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Zusammenfassung

Osteoporose ist eine weit verbreitete Knochenerkrankung, die durch ein
Ungleichgewicht zwischen Knochenaufbau und Knochenabbau gekennzeichnet ist.
Der daraus resultierende Verlust an Knochenmasse fiihrt zu einer verminderten
Knochendichte und einem erhéhten Frakturrisiko. Die Ursachen der Osteoporose
sind vielfaltig, aber sowohl bei der primédren als auch bei der sekunddren Form
spielt die chronische Inflammation eine entscheidende Rolle. Der Einfluss
proinflammatorischer Zytokine auf die knochenaufbauenden Osteoblasten ist
jedoch umstritten. Bisherige Studien basieren liberwiegend auf mesenchymalen
Stammzellen, Tiermodellen oder Zelllinien, wahrend Untersuchungen an primaren
humanen Osteoblasten (OBs) seltener sind. In dieser Arbeit wird erstmals
beschrieben, wie proinflammatorische Zytokine die Differenzierung, Proliferation

und metabolische Aktivitat dieses klinisch relevanten Zellmodells beeinflussen.

Entgegen der weit verbreiteten Annahme, dass Entziindungen eine hemmende
Wirkung auf den Knochenstoffwechsel haben, kann in dieser Studie gezeigt werden,
dass proinflammatorische Zytokine die Osteogenese von OBs fordern. Die durch
IL-18 und TNF-a gesteigerte Mineralisation korrelierte - im Gegensatz zu der
Behandlung mit IL-6, IL-8 und IFNy - mit einer erh6hten Proliferation und einem
gesteigerten Energiemetabolismus. Die durch IL-1f induzierte Glykolyse sowie die
durch TNF-a verstarkte oxidative Phosphorylierung konnten mégliche Erklarungen
fir die starkere Mineralisation der OBs sein. Interessanterweise unterschieden sich
die OBs von Osteoporosepatienten weder in ihrer Aktivitit noch in ihrer
Zytokinantwort signifikant von denen der Kontrollgruppe. Dies deutet darauf hin,
dass Osteoporose weniger durch intrinsische Mechanismen der Osteoblasten als
vielmehr durch eine verdnderte Signaltransduktion im Knochengewebe gesteuert
werden konnte. Dartliber hinaus zeigten sich deutliche Unterschiede zwischen OBs
und der Osteoblastenzelllinie hFOB 1.19, deren Mineralisation durch Zytokine stark
inhibiert wurde. Trotz ihrer osteoblastenspezifischen Eigenschaften lassen diese
Ergebnisse Zweifel an der Eignung diese Zelllinie als Modellsystem fiir
Knochenstoffwechselerkrankungen aufkommen und unterstreichen zudem die

hohe Relevanz von Untersuchungen an Primaérzellen.



Die Ergebnisse stellen das Dbisherige Verstindnis des Einflusses
proinflammatorischer Zytokine auf den Knochenstoffwechsel in Frage und
verdeutlichen die komplexen Wechselwirkungen zwischen Entziindung und
Knochengesundheit. Zukiinftige Studien sollten die zugrundeliegenden Signalwege
der Zytokin-induzierten Mineralisation identifizieren und deren langfristige
Auswirkungen auf die Knochenqualitdt untersuchen. Dariiber hinaus ist es wichtig,
die Interaktion zwischen Osteoblasten und anderen Knochenzellen unter
entziindlichen Bedingungen genauer zu analysieren. Diese Studie zeigt dabei die
Bedeutung der Verwendung klinisch relevanter Zellmodelle, wie den primaren
humanen Osteoblasten. Der nachgewiesene anabole Effekt auf die Knochensynthese
eroffnet neue Perspektiven fiir die Behandlung entziindungs- und altersbedingter
Knochenerkrankungen und koénnte zur Entwicklung gezielter Therapien zur

Modulation der Osteoblastenaktivitit beitragen.
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Summary

Osteoporosis is a prevalent bone disease characterized by an imbalance between
bone formation and bone resorption. The resulting loss of bone mass leads to
reduced bone density and an increased risk of fracture. The causes of osteoporosis
are complex, but chronic inflammation plays a major role in both primary and
secondary forms. However, the influence of proinflammatory cytokines on bone-
forming osteoblasts is controversial. Previous studies have mainly been based on
mesenchymal stem cells, animal models or cell lines, while studies on primary
human osteoblasts (OBs) are limited. This study is the first to describe how
proinflammatory cytokines influence the differentiation, proliferation, and

metabolic activity of this clinically relevant cell model.

Contrary to the common understanding that inflammation has an inhibitory effect
on bone metabolism, this study demonstrates that proinflammatory cytokine
promote osteogenesis in OBs. Increased mineralization induced by IL-18 and TNFa
correlated with increased proliferation and energy metabolism, in contrast to
treatment with IL-6, IL-8, and IFNy. Glycolysis induced by IL-1f and oxidative
phosphorylation enhanced by TNF-a may explain the increased mineralization of
OBs. Interestingly, OBs from osteoporotic patients did not differ significantly from
those of the control group, either in their activity or in their cytokine response. This
suggests that osteoporosis may be driven less by intrinsic osteoblast mechanisms
and more by altered signaling in bone tissue. In addition, there were clear
differences between OBs and the osteoblast cell line hFOB 1.19, whose
mineralization was strongly inhibited by cytokines. Despite their osteoblast-specific
properties, these results cast doubt on the suitability of this cell line as a model
system for bone metabolic diseases and emphasize the high relevance of studies on

primary cells.

The results in this study challenge the current understanding of the influence of
proinflammatory cytokines on bone metabolism and highlight the complex
interactions between inflammation and bone health. Future studies should identify
the underlying pathways of cytokine-induced mineralization and investigate their

long-term effects on bone quality. In addition, it is important to further analyze the
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interaction between osteoblasts and other bone cells under inflammatory
conditions. This study also demonstrates the importance of using clinically relevant
cell models such as primary human osteoblasts. The anabolic effect of the cytokines
on bone synthesis opens new perspectives for the treatment of inflammatory and
age-related bone diseases and may contribute to the development of targeted

therapies to modulate osteoblast activity.
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1. Introduction

1.1. Osteoporosis

Osteoporosis is the most prevalent systemic bone disease defined by
microarchitectural deterioration and porous bone tissue, resulting in decreased
bone density (Fig.1.1). This condition leads to increased bone fragility and
significantly raises the risk of fractures, with the femoral neck and pertrochanteric
region being most commonly affected (Bonjour et al, 1999; DVO Leitlinie
Osteoporose, 2023; Riggs & Melton, 1995). In both men and women, advancing age
leads to a natural loss of bone density. Additionally, bone resorption in women can
significantly increase after the onset of menopause (B. L. Clarke & Khosla, 2010). In
2019, it was estimated that around 25.5 million women and 6.5 million men in
Europe suffered from osteoporosis, with 4.3 million fractures occurring that year.
Germany has the highest number of people suffering from osteoporosis, with a
prevalence of 6.1% (Kanis et al., 2021). Osteoporosis is diagnosed based on bone
mineral density (BMD) measured by dual-energy X-ray absorptiometry (DXA) in the
femoral neck or spine. A T-score of over -1 is considered normal, between -1 and -2.5

as low (osteopenia), and below -2.5 as osteoporotic (Kanis et al., 2019).

There are two types of osteoporosis: primary and secondary. The primary type of
osteoporosis include postmenopausal and senile osteoporosis, which are the most
common causes (Dobbs et al., 1999). After the onset of menopause, the rate of bone
turnover increases with enhanced bone formation by about 45%, while bone
resorption increases by 90%, leading to an imbalance and loss of bone mass over
time (Garnero et al., 1996). Senile osteoporosis is becoming increasingly common
due to an aging society, and it has been shown that with age, mesenchymal stem cells
(MSCs) lose the ability to differentiate into bone-building osteoblasts and are more
likely to be directed towards adipogenesis (Infante & Rodriguez, 2018). Secondary
osteoporosis is defined as a consequence of other diseases or the use of medications,

such as glucocorticoids. The various diseases include endocrine disorders such as



primary hyperparathyroidism or diabetes mellitus type I, neuromuscular or
gastrointestinal diseases, as well as chronic inflammatory diseases such as
rheumatoid arthritis (Ganesan et al., 2024). A key factor in both primary and
secondary osteoporosis is chronic inflammation, which is known to influence bone

metabolism.

Healthy bone Osteoporotic bone

1‘ Bone Resorption

J, Bone Formation

Figure 1.1: Healthy and porous osteoporotic bone structure. Created in BioRender.

Bousch, J. (2025) https://BioRender.com/q13e074.

1.2. Bone - a metabolically active organ

1.2.1. Structure of Cortical and Cancellous Bone

Bone is a complex organ with multiple functions. In its function as the skeleton, the
bone provides support for the body, protects the internal soft tissue structures from
injury, and facilitates the transmission of movement signals from muscles. The bone
plays a crucial role in maintaining mineral homeostasis, serves as a reservoir for
growth factors and cytokines, and houses the bone marrow, which is the site of
hematopoiesis. An analysis of the adult human skeleton reveals that about 80% of
the bone is composed of cortical bone, the compact and dense external layer (B.
Clarke, 2008). The cortical bone is traversed by blood vessels and is surrounded by
the periosteum (Fig. 1.2, A), which plays an important role in fracture healing (Dwek,
2010). Most of the cortical bone mass is located in the shaft of the bone (diaphysis),
which encloses the medullary cavity containing the bone marrow. The remaining

20% of the bone comprises cancellous or spongy bone, which is located at the
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epiphysis and metaphysis and is surrounded by a thin layer of cortical bone
(Syahrom et al., 2017). Cancellous bone is defined by its trabecular bone structure
with pores filled with bone marrow and has a lower density than the cortical bone
(Fig. 1.2, A, C). The bone matrix mainly consists of type 1 collagen fibers and other
proteins such as osteocalcin and is mineralized by the incorporation of
hydroxyapatite (Hadjidakis & Androulakis, 2006). The cancellous bone has a higher
water and a lower calcium content due to less mineralized structures than the
cortical bone (Oftadeh et al, 2015). The red bone marrow is composed of
approximately 60% hematopoietic cells and 40% adipocytes. With age, the marrow

transforms into ‘fatty marrow’ with about 95% adipocytes (Griffith, 2017).
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Figure 1.2: Internal bone structure of a human femoral head. (A) The macroscopic

location of cortical and cancellous bone in a femoral head, (B) Structure of an osteon,
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and (C) microscopic image of a tissue section showing the cortical and cancellous bone
(scale: 100 um). (A) and (B) were created in BioRender. Bousch, ]J. (2025)
https://BioRender.com/r64r080.

