chloride monohydrate

100 mL tap water (not ddH»O)

2 mg (200 pg/mL) cholecalciferol

10 mL DMSO

250 mL RPMI 1640 medium with L-glutamine

250 mL MEM alpha modification with glutamine and
without nucleosides

0.36 mL FCS; 1.8 mL human serum, FCS, or
human serum pool

29 mg (200 pM) L-Ascorbic acid-2-phosphate
sesqui-magnesium salt

0.54 g (5 mM) B-Glycerophosphate disodium salt
hydrate

2.98 g (25 mM) HEPES

83 mg (1.5 mM) CaCl:

50 pL (20 ng/mL) cholecalciferol stock solution

1 mL DEPC

1 L ddH20

35 mL 99% EtOH

15 mL DEPC H20

10 mL pool of 10 donors (1 mL each) — morning
group (7—8 am)

10 mL pool of 10 donors (1 mL each) — afternoon
group (1-2 pm)

10 mL pool of 10 donors (1 mL each) — evening
group (7—8 pm)
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HCI

NaOH

NaOH solution (50 mM)

PMA Stock Solution (200 pM)

Phosphate stock solution

PCR loading buffer (5x%)

Resazurin stock solution
Resazurin working solution

SCP-1 cell culture medium

SRB staining solution

Sodium acetate solution (3M)

Lab-made TriFast (100 mL)

THP-1 cell culture medium

THP-1 cell plating medium

Trypan blue solution

TRAP activity assay buffer

TRAP assay solution

Tris buffer

Tris/NaOH mix (DNA measurement)

4 M HCI

2 M NaOH

1.25 mL (2 M) NaOH

48.75 mL ddH20

1 mg (200 uM) PMA

8.1 mL DMSO

78.8 mg (11.1 mM) disodium hydrogen phosphate
176.4 mg (42 mM) sodium hydrogen carbonate
45 mL 50 mM Tris buffer

AdjustpHto 7.4

Adjust total volume to 50 mL with 50 mM Tris buffer
25 mg Bromophenol blue

5mL (5x) TBE

5 mL (10%) glycerol (20%)

0.025% (0.125 g) resazurin sodium salt

500 mL DPBS

100 L resazurin stock solution

1 mL DMEM high glucose (4.5 g/L) with L-glutamine
500 mL MEM alpha modification with glutamine and
without nucleosides

5% (25 mL) FCS — heat inactivated

0.4% (0.2 g) SRB sodium salt

50 mL 1% acetic acid solution

12.3 g sodium acetate

50 mL ddH-20

AdjustpHto 5

9.45 g (0.8 M) guanidine thiocyanate

3.04 g (0.4 M) ammonium thiocyanate

3.3 mL (0.1 M) sodium acetate solution (3M)

5 mL (5%) glycerol

500 mL RPMI 1640 medium with L-glutamine
5% (25 mL) FCS — heat inactivated

15 mL THP-1 cell culture medium

15 pL (200 nM) 200 pM PMA stock solution
62.5 mg trypan blue

50 mL DPBS

8.2 g (100 mM) sodium acetate

11.5 g (50 mM) disodium tartrate dihydrate

900 mL ddH20

Adjust pH to 5.5 with HCI

Adjust volume to 1 mL with ddH20

1.9 mg (5 mM) pNPP

1 mL TRAP activity assay buffer (pH 5.5)

3.02 g (50 mM) Tris base

450 mL ddH20

Adjust pH to 7.4 with HCI

Adjust total volume to 500 mL with ddH20

100 pL 50 mM NaOH

100 pL ddH20

10 pL (1 M) Tris pH 8
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Tris solution pH 8 6.06 g (1 M) Tris
40 mL ddH20
Adjust pH to 8.0 with HCI
Adjust volume to 50 mL with ddH20
Unbuffered Tris solution (10 mM) 10 mM (1.2 g) Tris (hydroxymethyl) aminomethane
1L ddH20

2.2. Methods

2.2.1. Preparation of human serum pool

Figure 6 shows a schematic of the sample collection procedure. A total of 10
healthy young volunteers participated in the study, with blood samples collected
from each participant in the morning (7—8 am), afternoon (1-2 pm), and evening
(7-8 pm). Each volunteer provided two blood samples on each of the designated
occasions. At each time point, approximately 15 mL of blood was collected from
each participant. The blood was incubated at 20°C for 30 minutes after that the
blood samples was centrifuged at 2000 g (10 minutes, at 20°C), yielding
approximately 3 mL of serum. The serum was stored at —80°C until use.

Collect serum from 10 donators

—_— ’ > > EE e >
» \ N
} | 7.5fml blood Let blood to C_entrifuge Collect Aliquotin Freeze
‘ on, minutes with 20°C  serum
(X) time for 10min
%\ Blood at different times
Morning Noon Evening
(7:00~8:00) (13:00~14:00) (19:00~20:00)

Figure 6 Human blood sample collection

Collected blood samples from the same cohort of healthy volunteers (N = 10) at three time points
on the same day: 7-8 am, 1-2 pm, and 7-8 pm. The same quantity of blood was drawn from the
same subjects and subjected to centrifugation to obtain serum samples of identical composition.

The image was generated with the assistance of Biorender (https://app.biorender.com/).
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2.2.2. Celllines

Immortalized SCP-1 cells, osteoprogenitor cells (Bocker et al., 2008), and human
THP-1 cells, osteoclast progenitor cells (Haussling et al., 2021), were used. SCP-
1 cells cultures were established using a-Minimum Essential Medium (MEM a)
containing 5% (v/v) FCS. THP-1 cells were grown in RPMI 1640 medium enriched
with 5% FCS (growth medium). Both cell lines were sustained in an incubator set
to 37°C (5% CO2, humidified atmosphere); the medium was changed twice a

week.

2.2.3. In vitro osteoblast-osteoclast co-culture model with FCS

The standard 2D and 3D co-culture model of the osteoblast-osteoclast includes
FCS, THP-1 cells, SCP-1 cells, PMA, and a 50:50 differentiation medium. THP-
1 and SCP-1 cells were seeded in 96-well plates (2D cell model) or on scaffolds
(3D cell model) at varying densities but with an identical ratio (8:1). The model
was incubated for 14 days to allow the THP-1 cells to transform into macrophages
and the SCP-1 cells to transform into osteoblasts. PMA was added to help
differentiate the THP-1 cells into macrophages. Moreover, RANKL and M-CSF
released from the cells facilitated the differentiation of macrophages into
osteoclasts. Although FCS contains numerous bone conversion factors and
markers, its primary function is to provide nutritional support during this period,
ensuring the normal growth, reproduction, and differentiation of cells.

When the culture medium is refreshed three times a week, the 2D osteoblast-
osteoclast in vitro co-culture model typically maintains a stable state for 21 days.
In contrast, the 3D osteoblast-osteoclast in vitro co-culture cell model can
maintain a stable state for more than 21 days because the scaffolds generate a
spatially organized microenvironment that more closely resembles the in vivo
bone environment. The 2D and 3D osteoblast-osteoclast in vitro co-culture
models with FCS exhibit straightforward and stable characteristics, which enable

the simulation of osteoblast and osteoclast behavior within a biological context.
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2.2.4. Invitro 2D osteoblast-osteoclast co-culture model with human serum
SCP-1 and THP-1 cells (up to passage 20) were co-cultured in 96-well plates
(Weng et al., 2021). THP-1 cells (2.4 x 10* cells/ 100 pL per well) were plated in
RPMI 1640 medium containing 200 nM PMA. The next day, the growth medium
was removed, and SCP-1 cells (3 x 103 cells/100 uL per well) were planted in the
same well in osteogenic differentiation medium containing 1% human serum (the
composition is shown in Table 4). The model was incubated at 37°C (5% CO,

humidified atmosphere) and the medium were changed three times a week.