The cortical bone is structured in osteons, which can be found as concentric lamellae
arranged around a central canal (Fig. 1.2, C). An osteon represents a single functional
unit of bone tissue (Baig & Bacha, 2024). The Haversian canal, located at the center
of the osteon, houses nerves and blood vessels that provide the bone with essential
nutrients and oxygen (Fig. 1.2, B). The lamellae are arranged concentrically around
the canal, with osteocytes embedded in the lacunae, which are the spaces between
the lamellae. Osteocytes represent the most abundant cell type in bone, with over
90% of the total cell population. Each osteocyte forms about 50-100 canaliculi,
which are long dendrites that facilitate the formation of a network with other
osteocytes and various cell types and tissues. In this network, the Harversian canals
of the individual osteons are also connected via Volkmann'’s canals (B. Chang & Liu,
2022).

In contrast, the cancellous bone is not constructed with osteons, as the trabecular
bone tissue is effectively integrated within the bone marrow through pores, which
are perfused with blood, enabling the supply of nutrients and oxygen. A trabecula is
comprised of a group of parallel-arranged mineralized collagen fibrils, with
osteocytes embedded in their lacunae (Oftadeh et al., 2015). The trabeculae can
exhibit diverse architectural arrangements, as they are oriented in the direction of
mechanical forces, thereby ensuring the effective force distribution (Gibson, 1985).
Cancellous bone also has the advantage of being rebuilt more rapidly than compact
bone, enabling it to adapt to variable mechanical loads (Oftadeh et al., 2015). This
process is referred to as ,bone remodeling’ and ensures that the bone adapts to given
conditions and that old, micro-damaged bone is replaced by new bone tissue.
Various bone cells are involved in this process, forming a basic multicellular unit and
maintaining the equilibrium between bone resorption and bone formation in a

complex system (Florencio-Silva et al,, 2015).



1.2.2. The Process of Bone Remodeling

The continuous process of ,bone remodeling’ maintains the structure and stability
of the skeleton by repairing microfractures and allowing the skeleton to adapt to
changing external forces (Hadjidakis & Androulakis, 2006). The process can be

divided into 4 phases: resorption, reversal, formation, and mineralization (Fig. 1.3).

resting state - resorption reversal = formation ' mineralization

Osteoblasts
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Bone Lining Osteoclast Osteoblasts
Cells

\

Mononuclear
Cells

L

Osteocytes

Figure 1.3: The phases of bone remodeling. Created in BioRender. Bousch, J. (2025)
https://BioRender.com/d63p607

During the resting state, the bone matrix surface is covered by the so-called bone-
lining cells, cells of the osteogenic lineage, which are in contact with the osteocytes
embedded in the matrix. The resorption phase can be activated in different ways,
for example, when the osteocytes perceive a difference in the physical force of the
bone (Raggatt & Partridge, 2010). Mononuclear pre-osteoclasts migrate to the site
and differentiate into mature, multinucleated osteoclasts. The osteoclasts secrete
lysosomal enzymes on the matrix surface, such as tartrate-resistant acid
phosphatase (TRAP) and cathepsin K, as well as hydrochloric acid to dissolve the
collagen matrix with embedded hydroxyapatite crystals (Boyce et al., 2009;
Hadjidakis & Androulakis, 2006).



Between bone resorption and formation, the reversal phase takes place, in which
mononuclear cells migrate to the resorbed site. It is not yet fully known which cells
are involved in this phase, but they are probably partly cells of mesenchymal origin
and macrophages, such as osteomacs, which secrete matrix metalloproteinases
(MMPs) and perform phagocytosis to remove the resorption debris (Delaisse, 2014;
Raggatt & Partridge, 2010). The reversal cells prepare the resorbed bone site for the
phase of new bone formation, for which osteoblast progenitor cells are recruited to
the site. The progenitor cells differentiate into mature osteoblasts and secrete
matrix proteins, primarily collagen type I, but also other proteins, including
proteoglycans, alkaline phosphatase, and osteocalcin. The matrix is then
mineralized by the deposition of hydroxyapatite crystals (Raggatt & Partridge,
2010). Once the mineralization process is over, mature osteoblasts undergo
apoptosis, become bone-lining cells, or embed in the matrix by differentiating to
osteocytes (Raggatt & Partridge, 2010). Overall, the process of bone remodeling in
cancellous bone takes about 200 days, with the resorption and reversal phase
lasting about 30-40 days and bone formation about 150 days (Eriksen, 2010;
Hadjidakis & Androulakis, 2006).

1.2.3. Regulation of Bone Remodeling

The regulation of bone remodeling is largely based on the regulated cross-talk
between the various involved bone cells (Fig. 1.4). The cells involved regulate each
other through the secretion of various factors and also through direct contact with
each other, the respective precursor cells, osteocytes in the matrix, and immune
cells in the bone marrow. In the resting state, osteocytes secrete transforming
growth factor B (TGF-), which inhibits osteoclastogenesis. Damage to the matrix
can induce apoptosis of osteocytes, which reduces the TGF-3 concentration and can
initiate resorption (Heino et al, 2002; Raggatt & Partridge, 2010). In addition,
osteocytes secrete sclerostin (SOST), a negative regulator of bone formation that
inhibits osteoblast differentiation by suppressing the Wnt signaling pathway (van
Bezooijen et al., 2004).
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Figure 1.4: Communication between osteoclasts, osteoblasts, and osteocytes to
maintain the balance between bone resorption and bone formation. CSF-1
(colony-stimulating factor 1), RANKL (receptor activator of NF-kxB ligand), OPG
(osteoprotegerin), SEMA4D (semaphorin 4D), S1P (sphingosine 1 phosphate), TGF-f
(transforming growth factor $), IGF-1 (insulin-like growth factor 1), SOST
(sclerostin). Simplified representation created in BioRender. Bousch, ]J. (2025)

https://BioRender.com/k33x588.

Osteoclasts are in the myeloid lineage of hematopoietic cells and can differentiate in
vitro from monocytes or macrophages into mature osteoclasts. This requires the
addition of two cytokines that are essential for the activity of osteoclasts: colony-
stimulating factor 1 (CSF-1) and receptor activator of NF-kB ligand (RANKL), both
of which are expressed by cells of the osteoblast lineage (Raggatt & Partridge, 2010).
The neutralizer of RANKL is osteoprotegerin (OPG), which acts as a decoy receptor
and blocks RANKL (Yasuda et al., 1998). OPG is also secreted by osteoblasts, and the
predominant RANKL/OPG ratio determines the influence on osteoclastogenesis. If
more RANKL is active, osteoclastogenesis is stimulated; if more OPG is active, this

stimulation is blocked (Hadjidakis & Androulakis, 2006).



RANKL stimulation of osteoclasts induces the expression of sphingosine kinase 1
(SPHK1), which leads to the phosphorylation of sphingosine to sphingosine 1
phosphate (S1P). S1P binds to receptors on the osteoblast surface and stimulates
their migration and, in turn, their RANKL expression (Ryu et al., 2006). On the other
hand, osteoclasts express semaphorin 4D (SEMA4D), which leads to an inhibition of
osteoblast differentiation (Kim et al., 2020). During resorption of the bone matrix,
TGF-B and insulin-like growth factor 1 (IGF-1) are released, which in turn activate
the osteoblasts (Tang et al., 2009; Xian et al., 2012). These are just a few examples
of how osteoblasts and osteoclasts influence each other. In direct cell contact, they
also communicate via various membrane-bound mediators, for example via ephrin
signaling, which can have an inhibitory or activating effect in both directions (Kim

etal., 2020).

Immune cells in the bone marrow also play an important role in homeostasis, but
the underlying mechanisms are not yet fully understood. It has been found that
B cells secrete OPG, and it is assumed that T cells support them in this process.
Megakaryocytes also express RANKL and OPG and increase the differentiation of
osteoblasts, which influences both bone resorption and formation. It has been
shown that without osteomacs, which presumably make up part of the reversal cells,

osteogenic differentiation is inhibited in vitro (M. K. Chang et al., 2008).

The regulation of bone remodeling is a very complex system involving many
different cells at various stages of differentiation. In physiologically healthy bone,
these cells maintain the balance between bone resorption and bone formation.
However, this can also be upset by disturbed signaling between the cells or by other
signal transducers, such as cytokines in the case of inflammation. This can lead to
various pathological conditions, such as the most prevalent metabolic bone disease,

osteoporosis.



1.3. Osteogenesis

1.3.1. Osteogenic Differentiation Markers

Osteoblasts derive from pluripotent MSCs that have the potential to differentiate
into adipocytes, chondrocytes, or osteogenic cells (Bianco et al., 2013). In the
osteogenic lineage, they first differentiate into pre-osteoblasts, which secrete a
collagen-based extracellular matrix (ECM) as they differentiate into mature
osteoblasts. The ECM is mineralized by the mature osteoblasts through the
deposition of hydroxyapatite. The osteoblasts then undergo apoptosis or further
differentiate into bone lining cells or osteocytes (Fig. 1.5) (Amarasekara etal., 2021).
Differentiation into osteoblasts, also named osteogenesis, is divided into an early
and a late phase due to the differential expression of proteins and transcription
factors that play different roles in ECM formation and subsequent mineralization.
However, these phases are not strictly separated and many of the markers of
osteogenic differentiation are expressed in both phases, albeit at different levels.
Early markers include alkaline phosphatase (ALP), type I collagen (Col1), and bone
sialoprotein (BSP), whereas osteopontin (OPN) and osteocalcin (OCN) are
expressed in the later phase of osteogenesis (Huang et al., 2007). The best studied
and earliest activated transcription factor that modulates osteoblast differentiation
is runt-related transcription factor 2 (Runx2) (R. T. Franceschi et al., 2003). Runx2
is a regulator of another early marker, osterix (0SX); both are also essential for the
later stages of differentiation (Huang et al., 2007; Nakashima et al., 2002). A number
of signaling pathways are involved in osteogenesis, of which the Wnt, TGF-f3, bone
morphogenetic proteins (BMP), fibroblast growth factor (FGF), and Hedgehog
signaling pathways are the best studied in this field (Zhu et al., 2024).
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Figure 1.5: Osteogenic differentiation. MSC (mesenchymal stem cell). Image created

in BioRender. Bousch, J. (2025) https://BioRender.com/n38v055

To differentiate MSCs into osteogenic lineage in vitro, three additives are needed:
B-glycerophosphate and ascorbic acid, which are required for the production of a
mineralized collagen matrix, and the synthetic glucocorticoid dexamethasone,
which is thought to inhibit cell proliferation while inducing osteogenic
differentiation (Jaiswal et al., 1997; Langenbach & Handschel, 2013). Ascorbic acid
increases the production of Coll, which is essential for the formation of a collagen-
based ECM (Langenbach & Handschel, 2013). The binding of cells to the ECM via
integrins in turn triggers the activation of Runx2 via mitogen-activated protein
kinase (MAPK) signaling, which leads to increased transcription of subsequent
osteogenic differentiation markers such as OCN via a signaling cascade (Langenbach

& Handschel, 2013; Xiao et al., 1998).

1.3.2. Energy Metabolism During Osteogenic Differentiation

During osteogenic differentiation, cells have an increased energy demand due to the

need to produce and secrete large amounts of collagen, other matrix proteins and

calcium phosphates (Motyl et al., 2017). To cope with this high energy requirement,

cells utilize several metabolic pathways, which are directly interconnected and

include glycolysis, tricarboxylic acid (TCA) cycle, and oxidative phosphorylation

(OxPhos) (Fig. 1.6). Glucose is transported into the cell by membrane-bound glucose
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transporters (GluTs) and converted to pyruvate in the process of glycolysis.
Pyruvate is subsequently converted into Acetyl-CoA by pyruvate dehydrogenase
(PDH). Acetyl-CoA enters the TCA cycle, generating nicotinamide adenine
dinucleotide (NAPH) and flavin adenine dinucleotide (FADH2), which are further
processed in the electron transport chain (Esen & Long, 2014; Martinez-Reyes &
Chandel, 2020). Energy is generated in the form of adenosine triphosphate (ATP)
through glycolysis, the TCA cycle, and the electron transport chain, commonly
referred to as OxPhos, producing the majority of ATP molecules. An unavoidable
byproduct of OxPhos is the generation of reactive oxygen species (ROS) in the
mitochondria, produced through electron transfer reactions (Nolfi-Donegan et al,,

2020).
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Figure 1.6: Overview of the interconnection and energy production of three main

energy metabolic pathways glycolysis, TCA cycle, and oxidative phosphorylation.
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ATP (adenosine triphosphate), TCA (tricarboxylic acid) cycle, NADH (nicotinamide
adenine dinucleotide), FADH: (flavin adenine dinucleotide), ROS (reactive oxygen
species).

Depending on the cell type and differentiation state studied, an increased rate of
glycolysis or OxPhos was measured in differentiated osteoblasts. Osteogenic
differentiation of human MSCs led to activation of OxPhos, while the cells rely on
glycolysis during proliferation (Shum et al., 2016). Calvarial osteoblasts also activate
OxPhos during osteogenesis (Guntur et al.,, 2014). In contrast, cells of the murine
pre-osteoblast cell line MC3T3-E1 and 3T3-L1 adipocytes tend to favor glycolysis
compared to undifferentiated cells (Guntur et al.,, 2018). Activation of the Wnt
signaling pathway, one of the key signaling pathways in osteogenic differentiation,
has also been shown to induce glycolysis (Esen et al.,, 2013; Vlashi et al., 2023).
Among the glucose transporters GluT1, GluT3, and GluT4 expressed in osteoblasts,
GluT4 in particular shows increased expression during osteogenesis (Z. Li et al,,
2016). Another study found that silencing of GluT4 suppresses the proliferation and
differentiation of pre-osteoblasts (Arponen et al., 2022). Regulation of the glucose
metabolism is therefore a critical factor in osteogenesis. Changes in metabolic
pathways not only control ATP production, but also gene expression, which in turn

regulates the activation of different signaling pathways (Motyl et al., 2017).

1.4. Osteoimmunology - Impact of Cytokines on Bone Health

1.4.1. Association of Bone Loss and Inflammation

The field of osteoimmunology has emerged to investigate the interaction of the
immune system and the bone metabolism with later focusing on the impact of
inflammatory processes on bone health (Arron & Choi, 2000; Tsukasaki &
Takayanagi, 2019). Bone cells have been shown to interact closely with immune
cells, partly sharing the same stem cell origin and signaling pathways (Guder et al.,
2020). Because of this close interaction, there are a number of chronic inflammatory
and autoimmune diseases that lead to increased bone loss. The most common
chronic autoimmune disease is rheumatoid arthritis (RA), which causes chronic
inflammation of the synovial joints with cartilage damage and loss of bone mass

12



(Kareem et al., 2021). The risk of fracture is therefore increased in patients with RA
(Fardellone et al., 2020). In addition to inflammation in patients with RA, one of the
most common treatments is the administration of glucocorticoids, which also
increase the risk of osteoporosis (Compston, 2018). Inflammation leads to the
production of several cytokines, including tumor necrosis factor (TNF)-q,
Interleukin (IL)-1p, and IL-6. TNF appears to be one of the key regulators, as studies
have shown that TNF inhibitors reduce bone loss (Haugeberg et al., 2014). TNF-a
also plays a critical role in postmenopausal osteoporosis, as it is increased by T cells
in the bone marrow when estrogen levels are low (Roggia et al,, 2001). Comparing
cytokine secretion levels of peripheral blood mononuclear cells (PBMCs) from
women with normal or low BMD, the low BMD patients had higher values of
proinflammatory cytokines like TNF-a and IL-6 and lower levels of anti-
inflammatory cytokines (Azizieh et al., 2017). Also after lipopolysaccharide (LPS)
and phytohemagglutinin (PHA) activation of blood cells in cell culture, an enhanced
immune response with increased secretion of IL-1f3, [L-6, and TNF-a was measured
in cells from osteoporosis patients compared to controls (Zheng et al., 1997). A
biomarker of systemic inflammation is C-reactive protein (CRP), which is
upregulated by IL-1f3, IL-6, and TNF-a and high levels of CRP are associated with low
bone density (Ginaldi et al., 2005). An increase in cytokines such as TNF-a or IL-6 is
also associated with aging (Bruunsgaard, 2002). The chronic inflammation that
occurs with age, also known as ‘inflamm-aging’, has been linked to the loss of bone

density in old age (C. Franceschi et al., 2000; Lencel & Magne, 2011).

Postmenopausal osteoporosis results from estrogen deficiency, which leads to
activation of RANKL production in osteoblasts, which in turn induces osteoclast
recruitment. At the same time, OPG production is less stimulated, leading to a shift
in the RANKL/OPG ratio towards bone resorption (B. L. Clarke & Khosla, 2010).
Estrogens also suppress the production of cytokines such as IL-13 and TNF-a, which,
in turn, can result in increased cytokine production after the cessation of estrogen
production following menopause (Charatcharoenwitthaya et al, 2007).

Inflammation therefore is an important component of both primary and secondary
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osteoporosis, as cytokines can significantly influence bone metabolism and thus

alter bone remodeling (Rauner et al., 2007).
1.4.2. Impact of Proinflammatory Cytokines on Bone Cells

The regulation of inflammation is a complex system in which extracellular signaling
molecules play an important role. In both acute and chronic inflammation, cytokines
are released that can have autocrine, paracrine, and endocrine effects. The release
of proinflammatory cytokines leads to an upregulation of inflammatory processes
(J.-M. Zhang & An, 2007). The most important proinflammatory cytokines are the
interleukins IL-1f and IL-6, and TNF-a. In addition to the best studied chemokine
IL-8, interferon (IFN)y also belongs to the group of proinflammatory cytokines
(Borish & Steinke, 2003; Turner et al., 2014). Each of these cytokines can affect bone
metabolism in different ways. The current state of research on the partly conflicting
effects of these cytokines on osteoclast and osteoblast differentiation, will be

summarized in the following section (Fig. 1.7).
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Figure 1.7: Current understanding of the effect of proinflammatory cytokines on
the differentiation of bone cells. The figure shows the simplified current status of
investigations about the inhibiting (T) or activating (T) effect of IL-1f
(Interleukin-1f), IL-6, IL-8, TNF-a (tumor necrosis factor o), and IFNy (interferon y)
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on the differentiation of (A) osteoclasts and (B) osteoblasts. Created in BioRender.