2.2.5. Preparation of PRP scaffolds

Figure 7 provides a schematic for the preparation of PRP scaffolds. Briefly,
EDTA-treated blood samples collected from the healthy volunteers were
centrifuged at 1000 g for 10 minutes to isolate PRP. A precursor solution was
prepared with 16.0% pHEMA (128635-500G, Sigma), 0.3% bis-acrylamide
(3039.1, Carl Roth), and 0.25 g/L PRP. After cooling on ice for 30 minutes, the
solution was adjusted to a final concentration of 0.3 M by adding disodium
hydrogen phosphate buffer (T876.1, Carl Roth).

Crosslinking agents— 0.1% glutaraldehyde (3778.1, Carl Roth), 0.2% ammonium
persulfate (A3678-25G, Sigma), and 0.2% tetramethylethylenediamine (TEMED)
(2367.3, Carl Roth), were added before pouring the mixture into polystyrene
molds (2 mL per mold). The solution was frozen at =18 °C for 212 hours, then
cooled to —80 °C for 1 hour to create a porous structure via ice crystal templating.
The scaffolds measured ~3 mm in height and 6 mm in diameter.

For mineralization, the scaffolds were incubated in a 1 M CaClz (CN93.2, Carl
Roth) solution for 24 hours to promote the crystallization of calcium phosphate,
specifically hydroxyapatite. After removing the CaClz solution, the scaffolds were
washed with phosphate-buffered saline (PBS; L182-50, Merck) for 15 minutes. In
this process, the formation of ice crystals functioned as placeholders, thereby

facilitating the creation of the desired pores.
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To sterilize the scaffolds and to eliminate potential toxins, after removing PBS,
the scaffolds were immersed in a 70% EtOH solution for 12 hours and then were
washed with PBS in four stages (30, 60, 90, and 120 minutes). The scaffolds
were cultured in THP-1 medium at 37°C and 5% CO, for 48 hours as a sterility

control (Haussling et al., 2019).

A) PRP scaffold manufacturing Na.HPO
2 4

+ APS, TEMED, "
Glutaraldehyde Scaffold

NN Jr X TP ‘

PRP
ddH,O [
P'lii‘t:r\ W Cooling down O ': '. % .' :.
t0 4°C on ice oo lel, Helo
B) Further procedure for preparing the PRP scaffolds Store at-18°C
< '.‘ * » - - q Scaffolds N M Y Cell  Addition
* (184 ° o s - m/\ Seeding of media
$ 3 * . NE o
* i o i W , g4
* s ® uy : s
-18°C for 24 hours, then &j
-80°C for at least 30 min
before cutting 1M cacl, EtOH Media+

incubatior PBS FCS
for 24h

Figure 7 Preparation of PRP scaffolds
(A) The methodology for the fixation and shaping of PRP scaffolds. (B) The process of cutting the
scaffolds to size, sterilizing them, and seeding cells on the scaffolds. This image has been used

with permission from (Ruoss et al., 2020).

2.2.6. Invitro 3D osteoblast-osteoclast co-culture model with human serum
A THP-1 cell suspension (8 x 10* cells/15 uL per scaffold) was seeded on top of
the PRP scaffolds (Guo et al., 2022). After incubation at 37°C for 4 hours, 500 pL
of growth medium containing 200 nM PMA was gently added. The next day, the
growth medium was taken away before cell seeding the SCP-1 cells (1 x 10*
cells/15 uL per scaffold) onto the same scaffold. After 4 hours, 500 uyL of
osteogenic differentiation medium containing 1% human serum was added. The
scaffolds and cells were maintained in an incubator at 37°C (5% CO-, humidified

atmosphere); the medium was changed three times a week.
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2.2.7. Resazurin conversion assay

Resazurin conversion is a commonly used method to indirectly assess cell
proliferation, viability, and toxicity in various types of cells, bacteria, and fungi.
The assay relies on the capacity of viable cells to reduce the redox-sensitive dye
resazurin into resorufin, a fluorescent and colorimetric end product. To detect
mitochondrial activity, cells were washed once with PBS and then 100 pL of
0.0025% (w/v) resazurin working solution was added. The fluorescence was
measured at 544 nm/590-10 nm using an Omega plate reader at four time points:
30, 60, 90, and 120 minutes (McMillian et al., 2002; Weng et al., 2020).

2.2.8. Sulforhodamine B (SRB) staining

SRB, a dye that binds to surface proteins under acidic conditions, was utilized to
detect total protein in bone cell co-culture in 96-well plates, cells were fixed with
100% EtOH (50 uL/well) at —20°C for at least 1 hour. After removing excess EtOH
then washing the cells with tap water for one time, the cells were fixed with SRB
solution for 30 minutes on a shaker protected from the light. Then, the cells were
washed 3—4 times with 1% acetic acid to remove excess SRB solution. SRB
bound to the cells was solubilized by adding 10 mM unbuffered Tris solution. The
absorbance was quantified at 544 nm/590-10 nm using an Omega plate reader
(Skehan et al., 1990).

2.2.9. Carbonic anhydrase Il (CA Ill) activity

CA Il catalyzed the interconversion between CO. and H>O and HCO3~ and H*.
CA Il is expressed during the early stage of the differentiation of osteoclast, and
its activity could reflect the degree of osteoclast differentiation and the resorptive
activity of osteoclasts, so CA Il was used to detect the initial phases of osteoclast
differentiation in osteoblast-osteoclast co-cultures, then washed cells once with
PBS and then fresh CA Il reaction buffer (100 uL/well) prepared on the day of the
assay was added. The absorbance at 405 nm was measured immediately for a

total of 15 minutes using an Omega plate reader (Bernhardt et al., 2017).
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2.2.10. Tartrate-resistant acidic phosphatase (TRAP) activity assay

TRAP is a member of the ubiquitously expressed acid phosphatase family.
Osteoclasts are the only human cells that have the ability to resorb bone. During
this process, they produce TRAP; therefore, this enzyme is a specific marker for
osteoclast activity. The supernatant was collected (30 yL/well) and combined with
TRAP substrate buffer solution (90 pL/well) into a fresh 96-well plate then
incubated the supernatant at 37°C for 6 hours. To stop the reaction, 1 M NaOH
was added to the well (90 pL/well). The absorbance at 405 nm was measured

using an Omega plate reader (Burstone, 1959; Minkin, 1982).

2.2.11. Alkaline phosphatase (AP) activity

AP is an enzyme that is produced in the liver, bone, and placenta. It is usually
found in high levels in growing bones and bile. Consequently, the measurement
of AP activity can be utilized to characterize osteoblast function. To detect
osteoblast function, washed cells with PBS for one time, and then AP substrate
solution (100 pL/well) was added. After incubation at 37°C for 2 hours, the
absorbance at 405 nm using an Omega plate reader (Ehnert et al., 2010;
Wildemann et al., 2004).