Bousch, J. (2025) https://BioRender.com/101v138.

1.4.2.1. IL-18 and TNF-a - Pro-Resorptive Mediators in Bone

Metabolism

The cytokines IL-1f and TNF-a are generally considered to be mediators of bone
resorption (Xu et al, 2023). IL-18 is considered to have a positive effect on
osteoclastogenesis by inducing the expression of RANKL (Ruscitti et al., 2015). IL-13
blockers are therefore used as a therapeutic option in patients with RA to reduce
both inflammatory cell migration and joint damage (Bresnihan etal., 2004; Dinarello
et al, 2012). The effect of TNF-a on osteoclastogenesis has also been well studied
and it has been shown several times that TNF-a promotes osteoclastogenesis

(Amarasekara et al., 2018).

IL-1B has long been considered an inhibitor of bone formation, albeit with now
contradictory observations (Amarasekara et al., 2021; Dr. Stashenko et al., 1987). In
murine MSCs, IL-1f inhibited cell proliferation and differentiation (Lacey et al.,
2009). Another study using murine MSCs also showed that both IL-1f3 and TNF-«a
inhibit osteogenesis while increasing cell migration (Sullivan et al, 2014). In
periodontal ligament stem cells, IL-13 showed different effects depending on the
used concentration: high concentrations inhibited BMP/Smad signaling and thus
osteogenesis, whereas low concentrations activated this pathway and increased
osteogenic expression markers (Mao et al., 2016). In human MSCs, IL-1f has also
been shown to increase mRNA expression of osteogenic differentiation markers,
ALP activity, and ECM mineralization in vitro, presumably via the Wnt-5a/Ror2
pathway (Sonomoto et al., 2012). But the presence of IL-1f3 can also enhance the

osteoclastogenic effect of TNF-a (Wei et al., 2005).

However, the influence of TNF-a on osteogenesis remains controversial. TNF-a is
mainly classified as an anti-osteoblastogenic factor, although there are also
conflicting results in the literature for this proinflammatory cytokine (Amarasekara

et al, 2021; Osta et al, 2014). TNF-a inhibits osteogenic differentiation of
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spontaneously differentiating primary fetal rat calvarial pre-osteoblasts and in the
murine cell line MC3T3-E1-14 by reducing OCN expression and the number of
mineralized nodules (Gilbert et al., 2000). Another study also described inhibition
of Runx2 expression in these cell models by TNF-a (Gilbert et al., 2002). In a study
showing a positive effect of IL-13 on the osteogenic differentiation of human MSCs,
a positive effect of TNF-a was also demonstrated, although to a lesser extent
(Sonomoto et al., 2012). In contrast, a study of murine MSCs showed the inhibition
of differentiation by IL-18 and TNF-q, but only a negative effect on proliferation by
IL-13 (Lacey et al., 2009). It is hypothesized that TNF-a stimulates osteogenic
differentiation at an early differentiation stage, when MSCs are not yet committed
to the osteogenic lineage. In contrast, at later stages, when the cells are already pre-

osteoblasts, TNF-a inhibits osteogenesis (Osta et al., 2014).

1.4.2.2. IL-6 - Ambiguous Roles on Bone Metabolism

There is no consensus about the effect of IL-6 on both osteoclasts and osteoblasts,
as there are also conflicting studies in this area (Amarasekara et al.,, 2021; Xu et al,,
2023). Early it has been shown, that IL-6 in coculture with osteoblastic cells can
induce osteoclastogenesis of murine bone marrow cells (BMMs), presumably via
signal transduction of IL-6 receptor on osteoblastic cells (Udagawa et al., 1995). On
the other side, direct addition of IL-6 can inhibit the differentiation of mouse bone
marrow macrophages (BMMs) into osteoclasts (Yoshitake et al., 2008). The negative
effect of TNF-a on BMP-induced osteogenic differentiation of mouse MSCs was
partially reversed by IL-6 knockdown. This suggests that IL-6 is an important
mediator in the inhibition of osteogenesis by inflammation, presumably through
interaction with the Wnt pathway (Malysheva et al., 2016). In primary murine
osteoblasts and the murine cell line MC3T3-E1, the addition of IL-6 also reduced
mineralization, ALP activity, and the expression of osteogenic markers (Kaneshiro
etal, 2014). However, positive effects of IL-6 on osteogenesis have also been shown.
For example, IL-6 increased ALP activity and Runx2 expression in periodontal
ligament cells, as well as mineralization and ALP activity in human adipose stem

cells (hASCs) (Bastidas-Coral et al.,, 2016; Iwasaki et al., 2008). It is suggested that

16



the different results depend on the cell model used and its stage of differentiation,
and that IL-6 is more likely to activate early osteogenic differentiation (Blanchard et

al, 2009).

1.4.2.3. IFNy - an Anti-Resorptive Proinflammatory Cytokine

The effect of IFNy is described as anti-osteoclastogenic, as it inhibits RANKL
signaling, which leads to inhibition of osteoclastogenesis (Takayanagi et al., 2000).
It also inhibits TNF-a-induced osteoclast formation in murine BMMs (Kohara et al.,
2011). The production of IFNy is upregulated of human MSCs during osteogenesis
and the inhibition of IFNy led to a reduction in differentiation. In addition, [FNy
treatment led to increased differentiation (Duque et al., 2009). In a study with
murine osteoblasts, [FNy had a negative effect on calcification, but increased the
expression of osteogenic differentiation markers such as ALP and Runx2 (Z. Wang
etal, 2018). Itis assumed that the effect of IFNy on osteogenic differentiation is also
stage-dependent and that IFNy tends to positively influence mineralization, which

takes place at later stages (Lai et al., 2022).

1.4.2.4. IL-8 - a Largely Unexplored Role in Bone Metabolism

IL-8 (or CXCL8) is a chemokine that recruits inflammatory cells to the site of
inflammation (Remick, 2005). IL-8 increases the formation of TRAP-positive
multinucleated cells and the RANKL expression in MC3T3-E1 cells (Bendre et al.,,
2003). During differentiation of human osteoclast precursors, they secrete
increased levels of IL-8 via RANKL downstream signaling (Kopesky et al., 2014). IL-8
increases human bone marrow-derived mesenchymal stem cells (hBMSC) migration
in vitro by binding to its receptor CXCL2 and also contributes to bone regeneration
in vivo (Yang et al., 2018). Another study also showed that the addition of IL-8
increased the chemotaxis of BMSCs both in vitro and in vivo. However, it was also
shown that both osteogenic and chondrogenic differentiation remained unchanged
(Park et al., 2015). In hASCs, IL-8 was shown to inhibit cell mineralization, but

without a significant effect on the expression of osteogenic markers (Bastidas-Coral
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et al., 2016). Due to the lack of sufficient studies on primary osteoblasts, further

studies are needed to determine the effect of IL-8 on osteogenic differentiation.
1.5. Aim and Scope of the Research

Osteoporosis is a multifactorial disease characterized by an imbalance between
bone formation and resorption, often exacerbated by inflammatory processes.
While the role of proinflammatory cytokines in stimulating osteoclast activity is well
documented, their effect on osteoblast function remains controversial. Previous
studies have reported conflicting results depending on the cell model,
differentiation stage, and cytokine concentration, making a clear interpretation
difficult. This study is based on the investigation of primary human osteoblasts
(OBs) isolated directly from patients’ femoral heads, which significantly increases
the clinical relevance of the results. For the first time, the effect of the
proinflammatory cytokines IL-1f3, IL-6, IL-8, TNF-a, and IFNy is investigated in

primary human osteoblasts.

The first part of the study, which has been largely published, investigates cytokine
secretion during osteogenesis by the osteoblasts themselves, and the effect of the
cytokines IL-1p, IL-6, IL-8, and TNF-a on cell differentiation and proliferation. A
novel aspect is the analysis of cytokine-induced changes in osteoblast energy
metabolism, which may contribute to inflammation-related bone diseases. To
further analyze the impact of inflammation on bone formation, the second part of
this thesis will compare osteoblasts from individuals with normal and osteoporotic
bone density (00Bs). This comparison aims to determine whether osteoporotic
osteoblasts exhibit intrinsic differences in baseline activity or cytokine
responsiveness. Additionally, this study will evaluate the widely used osteoblast cell

line hFOB 1.19 as a potential in vitro model for inflammatory bone research.

This work aims to improve our understanding of how inflammation affects bone
formation and remodeling. The study may contribute to the development of new
therapeutic approaches for treatment of inflammation-related bone diseases such

as osteoporosis and to promote long-term bone health in aging.
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Abstract: Osteoporosis is a progressive metabolic bone disease characterized by decreased bone
density and microarchitectural deterioration, leading to an increased risk of fracture, particularly in
postmenopausal women and the elderly. Increasing evidence suggests that inflammatory processes
play a key role in the pathogenesis of osteoporosis and are strongly associated with the activation
of osteoclasts, the cells responsible for bone resorption. In the present study, we investigated,
for the first time, the influence of proinflammatory cytokines on the osteogenic differentiation,
proliferation, and metabolic activity of primary human osteoblast-like cells (OBs) derived from the
femoral heads of elderly patients. We found that all the proinflammatory cytokines, IL-18, TNF-,
IL-6, and IL-8, enhanced the extracellular matrix mineralization of OBs under differentiation-induced
cell culture conditions. In the cases of IL-1f and TNF-¢, increased mineralization was correlated
with increased osteoblast proliferation. Additionally, IL-1B- and TNF-&-increased osteogenesis
was accompanied by a rise in energy metabolism due to improved glycolysis or mitochondrial
respiration. In conclusion, we show here, for the first time, that, in contrast to findings obtained with
cell lines, mesenchymal stem cells, or animal models, human OBs obtained from patients exhibited
significantly enhanced osteogenesis upon exposure to proinflammatory cytokines, probably in part
via a mechanism involving enhanced cellular energy metabolism. This study significantly contributes
to the field of osteoimmunology by examining a clinically relevant cell model that can help to develop
treatments for inflammation-related metabolic bone diseases.

Keywords: osteogenesis; osteoblasts; inflammation; proinflammatory cytokines; osteoporosis; prolif-
eration; energy metabolism; osteoimmunology

1. Introduction

Osteoporosis is a metabolic bone disease associated with low bone density due to en-
hanced bone tissue resorption or insufficient tissue formation, resulting in an increased risk
of fracture. It has also been linked to the aging process and to chronic inflammation [1,2].
Chronic inflammatory diseases, such as rheumatoid arthritis and ankylosing spondylitis,
can lead to reduced bone density and osteoporosis [3,4]. In metabolically active bone
tissue, a continuous process called ‘bone remodeling’ occurs, in which old, micro-damaged
bone is replaced by new, structurally stable bone tissue. Healthy bone requires a balance
between the resorption of bone tissue by osteoclasts and the synthesis of new bone mass by
osteoblasts [5]. A number of factors, including cytokines released by bone cells themselves,
and especially during inflammation, can affect this balance. The interaction between bone
metabolism and the immune system is a complex process summarized under the term
osteoimmunology [6]. Cytokines can affect bone metabolism in a variety of ways, thereby
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disrupting the balance between bone resorption and formation. Inflammation is generally
associated with increased bone resorption and metabolic bone diseases [7]. However, the
aging process is also associated with chronic inflammation and can disrupt bone remod-
eling [8]. Mature osteoblasts, which differentiate from mesenchymal stem cells (MSCs),
are required for the formation of new bone tissue. During this differentiation, known
as osteoblastogenesis, cells secrete and mineralize an extracellular matrix (ECM) before
differentiating into osteocytes [9]. Osteoblastogenesis is controlled by several signaling
pathways, including Wnt, Notch, Hedgehog, bone morphogenic protein (BMP), and tumor
growth factor-beta (TGF-f) [10]. Both proinflammatory and antiinflammatory cytokines
can have diverse effects on osteoblastogenesis via different signaling pathways [11].

Proinflammatory cytokines, such as interleukin(IL)-1f and IL-6, as well as the chemokine
IL-8 and tumor necrosis factor-alpha (TNF-&), are often described in the literature as promoters
of bone resorption, but all show ambiguous roles [11,12]. IL-1f can induce osteoblast differen-
tiation through the Wnt signaling pathway [13] and, conversely, inhibit it [14]. IL-6 triggers
osteogenesis but also leads to the inhibition of osteoblastogenesis through downregulation of
BMP signaling [11]. TNF-& inhibits the differentiation and proliferation of osteoblasts [11] but
has also shown paradoxical results in several studies [15]. Similarly to IL-6, IL-8 is secreted by
osteoblasts and is known to have a stimulating effect on the differentiation of osteoclasts [12].
However, IL-8 has also been observed to promote osteogenesis in vivo [16]. Taken together,
these conflicting results reveal a complex and essential role of cytokines in bone metabolism.
It should be noted that the majority of the studies cited summarize results from different cell
models such as human MSCs or adipose stromal cells (ASCs), cell lines such as MC3T3-E1 or
C2C12, or primary murine cells. There is a clear lack of results on the clinically relevant cell
type, bone-forming osteoblasts from human bone tissue. In our study, we isolated primary hu-
man osteoblast-like cells (OBs) from the cancellous bone of human femoral heads to describe,
for the first time, the influence of the proinflammatory cytokines IL-1B, IL-6, IL-8, and TNF-&
during osteogenesis on the matrix mineralization, proliferation, and energy metabolism of
these cells. This study should contribute to a better understanding of the activities of human
bone cells under inflammatory conditions, as further research may lead to new therapeutic
approaches for inflammation-related bone diseases, such as osteoporosis.

1. Results

First, the morphology of the osteoblast-like cells was observed with a light microscope.
The undifferentiated confluent cells predominantly exhibited an elongated shape, although
some cells had a more polygonal or roundish shape (Figure 1A). After seven days of osteo-
genesis, the cell morphology and arrangement in the culture changed notably (Figure 1B).
Instead of the observed elongated shape, the cells became more rounded and formed
regions of increased cellular density. The arrows in Figure 1 mark some roundish-shaped
cells between the elongated-shaped cells as an example.

A .om(day 1) B +o0M(day7)

Figure 1. Cont.
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Figure 1. Morphologies of the osteoblast-like cell cultures. Light microscope pictures (100 X magnifi-
cation, scale bars = 100 pym) of OBs from three different donors seeded at confluency (A) on day 1
(undifferentiated cells) and (B) on day 7 of osteogenesis. The arrows mark roundish-shaped cells as
an example.

1.1. OBs Secreted the Proinflammatory Cytokines IL-6 and IL-8 During Osteogenesis

Within the observed period of 35 days, the relative mineralization of ECM by primary
human osteoblast-like cells (OBs) increased significantly during treatment with osteogenesis
induction medium (OIM) (Figure 2A). Between days 7 and 14, the formation of calcified
areas increased, as evidenced by microscopic and macroscopic observations (Figure 2C).
The increase in mineralization was continuous until day 35. As shown in Figure 2B, the
alkaline phosphatase (ALP) activity of the OBs also increased significantly between day 7
and day 21, and appeared to reach a plateau from this day onwards, until day 35.

During the osteogenesis, we observed a secretion of proinflammatory cytokines
(Figure 2D,E). The measuring points represent values of cytokine secretion within one week
during incubation in OIM. The undifferentiated cells secreted approximately 534 pg/mL
of IL-6 (Figure 2D). A significant decrease in this secretion to about 187 pg/mL was ob-
served on day 7. However, it increased again on day 14 to about the same level as the
undifferentiated cells (day 1), with values between 423 and 507 pg/mL, and did not show
significant changes until day 35. In contrast, IL-8 was barely secreted by undifferentiated
OBs on day 1 (Figure 2E). From day 14 of osteogenesis, IL-8 secretion increased significantly
to about 1275 pg/mL and continued to increase to 1947 pg/mL by day 35. No notable
correlations were observed between the age or gender of the donors and the mineralization,
ALP activity, or IL-6 and IL-8 secretion of the isolated cells (see Supplementary Figures S2
and S3).
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Figure 2. Interleukin (IL)-6 and IL-8 secretion during osteogenesis. The primary human osteoblast-like
cells (OBs) were incubated in osteogenesis induction medium (OIM) for 35 days and (A) mineral-
ization of the extracellular matrix (ECM) was quantified by Alizarin Red S staining (n = 13, four
replicates each), (C) accompanied by example images of corresponding microscope images (100 X
magnification; scale bars = 100 pm) and well plates, and (B) alkaline phosphatase (ALP) activity was
measured every week (n = 6, 4 replicates each). The protein concentration (pg/mL) of (D) IL-6 and
(E) IL-8 in the supernatant was examined by enzyme-linked immunosorbent assay (ELISA) (n = 11,
two replicates). Means with standard deviation (SD) are shown, and all significances were calculated
by Wilcoxon signed-rank test (p < 0.05 (*),p < 0.01 (**),p < 0.001 (***)).

1.1. The Proinflammatory Cytokines IL-1, IL-6, IL-8, and TNF-a Increased the
Mineralization of OBs

Treatment with IL-1P significantly induced the mineralization of the ECM by OBs
at all concentrations (Figure 3A). The mineralization as a sign of the differentiation of
OBs increasing proportionally with increasing concentrations of IL-1f and was already
induced 24-fold at 3.125 units/mL IL-1B compared to the control (OIM without cytokines,
0 units/mL). At the highest concentration of 250 units/mL, the mineralization of the
cytokine-treated OBs was 3648% stronger than that of the control cells. Treatment with
IL-6 and IL-8 also resulted in a trend toward increased cell differentiation independent
of the concentration, but at significantly lower values. The induction by IL-6 was about
356%, and that by IL-8 was about 373% higher compared to the control (Figure 3B,C). Only
the lowest concentration of IL-6 led to a significant effect. The results with the TNF-x
treatment were concentration-dependent, as with IL-1f3, and with high concentrations of
50-250 units/mL, a significant induction of mineralization was measured, with up to 1552%
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higher values compared to the differentiated osteoblasts without cytokine treatment. The
measurement of ALP activity as an early marker of osteogenic differentiation on day 8 and
day 10 showed no significant increase, except for a slight trend in the IL-1B-treated cells on
day 10. The whiskers and boxplots in Figure 3 reflect the natural variability inherent in the
primary cell cultures. Despite this variability, some differences are statistically significant,
underscoring the reliability of these results. No reductions in cell count were observed after
7 or 14 days with the cytokines of any tested concentration (Suppl. Figure S1), suggesting
that the induction of apoptosis by the inflammatory factors is unlikely.
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Figure 3. Effects of IL-1B, IL-6, IL-8, and tumor necrosis factor (TNF)-& on the mineralization of OBs.
The boxplot diagrams illustrate the relative mineralization quantified by Alizarin Red S staining of
OBs (n = 9, four replicates each) incubated for 21 days with the cytokines (A) IL-1B, (B) IL-6, (C) IL-8,
and (D) TNF-x at concentrations ranging from 3.125 to 250 units/mL in OIM, with the corresponding
microscopic images of the calcified nodules (scale bars = 100 pm). Additionally, the ALP activity on
day 8 and day 10 with selected concentrations of IL-1B (250 units/mL), IL-6 (12.5 units/mL), IL-8
(12.5 units/mL), and TNF-& (250 units/mL) is shown (n = 5, four replicates each). The whiskers
representing the minimum and maximum, the median lines, and the means (+) are shown. The
significances refer to the control (0 units/mL) and were calculated by the Wilcoxon signed-rank test
(p £ 0.05 (*),p < 0.01 (**)).