2.2.12. Alizarin Red staining

Alizarin Red staining was employed to detect the calcium matrix in the osteoblast-
osteoclast co-cultures. This compound is routinely applied in biological
experiments owing to its ability to stain free calcium and certain calcium
compounds a red or light purple color. A key benefit of Alizarin Red is its
quantitative accessibility, which can be readily measured through photometric
analysis following the dissolution of the dye in a cetylpyridinium chloride solution.
To detect extracellular mineralized matrix in bone cells co-culture, cells were fixed
with 100% EtOH (50 pL/well) for 60 min at —20°C. After removing excess EtOH
and washing three times with tap water, 0.5% Alizarin Red staining solution (50

uL/well) was added, and the plate was incubated for 30 min on a shaker under

26



the light. Excess solution was taken away, and each well was washed with tap
water for three times. After air-drying, cetylpyridinium chloride solution was added,
and the plate was incubated for 60 minutes on a shaker. The absorbance at 560

nm was measured with an Omega plate reader.

2.2.13. Stiffness of the PRP scaffolds

An analysis was conducted to measure the stiffness of the PRP scaffolds based
on Young's modulus (Weng et al., 2020). A ZwickiLine Z 2.5TN machine vertically
compressed the surface scaffolds at a rate of 0.08 mm per second. The applied
force was continuously recorded by a force sensor. The stiffness of the PRP
scaffolds was calculated as follows:

applied force [N] * initial scaf fold height [mm]
area of the scaf fold [mm?] * change in height [mm]

Young's modulus [MPa] =

2.2.14. Mineral content of the PRP scaffolds

The mineral content of the PRP scaffolds was determined by quantitative
computed tomography (CT) using a high-end clinical 128-slice CT scanner. The
resulting stacked images were cropped using the ImagedJ software to show the
area where the scaffolds were located. The optical density (grayscale) of each
scaffold was calculated and standardized using the reference block (phantom
EFP-06-96) (Weng et al., 2020). Figure 8 provides an example of this analysis.

Figure 8 Analysis of CT images with ImageJ
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In the same bracket area, gray value analysis was performed using ImageJ software within the
specified region. The average value was used for for comparison and evaluation of the difference

in mineral density within the bracket.

2.2.15. qRT-PCR

Total RNA was isolated from the osteoblast-osteoclast co-cultures by using a
published phenol chloroform extraction protocol (Rodriguez-Ezpeleta et al., 2009).
Spectrophotometric methods were employed to determine RNA concentration,
and complementary DNA (cDNA) was synthesized using the First Strand cDNA
Synthesis Kit, which contains Primer oligo dT, random hexamer primer, 5x
reaction buffer, Ribolock RNase Inhibitor, 10 mM dNTP Mix, and M-MULV
Reverse Transcriptase. First, 4.5 pL of diluted RNA, 0.5 pL of Primer oligo dT (0.5
pg/uL), and 0.5 pL of the random hexamer primer (0.2 pg/uL) were incubated in
a thermal cycler at 65°C for 5 minutes. After cooling the mixture to 4°C, the
following were added: 2 pL of 5x reaction buffer, 0.5 pyL of Ribolock RNase
Inhibitor (20 U/pL), 1 yL of 10 mM dNTP Mix and 1 pL of M-MULV Reverse
Transcriptase (20 U/uL). The reaction was incubated at 25°C for 5 minutes; 37°C
for 60 minutes; 70°C for 5 minutes and cool down to 4°C in the end.

gRT-PCR was undertaken to investigate the expression of genes associated with
the circadian rhythm (BMAL1, CLOCK, NPAS2, CRY1, PER1, PER2) and cell
proliferation and growth (MKI67, TOP2A, TPX2) in the osteoblast-osteoclast co-
cultures. gRT-PCR with SYBR Green was conducted using 10 ng of the cDNA
template with the Biozym Ready Mix. Several housekeeping genes—RPL13a,
EF1a, GAPDH, and B2ZM—were evaluated to determine which is most suitable
for qRT-PCR analysis. This investigation involved the osteoclast-osteoblast co-
cultures exposed to human serum as well as FCS to assess working temperature,
cycle number, and stability. The data were analyzed by using the delta Ct (ACt)
method, BestKeeper, GeNorm, and NormFinder (Aspera-Werz et al., 2022), in
conjunction with the RefFinder tool (Xie et al., 2023). As indicated by this analysis,
B2M was selected the most suitable housekeeping gene. Table 5 lists the primers

and conditions used for each gene.
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Table 5 List of the primers used for gqRT-PCR

Gene Accession Forward primer Reverse primer Product Efficiency Annealing Number of
Number (5'-3) (3-5) length temp (°C) cycles
(base pairs)
CLOCK NM_001267843.2 ACGCACACATAGG ATTATGGGTGGTG 177 1.02 66 40
CCATCTT CCCTGTG
BMAL1 NM_001351814.2 TCCTTTGTTGTAGG GCGATGACCCTCT 139 1.12 66 40
TGGCCC TATCCTGT
NPAS2 NM_002518.4 ACACTCGGTGGTC CCGATGGCGAATG 188 1.10 66 40
AGTTACG ACTGGTA
CRY1 NM_001413460.1 CCCAGGTTGTAGC AGGACGTTTCCCA 111 1.55 60 40
AGCAGTG CCACTTG
PER1 NM_002616.3 GGGGACCAAGAAA GCTACACTGACTG 145 0.97 64 40
GATCCGC GTGACGG
PER2 XM_054344396.1 CATCGACGTGGCA ACGTCTGCTCTTC 161 0.80 60 40
GAATGTG GATCCTG
B2M NM_004048.2 AGATGAGTATGCC GCGGCATCTTCAA 105 1.01 60 40
TGCCGTG ACCTCCA
RPL13a NM_012423.3 AAGTACCAGGCAG CCTGTTTCCGTAG 100 1.09 56 40
TGACAG CCTCATG
GAPDH NM_008084.3 GGACTGGATAAGC GCCAAATCCGTTC 196 1.26 56 40
AGGGCG ACACCG
EF1a NM_001402.5 CCCCGACACAGTA TGACTTTCCATCCC 98 0.89 56 40
GCATTTG TTGAACC
MKI67 NM_002417.5 CGTCCCAGTGGAA CGACCCCGCTCCT 143 1.02 63 40
GAGTTGT TTTGATA
TPX2 NM_012112.5 GGAAGCACCAGCT GAACTAGAGAACC 147 1.10 63 40
GGAAGA AGAAAGGCCC
TOP2A NM_001067.4 GTTCTTGAGCCCC ACCCACATTTGCT 216 1.23 63 40
TTCACGA GGGTCA

2.2.16. Statistics
Three independent experiments were conducted, with each item repeated at

least three times. Differences between multiple groups were evaluated using non-

parametric version of a two-way ANOVA or the Kruskal-Wallis test. A p-value <

0.05 was considered to indicate statistical significance. The data were processed
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using z-score [1] and ddCT, then analyzed using GraphPad Prism version 9
(GraphPad Software, San Diego, CA, USA). The data are presented as diagrams
or line charts with the median + 95% confidence interval (Cl) (N = 3, n = 3) for
each group. The biological (N) and technical (n) replicated for each experiment

are given in each figure.
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3. Results

3.1. The stability of housekeeping genes in samples

When examining the expression of circadian rhythm genes in samples, it is
essential to identify a housekeeping gene with stable expression. This
housekeeping gene is used to normalize the expression of the circadian rhythm
genes. Four housekeeping genes (RPL13a, EF1a, GAPDH, and B2M) were
evaluated to assess their stability in the samples. The qRT-PCR data were
analyzed using ACt, Bestkeeper, GeNorm, and NormFinder, along with the
RefFinder tool (Xie et al., 2023). Based on the spider-web diagram in Figure 9,

B2M is the most stable housekeeping gene in the samples.