1.1. IL-6 and IL-8 mRNA Expression Were Enhanced by IL-18 and TNF-a

To understand the beneficial impact of cytokines on mineralization, we analyzed
whether the cytokines influence each other’s reciprocal expression. Since we demonstrated
the secretion of IL-6 and IL-8 during osteogenesis (Figure 2), we examined the influence
of the cytokines on the mRNA expression of IL-6 and IL-8. The OBs were treated with
the cytokines in OIM for 21 days. The highest concentrations (250 units/mL) were chosen
for IL-1B and TNF-«, as these induced mineralization with the highest significant levels
(Figure 3A,D). IL-6 and IL-8 were used at a concentration of 12.5 units/mL, as the effect on
mineralization was independent of the concentration (Figure 3B,C).

Treatment with IL-1f significantly increased the mRNA expression of IL-6 with an
8-fold higher mean value (Figure 4A) and the mRNA expression of IL-8 with a 91-fold
higher mean value than the control (Figure 4B). Interestingly, the treatment with TNF-
resulted in an even stronger induction of IL-6 and IL-8. The mRNA expression of IL-6
was increased approximately 26-fold (Figure 4A), and the expression of IL-8 was increased
about 104-fold by TNF-x (Figure 4B). Both IL-1f and TNF-& had a stronger impact on
IL-8 than on IL-6 mRNA expression. The incubation with IL-6 and IL-8 did not affect
their expression.

1.2. IL-1B and TNF-a Enhanced the Cell Count and Proliferation Rate of OBs During Osteogenesis

To analyze the influence of the cytokines on the cell count, the cells were incubated
with or without cytokines in OIM for 21 days, and Dimethylthiazolyl Blue Tetrazolium
Bromide (MTT) assays were performed. Already on day 7, the cell count of the OBs
with IL-1B and TNF-x was significantly higher than the cell count of the control cells
(Figure 5A). At day 14 and day 21, the effect of IL-1B remained significant with a cell
count that was more than 3-fold higher compared to the control cells, but the cell count of
the TNF-o-treated cells tended to be induced at both time points, albeit not significantly
(Figure 5B,C). The cell counts of the OBs treated with IL-6 and IL-8 did not differ from
the control during the observed period (Figure 5D). The examination of the proliferation
rate using a bromodeoxyuridine (BrdU) assay confirmed the results of the MTT assay
(Figure 5E). The OBs treated with IL-1B and TNF-« had significant, more than 2-fold higher,
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proliferation rates over a 48 h incubation period, while IL-6 and IL-8 had no effect. A
comparison of the donors’ ages and the cell counts during osteogenesis with and without
cytokines did not show a significant correlation (Suppl. Figure S4).
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Figure 4. Reciprocal impact of the cytokines on mRNA expression in differentiated OBs. The mRNA
expression of (A) IL-6 and (B) IL-8 was determined upon 21-day incubation of the cytokines IL-18
(250 units/mL), IL-6 (12.5 units/mL), IL-8 (12.5 units/mL), and TNF-& (250 units/mL) in OIM
(n = 10, three replicates). The relative mRNA expression was calculated by the 2-AA Ct method and
normalized on the control cells with 21-day OIM incubation without cytokines (ctrl) of each patient.
The Tukey boxplot diagrams show the median line, and any values that exceed the threshold of the
75th percentile plus 1.5 times the interquartile range are plotted as statistical outliers (m, A). The
significances were calculated by the Wilcoxon signed-rank test (p < 0.05 (*),p < 0.01 (**)).

1.1. IL-1B and TNF-a Had Effects on Mitochondrial and Glycolytic Metabolism of the OBs

No significant difference in basal respiration, adenosine triphosphate (ATP) produc-
tion, or maximal respiration could be measured between the undifferentiated (day 1 control)
and differentiated (day 14 ctrl) OBs (Figure 6A-C). Nevertheless, the oxygen consumption
rate (OCR) of the differentiated OBs (day 14 + OIM) was slightly higher than that of undif-
ferentiated OBs (day 1) throughout the assay (Figure 6D). Notably, treatment with TNF-&
resulted in a significant 167% higher induction of basal respiration and significantly higher
ATP production, of 166%, in the OBs compared to the day 14 control. However, there was
no significant increase in maximum respiration. The treatments with the other cytokines,
IL-1B, IL-6, and IL-8, did not result in significant changes (Figure 6A-C). The inductive
effect of TNF-& on OCR was observed throughout the course of the assay (Figure 6D).
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Figure 5. Impact of proinflammatory cytokines on the cell count and proliferation rate. The cell count
of OBs incubated with the cytokines IL-1B (250 units/mL), IL-6 (12.5 units/mL), IL-8 (12.5 units/mL),
and TNF-& (250 units/mL) in OIM on (A) day 7, (B) day 14, and (C) day 21 of osteogenesis was
determined by Dimethylthiazolyl Blue Tetrazolium Bromide (MTT) assay. The mean with SD is
shown. The diagram in (D) summarizes the observed period from day 7 to day 21 (n = 8, four
replicates each); the mean with SEM is shown. All data were normalized for the control (OIM without
cytokines) on day 7 from each patient. (E) The cell proliferation rate over 48 h was measured by
bromodeoxyuridine (BrdU) assay (n = 6, four replicates each). The data were normalized for the
control (OIM without cytokines) from each patient, and the mean with SD is shown. The significances
were calculated by the Wilcoxon signed-rank test (p < 0.05 (*)).

The glycolysis of the differentiated OBs (day 14 ctrl) was significantly inhibited by
about 60% compared to the undifferentiated OBs (day 1 ctrl). Interestingly, the cells treated
with IL-1B showed a tendency to increase glycolysis and glycolytic reserve, although
these changes were not statistically significant. The IL-1B-treated cells had a 194% higher
glycolytic rate than the differentiated OBs without cytokines. TNF-, IL-6, and IL-8 did
not affect glycolysis compared to the day 14 control, but IL-6 and IL-8 tended to inhibit the
glycolytic reserve (Figure 7A,B). This parameter defines the ability of the cell to respond
to energy demand and is therefore a parameter of how close the glycolytic rate is to the
theoretical maximum of the cell [17]. This is mimicked in the assay by the addition of
oligomycin. The treatment with IL-1B induced significantly the non-glycolytic acidification,
by 189%, compared to the day 14 control (Figure 7C). The increased basal extracellular
acidification rate (ECAR) and the induced response to glucose of the IL-1B-treated OBs
are shown in Figure 7D. Over the entire course of the assay, the ECAR of the IL-1B-treated
cells was higher than those observed in the differentiated cells without cytokines and in
the undifferentiated cells (day 1).
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Figure 6. Impact of proinflammatory cytokines on the mitochondrial oxidative phosphorylation
during osteogenesis. The (A) basal respiration, (B) adenosine triphosphate (ATP) production, and

(€) maximal respiration were determined by Seahorse Cell Mito Stress Tests (Agilent). (D) All
measurement time points of the assay for day 1, day 14 + OIM, and day 14 with OIM and TNF-&
with the injection of assay reagents are shown. The OBs’ oxygen consumption rate (OCR) was

measured on day 1 of osteogenesis (n = 16), and on day 14 without (n = 9) and with the cytokines
IL-1PB (250 units/mL; n = 5), IL-6 (12.5 units/mL; n = 4), IL-8 (12.5 units/mL; n = 4), and TNF-x
(250 units/mL; n = 5). All experiments were performed with at least 10 technical replicates. The
significances were calculated by the Mann-Whitney U test (p < 0.05 (*), p < 0.01 (**)).
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Figure 7. Impact of proinflammatory cytokines on glycolysis during osteogenesis. The (A) glycolysis,

(B) glycolytic reserve, and (C) non-glycolytic acidification were determined by the Seahorse Glycolysis
Stress Test (Agilent). (D) All measurement time points of the assay for day 1, day 14 + OIM, and
day 14 with OIM and IL-1B with the injection of assay reagents are shown. The OBs’ extracellular
acidification rate (ECAR) was measured on day 1 of osteogenesis (n = 8), and on day 14 without (n = 10,
and with the cytokines IL-1f (250 units/mL; n = 6), IL-6 (12.5 units/mL; n = 6), IL-8 (12.5 units/mL;
n =6),and TNF-& (250 units/mL; n = 6). All experiments were performed with at least 10 technical
replicates. The significances were calculated by the Mann-Whitney U test (p < 0.05 (*), p < 0.01 (*¥)).

1. Discussion

In the present study, we demonstrate, for the first time, the effects of proinflammatory
cytokines on mineralization, proliferation, and energy metabolism in primary human
osteoblast-like cells as a cell model. We found that the cells secreted IL-6 and IL-8 during
the process of osteogenesis and that treatment with IL-1f and TNF-« enhanced the mRNA
expression of these cytokines. Interestingly, we observed that all the cytokine treatments for
21 days, especially IL-1B and TNF-, led to increased osteogenesis. This was demonstrated
by increased mineralization of the cells in the presence of ALP activity. At the same time,
the cytokines had different effects on the proliferation and energy metabolism of the OBs.