BestKeeper
14

GeNom NormFinder

e RPL13a

e EF1a

e GAPDH

e— B 2M
ACt

Figure 9 Stability of the four housekeeping genes in the samples

The expression of four housekeeping genes on day 21 in the 2D in vitro osteoblast-osteoclast co-
culture model exposed to human serum or FCS was evaluated using quantitative real-time
polymerase chain reaction (QRT-PCR). Four analytical methods (ACt, Bestkeeper, GeNorm, and
NormFinder) along with the RefFinder tool were utilized to determine the stability of the
housekeeping genes. A lower value indicates greater stability of the housekeeping gene. The

data are presented as a spider-web diagram.
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3.2. The circadian gene expression pattern in the in vitro co-
culture model with FCS

We established an in vitro co-culture model of the osteoblast-osteoclast with FCS
in a 6-well plate and tested its suitability to demonstrate the circadian rhythm.
Following incubation for 21 days, we collected RNA at three time points: morning
(7-8 am), afternoon (1-2 pm), and evening (7—8 pm). After synthesizing cDNA,
we used qRT-PCR to detect the expression of circadian rhythm genes. CRY1
(Figure 10A), PER1 (Figure 10B), PER2 (Figure 10C), BMAL1 (Figure 10D), and
NPAS2 (Figure 10F) demonstrated no peak in gene expression, whereas CLOCK
(Figure 10E) showed a morning peak. We compared these results with what has
been reported in the literatures. Specifically, BMAL1, CLOCK, and NPAS2
exhibited an evening peak; PER1 and PER2 exhibited a morning peak; and CRY1
exhibited an evening peak (Schilperoort et al., 2020; Zvonic et al., 2007). Our
results differ from what has been reported. This difference in circadian rhythm
gene expression can be attributed to the inability of the co-culture model
containing FCS to demonstrate the circadian rhythm. Therefore, the use of FCS

to illustrate circadian rhythm in vitro is not a valuable and reliable methodology.
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Figure 10 Circadian gene expression in the co-culture model with FCS
THP-1 and SCP-1 cells were co-cultured in a 6-well plate at a ratio of 8:1 in differentiation medium
containing 2% FCS for 21 days. Then, RNA was collected in the morning (7—8 am), afternoon (1—
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2 pm), or evening (7-8 pm) to examine the expression of six circadian rhythm genes: (A) CRY1,
(B) PER1, (C) PER2, (D) BMAL1, (E) CLOCK, and (F) NPAS2. The data (N = 3, n = 3) are
presented with bar diagrams. Statistical analysis: delta-delta Ct (AACt) algorithm, z-score [1], and
the Kruskal-Wallis test.

3.3.1. The effects of different human serum concentrations on cell growth
in the 2D in vitro co-culture model
We found that FCS could not effectively demonstrate the circadian rhythm in the
in vitro osteoblast-osteoclast co-culture model. Hence, we replaced FCS with
human serum. Initially, we compared the impact of two human serum
concentrations: 1% and 2% on cell growth on days 7, 14, and 21 with the
resazurin conversion assay and SRB staining. The addition of 2% human serum
resulted in higher mitochondrial activity than 1% human serum on days 7 and 14.
However, by day 21, the co-culture with 1% human serum exhibited higher
mitochondrial activity than the co-culture with 2% human serum (Figure 11A). The
co-culture with 1% human serum exhibited lower SRB staining compared with the
co-culture with 2% at all time points (Figure 11B). Based on these results, the use
of 2% human serum proved to demonstrate higher effectiveness in promoting cell

growth than 1% human serum.
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Figure 11 The growth of cells is promoted by the presence of human serum in the 2D co-
culture model

The variation in effects caused by different concentrations of human serum on cell growth were
examined. (A) Mitochondrial activity was assessed at 30, 60, 90, and 120 minutes after the
addition of the resazurin working solution. (B) Cell growth was assessed by staining surface
proteins with sulforhodamine B (SRB). On days 7, 14, and 21, the cells were fixed with 99%
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alcohol at —20°C for at least 1 hour before analysis. The data (N = 3; n = 3) were compared and
are presented as line charts with the median + 95% confidence interval. Statistical analysis: non-

parametric version of a two-way ANOVA.

3.3.2. The effects of different human serum concentrations on osteoblast
and osteoclast function in the 2D in vitro co-culture model
Next, we examined the effect of 1% and 2% human serum on the activity of
osteoblasts and osteoclasts by using the CA Il, TRAP, and AP activity assays.
Based on the CA Il results, 1% human serum was less effective than 2% human
serum in promoting the differentiation and function of osteoclasts in the co-culture
on day 21, but it was more effective on days 7 and days 14. And no significant
differences were observed in CA Il activity between the co-cultures with 1% and
2% human serum on days 7, 14, and 21 (Figure 12A). Regarding TRAP, which
indicates osteoclast function after maturation and differentiation, the co-culture
with 2% human serum had higher activity than the co-culture with 1% human
serum on days 7 and 21 (Figure 12B). However, on day 14, there was higher
activity in the co-culture with the 1% human serum. Overall, TRAP activity did not
differ significantly between the co-cultures with 1% and 2% human serum on days
7, 14, and 21. Finally, AP, which reflects osteoblast function, demonstrated
consistently and slightly higher activity in the co-culture with 1% human serum at
all three time points. Nevertheless, there was no statistically significant
differences appeared between the co-cultures with 1% and 2% human serum on
days 7, 14, and 21 (Figure 12C). These findings indicate that 1% human serum
outperformed 2% human serum at all time points, making it suitable for use in the

subsequent experiments.
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Figure 12 Osteoblast function and osteoclast differentiation and function

The 2D in vitro osteoblast-osteoclast co-culture model was cultured for 7, 14, or 21 days with 1%
or 2% human serum, and osteoblast and osteoclast functions were assessed based on enzymatic
activities. (A) Subsequent to a complete PBS wash, the CA Il detection solvent was added to the
wells, and the cells were analyzed immediately using a plate reader for 15 minutes. (B) The
supernatant was collected and incubated with TRAP detection reagent for 6 hours before analysis.
(C) Following a thorough wash with PBS, the AP detection reagent was added to the wells, and
the cells were analyzed using a plate reader after 3 hours. The data (N = 3; n = 3) are presented
as line charts with the median + 95% confidence interval. Statistical analysis: non-parametric
version of a two-way ANOVA.

3.4.1. The effects of 1% human serum collected at different times of the day
on cell growth in the 2D in vitro co-culture model

We examined cell growth based on the resazurin conversion assay and SRB

staining to determine differences in 1% human serum collected in the morning,

noon, and evening on days 7, 14, and 21. At each time, there were no significant

differences in resazurin conversion (Figure 13A) and SRB staining (Figure 13B).