It is known that cytokines significantly influence the differentiation of osteoclasts
and osteoblasts. The cytokines TNF-«, IL-1, IL-6, and IL-8 are generally considered to
be osteoclastogenic, as they promote osteoclast differentiation and, thus, contribute to
increased bone resorption [18]. However, previous studies on the effect of cytokines on
osteoblast activity are ambivalent, and the impact likely depends on the concentration used
and the cell model studied [11,12,15,16]. Although TNF-& is predominantly described as an
inhibitor of osteogenesis [11], there are studies showing a positive effect on osteogenesis [15].
Similarly, IL-1f and IL-6 have been described as both positive and negative regulators
of osteogenesis [11]. IL-8 is known to be produced by both osteoblasts and osteoclasts,
but its effect on osteogenesis has not been well studied [12]. To contribute to a better
understanding of these contradictory findings in different cell models, such as primary
murine cells, cell lines such as MC3T3-E1 or C2C12, and human MSCs or ASCs, we tested
the effect of cytokines on the more clinically relevant cell model, primary human OBs
isolated from femoral heads of patients without osteoporosis, to investigate the baseline
cellular behavior of cells from patients with healthy bone mass.

The observed IL-8 secretion during osteogenesis confirms findings with MSCs, in
which IL-8 secretion also increased during differentiation into mature osteoblasts [19]. As
observed in bone marrow mesenchymal stromal cells (BMSCs) and other cell types, we
also confirmed the induction of IL-8 and IL-6 mRNA expression by TNF-& and IL-1B
in OBs [20-22]. IL-8 seems to play an important role in osteogenesis and is significantly
induced by other cytokines during inflammation. This could partly explain the observed in-
crease in mineralization by TNF-& and IL-1 if they simultaneously induce other cytokines
that promote mineralization, such as IL-8, albeit to a much lower extent. Thus, a combined
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cytokine effect could lead to enhanced cell differentiation, as observed with IL-1B and
TNF-. It would be interesting to study the combined effect of different proinflammatory
cytokines to see whether an induction of mineralization would occur at an earlier stage.
Interestingly, the increase in mineralization by the cytokine treatment did not correlate
with an increase in ALP activity. It is conceivable that cytokine-induced mineralization
occurs independently of ALP, or that it is indeed ALP-dependent but does not necessitate
an increase in ALP activity to sustain this process. Ferreira et al. (2013) showed com-
parable results following the induction of the mineralization of human MSCs by IL-1f.
Furthermore, the inhibition of ALP was shown to reverse the effect of IL-1f, leading to the
conclusion that ALP is mandatory for matrix mineralization, but increased ALP activity is
not necessary for the induction of enhanced mineralization [23]. Since we measured ALP
activity simultaneously with mineralization, we assume enhanced osteogenesis of the cells.
Parallel to autocrine effects, IL-8 secretion during osteogenesis could also have paracrine
functions in bone cell communication, as it has been described as an osteoclastogenic cy-
tokine [20]. In addition to osteoclasts, osteal macrophages (osteomacs) also play an impor-
tant role in the bone remodeling process and regulate osteoblast function [24]. Macrophages
also have high IL-8 receptor expression, and their proinflammatory cytokine production is
enhanced by IL-8 [25]. While we observed a positive effect of cytokines on osteogenesis
in an osteoblast culture, the induction of osteoclastogenesis could be mediated by the
osteoblasts themselves through IL-8 secretion in vivo, particularly in an inflammatory
environment with TNF-« and IL-1P. In future studies, it will be important to investigate
whether the increased activity of osteoclasts induced by cytokines impairs the induction of
osteoblast activity, as observed here, and whether bone resorption occurs at a faster rate
than bone synthesis. The use of osteoblast and osteoclast cocultures could be used to further
investigate the communication between bone cells under inflammatory conditions [26].

During differentiation, downregulation of OB proliferation would be expected, with
mature osteoblasts secreting the ECM and subsequently initiating mineralization [9,11].
However, our findings show that IL-1f and TNF-« significantly induce both cell prolifera-
tion and mineralization. Despite generally negative effects on osteogenic differentiation,
these cytokines have previously been shown to have positive effects on the proliferation of
osteogenic lineage cells [27-29]. The observed increase in proliferation rate due to IL-1
and TNF-& treatment is a possible explanation for the stronger induced mineralization
compared to IL-6 and IL-8 treatment, as the higher cell count on day 21 could contribute to
this effect.

Due to hormonal differences in donor sex and physical changes with age, we analyzed
whether there were differences in osteogenesis or cytokine expression in OB cultures. When
analyzing the correlation between age and the observed results, the cells of the middle age
group (60-70 years) showed a decreased rate of mineralization during late osteogenesis
compared to the oldest group (>70 years), while the other age groups (<60 years and
>70 years) showed no statistically significant differences (Suppl. Figure S2). However, there
was no effect on ALP activity. In addition, the cells from the middle age group had the
lowest levels of IL-6 and IL-8 secretion, albeit not to a significant degree, and showed the
least influence of cytokines on cell count during osteogenesis (Suppl. Figures S3 and S4).
To confirm these observations, it would be necessary to include more donors in the study,
thus increasing the size of the groups. The same applies to the comparison of donor sex,
in which a slight but non-significant tendency towards higher mineralization and ALP
activity in cells from female donors compared to male donors, as well as higher IL-6 and
IL-8 secretion during osteogenesis, was observed (Suppl. Figures S2 and S3).

During osteogenesis and the formation and mineralization of the ECM, osteoblasts
have an increased energy demand, which is provided at various stages of osteogenic differ-
entiation through different metabolic pathways. Therefore, metabolic changes occur during
osteogenesis, primarily involving oxidative phosphorylation (OXPHOS), glycolysis, or the
tricarboxylic acid (TCA) cycle [30,31]. These changes depend on the cell model studied
and the timing of measurements during differentiation, with multiple switches between
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the major energy sources likely occurring throughout this process. Undifferentiated MSCs
prefer glycolysis and increase the rate of oxygen consumption by activated OXPHOS after
14 days of differentiation, whereas in murine calvarial osteoblasts, both pathways increase
during early differentiation [32,33]. In the murine osteoblast cell line MC3T3-E1, an increase
in glycolysis was observed at day 21 of differentiation, while OXPHOS was decreased
compared to undifferentiated cells [34]. The present study did not detect any changes in
OXPHOS at day 14 of differentiation in the OBs, but glycolysis was significantly inhibited
compared to the undifferentiated control. Furthermore, treatment with IL-1f and TNF-«,
both significant inducers of osteogenesis in OBs, also altered energy metabolism by increas-
ing the ATP demand of the cells. The significant increase in OXPHOS by TNF-x suggests
a slightly more mature differentiation phase compared to control cells not treated with
cytokines. A significant increase in OXPHOS could also lead to the generation of excessive
reactive oxygen species, possibly mitigated by a subsequent switch to glycolysis during
the late matrix mineralization phase [33]. IL-1pB, on the other hand, tended to increase
glycolysis and significantly increased non-glycolytic acidification, which could indicate the
use of the TCA cycle or glycogenesis [35]. This may suggest an even later differentiation
phase of OBs, aligning with the increased mineralization observed with IL-1f treatment.

The partially divergent effects of these cytokines on osteoblast ATP production may
activate distinct signaling pathways, despite the fact that they all lead to increased cell
differentiation. A key signaling pathway involved is the p38 MAPK pathway, which
mediates the increase in IL-6 production in osteoblasts and chondrocytes in response to
IL-1B and TNF-x [36]. In human MSCs, it has also been shown that IL-1f can induce
their osteogenic differentiation after 10 days via the Wnt-5a/Ror2 signaling pathway, but
it can also induce specific miRNA, which in turn leads to the repression of B-catenin
expression, thus inhibiting Wnt-driven osteogenesis [13,14]. These are just a few examples
of cytokine-induced signaling pathways that target osteogenic differentiation. Future
studies should prioritize the investigation of the underlying signaling pathways that
regulate mineralization under inflammatory conditions. This may clarify the discrepancies
observed in the current research and facilitate a deeper understanding of the mechanisms
underlying inflammatory bone diseases such as osteoporosis. This study shows that energy
metabolism and increased ATP production may play an important role in cytokine signaling
and osteogenesis.

The differences in the effects of IL-1B, TNF-, and IL-6 on the OBs’ differentiation could
be relevant regarding anti-cytokine therapies, which are commonly used in the treatment
of chronic inflammatory diseases such as RA. IL-1B, TNF-&, and IL-6 have stimulatory
effects on osteoclast differentiation and bone resorption [18]. This observation aligns with
the effectiveness of anti-TNF-& and anti-IL-6 therapies. Monotherapy with tocilizumab, an
antibody against the IL-6 receptor, as well as an antibody against IL-1Ra, has been shown to
inhibit the progression of structural joint damage in RA patients [37]. Similarly, treatment
with anti-TNF-& (infliximab) in RA patients led to the arrest of spine and hip bone loss
with a decrease in bone resorption markers like RANKL [38]. Additionally, Infliximab has
also been shown to inhibit IL-1B and IL-6 gene expression in the human osteosarcoma
cell line MG-63 [39]. Based on the findings in this study, blocking cytokines, particularly
IL-1B and TNF-&, may not only inhibit osteoclastogenesis, but could also potentially limit
osteoblast-driven matrix mineralization. To address this, combination therapies with bone
anabolic agents that promote bone formation may be beneficial, reducing bone resorption
without inhibiting bone formation.