Of note, both factors increased over time. In summary, the time of day that human

serum was collected did not alter cell growth parameters.
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Figure 13 The impact of human serum collected at three times of the day on bone cell
growth

Cell growth was assessed in the 2D in vitro osteoblast-osteoclast co-culture model exposed to 1%
human serum (collected in the morning, afternoon, or evening) on days 7, 14, and 21. Resazurin
conversion was used to assess mitochondrial activity, and SRB staining was used to stain cell-
surface proteins. The data (N = 4; n = 3) are presented as line charts with the median + 95%

confidence interval. Statistical analysis: non-parametric version of a two-way ANOVA.

3.4.2. The expression of cell proliferation and growth genes in the in vitro
2D co-culture model
Next, we analyzed the expression of the genes related to cell proliferation and
growth—MKI67, TOP2A, and TPX2—on day 21 in the 2D in vitro co-culture
model with human serum collected in the morning, afternoon, or evening. MKI67,
TOP2A, and TPX2 gene expression was highest in the co-culture with human
serum collected in the evening (Figure 14). TOP2A and TPX2 gene expression
was significantly higher in the co-culture with human serum collected in the
evening compared with the co-culture with human serum collected in the
afternoon (Figure 14B and 14C, respectively). MKI67, TOP2A, and TPX2 gene
expression was lowest in the co-culture model with osteoblast and osteoclast with
human serum collected in the afternoon, while the co-culture with human serum

collected in the morning showing intermediate expression.
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Figure 14 The effects of human serum collected in the morning, afternoon, and evening on
the expression of genes related to cell proliferation and growth

The expression of cell proliferation and growth genes at day 21 in the 2D in vitro osteoblast-
osteoclast co-culture model exposed to human serum collected in the morning, afternoon, or
evening. The bar diagrams show the expression of the (A) MIK67, (B) TOP2A, and (C) TPX2
genes. Statistical analysis: the delta-delta Ct (AACt) algorithm, z-score [1], and Kruskal-Wallis

test.

3.4.3. The effects of 1% human serum collected at different times of the day
on osteoblast and osteoclast function in the 2D in vitro co-culture
model

We assessed bone cell differentiation and function on day 21 in the in vitro co-
culture model exposed to 1% human serum collected in the morning, afternoon,
or evening. We selected this time point because most bone cells have completed
differentiation and exhibit mature functions by this time. Based on CA Il activity,
the degree of osteoclast differentiation varied depending on when the human
serum was collected, with the highest activity in the co-culture with human serum
collected in the evening and the lowest in the co-culture with human serum
collected in the morning (Figure 15A). Furthermore, TRAP activity demonstrated
variable osteoclast function: It was highest in the co-culture with human serum
collected in the morning, followed by the co-culture with human serum collected
in the evening and morning (Figure 15B). Finally, the AP activity results revealed
significant variations in osteoblast function between the co-cultures with human
serum collected in the morning and evening, with the highest activity in the former
and the lowest activity in the latter. The co-culture with human serum collected in
the afternoon showed intermediate AP activity (Figure 15C).
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Figure 15 The effects of human serum collected in the morning, afternoon, and evening on
osteoclast and osteoblast differentiation and function

Osteoblast and osteoclast function was examined on day 21 in the 2D in vitro osteoblast-
osteoclast co-culture with 1% human serum collected in the morning, afternoon, or evening. (A)
CA Il activity was assessed as a marker of osteoclast differentiation. Then washed cells with PBS,
incubated with the CA Il detection reagent, and analyzed immediately with a plate reader for 15
minutes. (B) The supernatant was collected and incubated with TRAP detection reagent for 6
hours before analysis with a plate reader. (C) Following a thorough wash with PBS, the AP
detection reagent was mixed into the wells, and the cells were analysed using a plate reader after
3 hours. The data (N =4, n = 3) are presented with bar diagrams. Statistical analysis: z-score [1]
and the Kruskal-Wallis test.

3.5. Differences in the formation of bone calcium matrix

between the 2D and 3D co-culture models
We utilized Alizarin Red staining to visualize the extracellular calcium matrix on
day 21 in the 2D co-culture model exposed to 1% human serum collected in the
morning, afternoon, or evening. Based on this staining, the co-culture with human
serum collected in the evening exhibited the highest calcium matrix content, while
the co-culture with human serum collected in the morning displayed the lowest
content (Figure 16B, the image of from 1 of 4 rounds). In the 3D co-culture model,
with the THP-1 and SCP-1 cells seeded on PRP scaffolds and exposed to 1%
human serum collected in the morning, afternoon, or evening, we used CT to
determine mineral density and the ZwickLine machine to determine stiffness. CT
indicated significant differences between the 3D co-cultures with human serum
collected in the evening and morning and between the 3D co-cultures with human

serum collected in the evening and afternoon, with the highest mineral density in
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the co-culture with human serum collected in the evening (Figure 16C). The
ZwickLine machine demonstrated significant differences in stiffness between the
co-cultures with human serum collected in the evening and morning, with the
former showing the highest stiffness (Figure 16D). Taken together, the Alizarin
Red staining results from the 2D co-culture model are largely consistent with the
CT and ZwickLine machine findings from the 3D co-culture model, with similar

trends across both models.
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Figure 16 Analysis of the extracellular calcium matrix in in the 2D and 3D in vitro models

The formation of a bone calcium matrix on day 21 was assessed in the 2D and 3D in vitro
osteoblast-osteoclast co-culture models with 1% human serum collected in the morning,
afternoon, or evening. (A) Alizarin Red staining was employed to evaluate the calcium matrix
generated by osteoblasts in the 2D in vitro co-culture model. The data (N = 4, n = 3) are presented
with a bar diagram. (B) A representative image from 1 of 4 rounds of Alizarin Red staining. In the
3D in vitro co-culture model, (C) CT was used to determine mineral density. The data (N =5; n =
15) are presented with a bar diagram. In addition, the (D) ZwickLine machine was used to
measure the stiffness of the platelet-rich plasma scaffolds. The data (N = 5, n = 4) are presented

with a bar diagram. Statistical analysis: z-score [1] and the Kruskal-Wallis test.

3.6. The expression of circadian rhythm genes in the 2D in vitro

co-culture model
Finally, we used qRT-PCR to assess the expression of the circadian genes
CLOCK, BMAL1, NPAS2, CRY1, PER1, and PER2 on day 21 in the 2D co-culture
model with 1% human serum collected in the morning, afternoon, or evening.
CRY1 expression was highest in the co-culture with human serum collected in
the morning (Figure 17A), while CLOCK, BMAL1, and NPAS2 reached their
highest expression in the co-culture with human serum collected in the afternoon
(Figure 17E, 17D, and 17F, respectively). PER1 and PER2 exhibited peak
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expression in the co-culture with human serum collected in the evening (Figure
17B and 17C, respectively). These findings are largely consistent with the gene
expression patterns reported for mouse skull tissue. Specifically, BMAL1, CLOCK,
and NPAS2 exhibited an evening peak; PER1 and PER2 exhibited a morning
peak; and CRY1 exhibited an evening peak (Schilperoort et al., 2020; Zvonic et
al., 2007). Based on the collected data, the in vitro circadian rhythm co-culture
model of the osteoblasts and osteoclasts, constructed by replacing FCS with
human serum collected at different times of the day serves as a reliable
representation of the circadian rhythm.
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Figure 17 The expression of circadian rhythm genes in the 2D co-culture model

The expression of the following circadian rhythm genes was tested on day 21 in the 2D in vitro
osteoblast-osteoclast co-culture model with 1% human serum collected in the morning, afternoon,
or evening: (A) CRY1, (B) PER1, (C) PER2, (D) BMAL1, (E) CLOCK, and (F) NPAS2. The data
(N = 3, n = 3) are presented with bar diagrams. Statistical analysis: the delta-delta Ct (AACt)

algorithm, z-score [1], and Kruskal-Wallis test.
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4. Discussion

4.1. The use of FCS in the in vitro co-culture model could not

demonstrate the circadian rhythm

The term “circadian rhythm” refers to a natural oscillatory process in the human
body that operates on a 24-hour cycle, influenced by changes in external light
intensity throughout the day (Patke et al., 2020). The eyes transmit the perceived
light changes to the SCN (Hastings et al., 2018), which releases substances into
the blood to synchronize the circadian rhythm of other tissues and cells to the
central circadian rhythm (Akashi & Nishida, 2000; Balsalobre et al., 1998). Of
note, the SCN is missing in the in vitro cell culture model, and prior experiments
have shown that circadian rhythms in in vitro cell models also need to be
synchronized with the central circadian rhythm (Landgraf et al., 2014). In previous
studies, researchers have used hepatocytes and fibroblasts to construct an in
vitro circadian rhythm model and put forward the idea that synchronization is an
essential point in demonstrating circadian rhythms, with serum identified as the
key point of synchronization (Dibner et al., 2010; Francia et al., 2024; Niehoff et
al., 2021). For this reason, we initially tested whether FCS could be used to
demonstrate the circadian rhythm in the in vitro osteoblast-osteoclast co-culture
model.

The initial results with the 2D co-culture model with FCS demonstrated
expression changes in genes linked to the circadian rhythm did not show the
expected changes throughout the day, the CRY1, PER1, PER2, BMAL1, and
NPAS2 demonstrated no peak in gene expression, whereas CLOCK showed a
morning peak. These findings differ from what has been reported in the literature:
CLOCK, BMAL1, and NPAS2 usually show peak gene expression between the
morning and afternoon; PER1 and PER2 showed the expression peaks between
the afternoon and evening; and CRY1 expression peaks in the early morning
(Schilperoort et al., 2020). Our disparate results showed that FCS is unable to
synchronize the circadian rhythm in tissues and cells with the central circadian
rhythm. Therefore, it is not suitable for use in an in vitro osteoblast-osteoclast co-
culture model to display the circadian rhythm and must be replaced.
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4.2. Determination of the optimal human serum concentration

to replace FCS
We considered the use of human serum collected at different time points,
consistent with a previous study (Kasukawa et al., 2012), to replace FCS in the
in vitro osteoblast-osteoclast co-culture model. In brief, we collected blood from
10 healthy volunteers in the morning (7—8 am), afternoon (1-2 pm), and evening
(7-8 pm). We centrifuged the blood to obtain serum (approximately 3 mL per
sample) and stored it at —80°C (Grankvist et al., 2019).

After we obtained the serum, we wondered which concentration should be utilized
in the in vitro osteoblast-osteoclast co-culture model to show the human circadian
rhythm. Ultimately, we tested four concentrations: 1%, 2%, 3%, and 4% (Ferro et
al., 2012). Some studies have demonstrated that mammalian serum contains a
considerable quantity of cell growth factors, protein amino acids, and a variety of
nutrients that facilitate cell growth (Montali et al., 2016). The 3% and 4% human
concentrations have a greater quantity of nutrients and could allow cells to
proliferate at a faster rate than in the presence of 1% and 2% human serum
(Liljander et al., 2011). Based on resazurin conversion and SRB staining
(McMillian et al., 2002; Skehan et al., 1990), after 7, 14, and 21 days, the use of
3% or 4% human serum led to cell detachment. Hence, we deduced that 3% and
4% human serum may not allow sufficient time for the cells to complete
differentiation because the presence of elevated nutrient concentrations
accelerates cell growth. For the other two concentrations, the presence of 2%

human serum led to faster cellular growth compared with the use of 1% serum.

We also assessed the effects of 1% and 2% human serum on the CA II, TRAP
and AP activities to assess osteoclast differentiation, osteoclast function, and
osteoblast function, respectively(Bernhardt et al., 2017; Ehnert et al., 2010;
Minkin, 1982). We examined these activities at 7, 14, and 21 days. Based on our
results, 2% human serum exerted a greater impact on the differentiation of

osteoclast. For osteoclast function, however, the 1% concentration was more
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efficacious than the 2% concentration. Finally, osteoblast function was higher in
the presence of 1% human serum. Considering cell growth and these activities,
we chose to use 1% human serum in our cell model of co-culture for the

subsequent experiments.

4.3. The circadian rhythm in the in vitro co-culture model with
human serum collected in the morning, afternoon, and

evening

4.3.1. Osteoblast and osteoclast growth in the 2D co-culture

After establishing the optimal human serum concentration, we assessed
osteoblast and osteoclast growth at 7, 14, and 21 says in the 2D co-culture model.
We examined differences when using human serum collected in the morning,
afternoon, or evening. Based on resazurin conversion and SRB staining, cell
growth did not differ depending on when the human serum was collected.
Previous studies have not indicated that the proliferation of human bone cells is
regulated by the circadian rhythm in vitro. Therefore, the circadian rhythm has no

apparent significant impact on osteoblast and osteoclast growth.

We also determined gene expression at 21 days by using qRT-PCR. We
examined three genes related to cell growth and division: MKI67, TOP2A, and
TPX2 (Matson et al., 2021; Nakagawa et al., 2011; Sahin et al., 2016). The
expression of these genes did not differ depending on when the human serum

was collected, consistent with the resazurin conversion and SRB staining results.

4.3.2. Osteoblast and osteoclast differentiation and function in the 2D co-
culture

We also examined CA Il, TRAP, and AP activities and performed Alizarin Red

staining on day 21 for the 2D in vitro osteoblast-osteoclast co-culture model. CA

Il activity did not differ depending on when the human serum was collected.

However, TRAP activity showed differences. Specifically, it was highest in the co-

culture with the morning human serum; the activity in this co-culture differed

43



significantly compared with the co-culture with human serum collected in the
afternoon. The co-culture with human serum collected in the evening showed
intermediate TRAP activity. A potential explanation for these differences is that
serum contains varying concentrations of cytokines that influence osteoclast
differentiation and function, including RANKL, M-CSF, IL-6, and Transforming
Growth Factor Beta (TGF-), among others (Kawamoto et al., 2016; Li et al.,
2010). This discrepancy is manifested in the concentration and variety of
cytokines present in the morning, noon, and evening (Diemar et al., 2023). AP
activity displayed notable differences between the co-cultures treated with human
serum collected in the morning and evening, with the co-culture with human
serum collected in the afternoon showing intermediate AP activity. The serum
levels of BMP, TGF-B, IGF-1, and Vascular Endothelial Growth Factor (VEGF),
among other factors, may be responsible for the differences in AP activity.
Cytokines exert specific effect on the function of osteoclasts and osteoblasts (Liu
et al., 2012; Rico-Llanos et al., 2017; Wu et al., 2016). The serum levels of these
factors fluctuate regularly over a 24-hour period, thus showing a circadian rhythm
(Crosby et al., 2019; Dong et al., 2016; Ze et al., 2025).

In our 2D in vitro osteoblast-osteoclast co-culture cell model, the osteoblasts are
responsible for producing the extracellular calcium matrix (Hadjidakis &
Androulakis, 2006). Conversely, the osteoclasts are responsible for the
processes of absorbing and dissolving the calcium matrix (Veis & O'Brien, 2023).
Given that osteoblasts and osteoclasts typically undergo simultaneous growth,
bone formation and resorption frequently occur concurrently. A straightforward
approach to assess bone formation and resorption is to determine the amount of
calcium in the extracellular matrix (Lutter et al., 2010). To this end, we employed
Alizarin Red staining to determine the calcium matrix content in the co-culture
model (Bernar et al., 2022). The calcium matrix content was the highest in the
co-culture with human serum collected in the evening and lowest in the co-culture
with human serum collected in the morning; the difference between these co-
cultures was significant. These findings suggest that the circadian rhythm effect
on the extracellular calcium matrix is influenced by the combined effects of bone
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formation and resorption, a finding consistent with the previously documented

effects of the circadian rhythm on osteoblast and osteoclast functions.

4.3.3. Osteoblast and osteoclast differentiation and function in the 3D co-
culture
For the 3D in vitro osteoblast-osteoclast co-culture model, we used CT to assess
the calcium matrix density. We found that it was highest in the co-culture with
human serum collected in the evening, followed by the co-cultures with human
serum collected in the afternoon and morning. Of note, the density of the co-
culture with human serum collected in evening differed significantly compared
with the co-cultures with human serum collected in the afternoon and morning.
The observations are compatible with the Alizarin Red staining of the 2D co-

culture model.

We also used the ZwickLine machine to assess matrix stiffness. Consistent with
the CT imaging, the co-culture with human serum collected in the evening had
the stiffest matrix, followed by the co-cultures with human serum collected in the
afternoon and morning. A statistically significant difference was found between
the co-culture with human serum collected in the evening and the co-culture with
human serum collected in the morning. This indicates that human osteoblasts are
most active in the morning, and osteoblast activity is higher than osteoclast
activity in the morning, which allows them to accumulate a large amount of
calcium extracellular matrix. We postulate that the discrepancies in outcomes
across different time points between the 2D and 3D co-culture models are
consequence of the variations in osteoblast and osteoclast function at different
times. These discrepancies in outcomes mirror the circadian rhythm of osteoblast
and osteoclast activity.
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4.4. Evaluation of the reliability of the in vitro co-culture model

to represent the circadian rhythm

We successfully demonstrated the circadian rhythm of osteoblast and osteoclast
of human using human serum in a new in vitro osteoblast-osteoclast co-culture
model. At present, there is no available research on related circadian rhythm of
human being cell models to serve as a reference, consequently, reliability cannot
be easily ascertained in our new in vitro co-culture model. Nevertheless,
researchers have reported the expression pattern of circadian genes in human
liver tissue, adipose tissue, and bone tissue from animal models (Kiehn et al.,
2017; Reinke & Asher, 2016; Zvonic et al., 2007). These studies showed
consistent circadian gene expression patterns and thus can be used as a

reference.

We found that BMAL1, NPAS2, and CLOCK exhibited peak gene expression in
the co-culture with human serum collected in the afternoon; CRY1 demonstrated
peak gene expression in the co-culture model with human serum collected in the
morning; and PER1 and PER2 exhibited peak gene expression in the co-culture
model with human serum collected in the evening. These findings align with those
reported previously for mouse calvaria (Schilperoort et al., 2020; Zvonic et al.,
2007). The consistent circadian gene expression pattern in our in vitro osteoblast-
osteoclast co-culture model with human serum relative to the findings from prior

research substantiate our model's reliability.

4.5. Limitations

We successfully established a human in vitro osteoblast-osteoclast co-culture cell
model and demonstrated that is reliably replicates the circadian rhythm.
Nevertheless, further improvements are necessary to address some limitations.
First, our model requires human serum to facilitate cell differentiation and
circadian rhythm synchronization. Hence, a sufficient quantity of human serum
collected at specific times must be obtained to maintain the integrity of the model.
In addition, the volunteers must be healthy. These conditions undoubtedly
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present challenges for this model. Second, we considered three times points—
morning (7—8 am), noon (1-2 pm), and evening (7—8 pm)—with a 6-hour interval
between each period. However, the authors of another study collected
experimental samples from animals every 4 hours for a period of 48 hours (Zvonic
et al., 2007). A shorter interval before serum collection can be expected to more
accurately represent the dynamic changes in cell function brought about by the
circadian rhythm. It would be beneficial to reduce the time interval for the
collection of human serum and to extend the time period for the collection of
serum samples, but this would undoubtedly increase the difficulty in recruiting
subjects. Finally, we aimed to demonstrate the circadian rhythm in our model,
and the impact of certain illnesses on the circadian rhythm remains largely
unexplored, with diabetes being a notable example. Subsequent experiments will
allow for the investigation of the relationship between certain diseases and
circadian rhythm disorders, thereby facilitating a more profound comprehension

of the circadian rhythm.

4.6. Outlook

Currently, research on circadian rhythm-related diseases is primarily conducted
through animal experimentation, with a focus on certain cell-related factors in
human blood (Neves et al., 2022). However, these research methods are
constrained by the limitations of the research platform and are unable to allow
direct observation of the effects of diseases on the morphology, function, and
growth of cells. For example, research on the relationship between type 2
diabetes and the circadian rhythm is currently primarily conducted through animal
experimentation and the examination of blood samples from individuals with
diabetes (Javeed & Matveyenko, 2018). Our new cell model offers a convenient
platform for directly observing the impact of diabetes on cellular differentiation,
growth, and function, as well as the regulatory effect of circadian rhythm in cells.

Furthermore, the abundance of cell types and their accessibility, in comparison

to animal experiments, mean that our co-culture model is more cost-effective and
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has fewer ethical constraints. The utilization of diverse cellular types allows for
the construction of various cell models, which is capable of being used to examine
the effect of the circadian rhythm on disparate cellular entities. For example, the
construction of a cell model using bone cells allows for the researching the
circadian rhythm expression in bone cells, In the process of constructing the cell
model Applying liver cells makes it possible to investigate the circadian rhythm in
liver cells. This approach facilitates a more profound comprehension of the
functions and consequences of rhythmic activity in a range of tissue cells,
including those in diseased conditions.

4.7. Conclusion

We first sought to demonstrate the circadian rhythm in an in vitro osteoblast-
osteoclast co-culture model using FCS. To this end, analyzed the expression of
CLOCK, BMAL1, NPAS2, CRY1, PER1, and PER2—genes related to the
circadian rhythm—after collecting cells in the morning (7—8 am), afternoon (1-2
pm), and evening (7—8 pm). The peak expression of these genes differed from
what has been reported in the literature, indicating that FCS cannot be used to
develop an in vitro osteoblast-osteoclast co-culture model to demonstrate the
circadian rhythm. Therefore, it was necessary to identify an alternative to FCS to
demonstrate the circadian rhythm in vitro. Given that serum plays a pivotal role
in the synchronization of circadian rhythms within tissues and cells, we
investigated the potential of human serum as an alternative to FCS.

We procured blood samples from healthy young volunteers at three times,
namely morning, afternoon, and evening, on the same day, and then separated
serum from these samples. First, we established that a 1% human serum
concentration was an appropriate substitute for 2% FCS in the cell model. Then,
we examined the effects of 1% human serum collected in the morning, afternoon,
and evening on osteoblast and osteoclast growth and function. We also assessed
a 3D model by seeding the cells on PRP scaffolds, to provide a better model of
in vivo bone. The 2D and 3D co-culture models successfully demonstrated the

circadian rhythm of osteoblasts and osteoclasts, confirming the reliability of our
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in vitro cell model for circadian rhythm studies. Our in vitro model closely
replicates in vivo conditions, capturing the temporal aspects of bone metabolism
that are otherwise challenging to observe.

In conclusion, our novel in vitro osteoblast-osteoclast co-culture system offers
excellent programmability and a reliable platform for further investigation
concerning the influence of circadian rhythms on bone metabolism. This model
could be used to examine the potential contribution of a disrupted circadian
rhythm to bone disorders. A platform like this could potentially also prove
invaluable in the development and testing of therapeutic strategies that are
dependent on time, with the aim of optimizing therapeutic effectiveness Via timing

interventions to match the body's intrinsic circadian rhythm.
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5.1. Summary

It is widely accepted that the circadian rhythm regulates the metabolism and
functions of osteoblasts and osteoclasts. Existing research on the circadian
rhythm of osteocytes has primarily focused on human blood tissues and animal
models. However, the limitations of using bone conversion factors in these
models prevent the development of a simple, direct, and reliable method for
observing how circadian rhythms influence osteoblast and osteoclast activity. To
address this gap, we successfully established an in vitro osteoblast-osteoclast
co-culture model to demonstrate circadian rhythmicity. This model incorporates
1% human serum collected at three different times of the day—morning,

afternoon, and evening (Figure 18).

Our in vitro osteoblast-osteoclast co-culture model synchronizes the central
circadian rhythm, originating from the suprachiasmatic nucleus (SCN), with the
circadian rhythms of osteoblasts and osteoclasts through the use of 1% human
serum. After 21 days of culture, osteoblast and osteoclast functional activities
exhibited distinct circadian patterns, characterized by regular fluctuations across
morning, afternoon, and evening periods. Both cell types showed peak activity
levels in the morning, followed by a gradual decline. Notably, osteoblast activity
was lowest in the evening, whereas osteoclast activity reached its nadir in the

afternoon.

To validate the reliability of this newly developed circadian rhythm cell model, we
analyzed the expression profiles of key circadian rhythm-related genes (BMALA1,
CLOCK, NPAS2, PER1, PER2, CRY1). The observed gene expression patterns
were compared to previously reported circadian gene expression data in the
literature. The high degree of similarity between the two datasets supports the
validity of our in vitro co-culture model for investigating the circadian behavior of
osteoblasts and osteoclasts

We propose that our co-culture model represents a novel and valuable platform
for studying circadian rhythms, providing new opportunities to examine how
50



circadian disruptions affect osteoblast and osteoclast function. This model may
contribute to a deeper understanding of the mechanisms underlying the
increased fracture risk observed in individuals exposed to prolonged night shift
work, as well as in patients with circadian rhythm-associated disorders.

Morning Noon Evening

Osteoclast

Osteoblast

Figure 18 The circadian rhythm of osteoblasts and osteoclasts

Osteoclast activity exhibits a diurnal pattern, reaching maximum levels during the morning and
minimum levels in the afternoon. In contrast, osteoblast activity shows the opposite pattern,
exhibiting maximum levels in the morning and minimum levels in the evening. The image was

generated through the use of Biorender (https://app.biorender.com/).
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5.2. Zusammenfassung

Es ist allgemein anerkannt, dass der zirkadiane Rhythmus den Stoffwechsel
sowie die Funktionen von Osteoblasten und Osteoklasten reguliert. Bisherige
Forschungen zum zirkadianen Rhythmus von Osteozyten konzentrierten sich
hauptsachlich auf menschliche Blutgewebe und Tiermodelle. Die Verwendung
von Knochenumbaumarkern in diesen Modellen ist jedoch mit Einschrankungen
verbunden, die die Entwicklung einer einfachen, direkten und zuverlassigen
Methode zur Beobachtung der Auswirkungen des zirkadianen Rhythmus auf die
Aktivitat von Osteoblasten und Osteoklasten erschweren. Um diese Lucke zu
schlie3en, haben wir erfolgreich ein in-vitro-Kokulturmodell von Osteoblasten und
Osteoklasten etabliert, das zirkadiane Rhythmen demonstriert. Dieses Modell
verwendet 1 % menschliches Serum, das zu drei verschiedenen Tageszeiten —

morgens, nachmittags und abends — gewonnen wurde (Abbildung 19).

Unser in-vitro-Kokulturmodell von Osteoblasten und Osteoklasten synchronisiert
den zentralen zirkadianen Rhythmus, der vom suprachiasmatischen Nucleus
(SCN) ausgeht, mit den zirkadianen Rhythmen der Osteoblasten und
Osteoklasten durch die Zugabe von 1 % menschlichem Serum. Nach 21 Tagen
Kultivierung zeigten die funktionellen Aktivitaten von Osteoblasten und
Osteoklasten ausgepragte zirkadiane Muster, die sich durch regelmaRige
Schwankungen uber die Tageszeiten hinweg — morgens, nachmittags und
abends — charakterisieren liellen. Beide Zelltypen erreichten ihre hochste
Aktivitat am Morgen, gefolgt von einem allmahlichen Ruckgang.
Bemerkenswerterweise war die Aktivitat der Osteoblasten am Abend am
geringsten, wahrend die der Osteoklasten ihren Tiefpunkt am Nachmittag

erreichte.

Zur Validierung der Zuverlassigkeit dieses neu entwickelten Zellmodells mit
zirkadianem Rhythmus analysierten wir die Expressionsprofile zentraler
zirkadianer Gene (BMAL1, CLOCK, NPAS2, PER1, PER2, CRY1). Die
beobachteten Expressionsmuster wurden mit bereits veroffentlichten Daten zur

Genexpression zirkadianer Gene verglichen. Die hohe Ubereinstimmung
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zwischen den beiden Datensatzen bestatigt die Validitat unseres in-vitro-
Kokulturmodells zur Untersuchung des zirkadianen Verhaltens von Osteoblasten
und Osteoklasten.

Wir vertreten die Auffassung, dass unser Kokulturmodell eine neuartige und
wertvolle Plattform zur Erforschung zirkadianer Rhythmen darstellt. Es bietet
neue Moglichkeiten zur Untersuchung der Auswirkungen von Stérungen des
zirkadianen Rhythmus auf die Funktion von Osteoblasten und Osteoklasten.
Dieses Modell konnte zu einem besseren Verstandnis der Mechanismen
beitragen, die dem erhohten Frakturrisiko bei Personen mit langfristiger
Nachtarbeit sowie bei Patienten mit zirkadianen Rhythmusstérungen zugrunde
liegen.

Morning Noon Evening

usSteociast

Osteoblast

Abbildung 19 Der zirkadiane Rhythmus von Osteoblasten und Osteoklasten

Die Aktivitat der Osteoklasten zeigt ein tageszeitliches Muster, mit den héchsten Werten am
Morgen und den niedrigsten Werten am Nachmittag. Im Gegensatz dazu zeigt die Aktivitat der
Osteoblasten ein entgegengesetztes Muster, mit den hochsten Werten am Morgen und den
niedrigsten am Abend. Das Bild wurde mit Unterstitzung von BioRender erstellt
(https://app.biorender.com/).
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