It is acknowledged that this study is not without limitations. Measuring energy
metabolism or mRNA expression at specific time points during osteogenesis might miss
important changes in cells. Although working with human primary cells is valuable,
these cells are derived from patients who have suffered a fracture or had coxarthrosis
prior to isolation, implying an inflammatory preload and increasing the risk of sampling
bias. It should be noted that osteoarthritis (OA) has a significant impact on bone health.
Increased expression of cytokines in chondrocytes, along with the degradation of cartilage
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matrix proteins and other factors, also has an influential impact on bone cells [40]. This
could potentially affect the results obtained with primary cells from OA patients, possibly
leading to the observed variability between donor cells. It is also noteworthy that among
the OA donors, there were a few cell cultures with a low response to cytokines on ECM
mineralization. However, due to the relatively small number of donors, it was not possible
to identify a pattern that could be attributed to donor OA status. The variability observed
could have been due to individual differences between the patients’ medical histories,
which requires further investigation. Moreover, it is important to recognize that OA
and fractures involve disparate inflammatory responses, with OA being marked by a
chronic low-grade inflammatory process, whereas fractures trigger an acute inflammatory
reaction that reaches its peak within the initial 24 h following the injury [41,42]. This
temporal and qualitative difference in inflammation may lead to phenotypic and functional
differences in cells derived from these patients. However, due to relatively small sample
sizes and inherent variability between patients, including age and medication use, it
remains challenging to investigate the effects of chronic versus acute inflammation on
human osteoblast function. To minimize the potential for bias related to pathological
bone conditions, patients with normal bone density, as determined by DXA, indicating
a normal balance of bone remodeling, were selected for inclusion in this study. Further
studies comparing osteoblasts from OA and fracture patients would be necessary to better
understand the specific impact of different inflammatory conditions. Individual variations
among patients due to previous illnesses, age, and medication intake can also occur and
cannot be avoided with a relatively small patient sample size. Despite using an established
isolation method for primary osteoblast cultures, contamination by other bone cells and
their precursors, such as osteomacs, cannot be entirely ruled out and could influence
osteoblast activity [24]. To maintain a pure cell population, only low-passage cells were
used. Finally, it is important to note that these were in vitro studies with 2D cell cultures.
In vivo, cells interact with a matrix and other cells that are not present in cell culture. They
are also exposed to mechanical loading in vivo, which can alter their response to cytokines.
It was shown that IL-1 coupled with mechanical load caused less ECM degradation of
bovine articular cartilage than IL-1 alone [43]. The nitric oxide release induced by IL-1p in
primary chondrocytes was also suppressed by additional mechanical loading [44]. Thus,
the results observed here cannot be directly transferred to 3D systems, and follow-up
studies are required. Although the cells were treated with cytokines for 21 days, this period
may not be sufficient to mimic the chronic inflammation seen in patients with osteoporosis.
Future studies should compare OBs from the non-osteoporotic patients studied here with
cells from osteoporotic patients exposed to a chronic inflammatory environment.

The partly contradictory results in the literature show the complexity of the regulation
of bone remodeling and the necessary communication of bone cells, and probably depend
on the cell model investigated and the experimental conditions. While most studies report
negative effects of proinflammatory cytokines on hMSCs’ differentiation to osteoblasts, our
results show that cytokines can promote the osteogenesis of mature osteoblasts under the
selected conditions. Primary human OBs provide a realistic and clinically relevant model to
study the effects of cytokines on bone metabolism. This study improves our understanding
of the complex interplay between inflammation and the development of osteoporosis.
Further research in this area could pave the way for new therapeutic strategies to prevent
and treat inflammation-related metabolic bone diseases.

1. Materials and Methods
1.1. Materials

The cell culture materials were obtained from Sarstedt AG & Co. KG (Niimbrecht,
Germany). Unless otherwise specified, all other materials and reagents were obtained from
Merck KGaA (Darmstadt, Germany).
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1.1. Bone Material, Ethics Approval, and Patient Information

The isolation and use of primary human osteoblast-like cells (OBs) was approved by
the local Research Ethics Committee of the Heinrich Heine University Disseldorf (Study
No. 5585R). The patients had given written consent and had undergone arthroplasty
due to osteoarthritis or fracture at the Clinic for Orthopedic and Trauma Surgery at the
University Hospital of Diisseldorf (Germany). The bone density of each patient’s spine (L1-
L4) and proximal femur was quantified by dual-energy X-ray absorptiometry (DXA).
Femoral heads from patients with t-scores > —2.5 (non-osteoporotic) [45], acquired during
surgery, were included in this study and stored in phosphate-buffered saline (PBS) with
1% penicillin/streptomycin (Pen/Strep) by PAN-Biotech GmbH (Aidenbach, Germany). A
total of 28 patients (20 female, 8 male) with a mean age of 66 years (SD = 12.4) and a range of
31 to 88 years were included in this study. A detailed list of age, sex, condition, medications,
and experiments in which the donor cells were used is provided in the Supplementary
Materials (Supplementary Table S1).

1.2. Isolation of Human Osteoblast-like Cells

In order to isolate the OBs from the femoral heads, the cancellous bone was scraped out.
The bone pieces were thoroughly rinsed with Dulbecco’s Modified Eagle Medium (DMEM),
high-glucose (Gibco® by Life Technologies™, Carlsbad, CA, USA), and 1% Pen/Strep.
They were then placed in a Falcon tube with 2.5 mg/mL collagenase type IV (Gibco® by Life
Technologies™, Carlsbad, CA, USA), dissolved in OB growth medium. The bone pieces
were digested for 2.5 h at 37 °C and the supernatant containing the cells was transferred to
a new Falcon tube. After centrifugation at 400 X g for 5 min, the supernatant was discarded

and the cells were resuspended in OB growth medium and seeded into a T75 cell culture
flask [46,47].

1.3. Cell Culture

The OB growth medium was composed of DMEM, high-glucose, with 10% fetal
bovine serum (FBS), 1% Pen/Step, and 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) solution. The osteogenesis induction medium (OIM) consisted of DMEM,
high-glucose, 10% FBS, and 1% Pen/Strep, with the addition of 50 pM L-ascorbic acid
2-phosphate, 10 mM B-glycerophosphate disodium salt hydrate, and 500 nM dexam-
ethasone [47,48]. The recombinant human cytokines IL-1f (1 unit/mL = 1 pg/mL), IL-
6 (1 unit/mL = 100 pg/mL), IL-8 (1 unit/mL = 10 ng/mL), and TNF-& (1 unit/mL =
50 pg/mL) were obtained from Peprotech (Hamburg, Germany). The cells were maintained
in a humidified chamber at 37 °C with 5% CO-.

1.4. Alizarin Red S Staining

The Alizarin Red S staining method was employed to quantify the calcium phosphates
present in the mineralized ECM [49]. In 24- or 48-well plates, OBs were seeded at confluency
and were treated with OIM for up to 35 days and with cytokines for 21 days to induce
differentiation. For the Alizarin Red S stain, the cells were fixed with 4% formaldehyde for
15 min, followed by two washes with PBS. Subsequently, the cells were incubated with the
2% Alizarin Red S mono sodium salt staining solution for 20 min at 37 °C. Following several
washes with deionized water, images of the wells were captured. The stain was redissolved
with 10% (1-Hexadecyl)pyridinium chloride monohydrate (CPC; Thermo Fisher Scientific
GmbH, Karlsruhe, Germany) for approximately 1 h in a shaker. The absorption of the dye,
indicative of the mineralized ECM, was determined photometrically (0OD600).

1.5. Extracellular ALP Activity

To determine the extracellular activity of alkaline phosphatase (ALP), the OBs were
seeded in confluency in 48-well plates. The cells were treated with OIM for a period of
up to 35 days or with cytokines for 10 days. To remove any residual medium, the cells
were washed with PBS. This was followed by the addition of 750 YL of the ALP substrate
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p-nitrophenyl phosphate, and the plates were incubated at 37 °C for 10 min. The substrate’s
conversion to yellowish p-nitrophenol by active ALP was determined in a photometer at a
wavelength of 405 nm [50].

1.1. Quantification of Cytokines in Cell Supernatants by Enzyme-Linked Immunosorbent
Assay (ELISA)

For the quantification of secreted cytokines, the OBs were seeded in 6-well plates.
Upon reaching confluency, the medium was first replaced with OB growth medium, which
was collected after 6 days for the ‘day 1’ sample. This was followed by starting the
induction of the OB differentiation by incubation in OIM for up to 35 days. The supernatant
containing the secreted proteins was collected every week and replaced with fresh OIM.
The cytokine concentrations were determined by photometric measurement using the
sandwich ELISA DuoSet® Human IL-6 ELISA and DuoSet® Human IL-8/CXCL8 ELISA
with the DuoSet® Ancillary Reagent Kit 2 by R&D Systems (Minneapolis, MN, USA). The
tests were performed according to the manufacturer’s instructions.

1.2. Real-Time qPCR

In 6-well plates, the OBs were seeded at confluency and incubated in OIM with and
without cytokines for 21 days. Total cell RNA was isolated after lysing the cells using
the RNeasy® Mini Kits (QIAGEN N.V., Hilden, Germany). The RNA was converted into
cDNA using the Omniscript® RT Kits (QIAGEN N.V., Hilden, Germany). RT-qPCR was
performed in triplicates using the Power SYBR® Green PCR Master Mix (Thermo Fisher
Scientific GmbH, Karlsruhe, Germany) with 10 ng cDNA for IL-6 and 1 ng cDNA for IL-8
in a 25 pL PCR reaction with a 7300 Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA). For the determination of mRNA expression, primer concentrations of 0.2 pyM for
IL-6 and 0.4 pM for IL-8 were used. Transferrin receptor 1 (TFRC) was used as the reference
gene for normalization. The forward and reverse primer sequences are listed in Table 1.
The 2-AA Ct method was employed for the calculation of relative mRNA expression [51].

Table 1. List of RT-qPCR Primers.

Target Gene Forward Primer (5'->3’) Reverse Primer (5'—>3') Product Length
IL-6 TCCAGTTCCTGCAGAAAAAGGCAA TGGTTCTGTGCCTGCAGCTT 100
IL-8 CCACCGGAAGGAACCATCTCAC CCTTGGCAAAACTGCACCTTCAC 114
TFRC TTCAGGTCAAAGACAGCGCTCA CTATACGCCACATAACCCCCAGG 100

1.3. MTT Assay for Cell Count Quantification

Dimethylthiazolyl Blue Tetrazolium Bromide (MTT) assays were performed to quan-
tify cell count, with a starting cell number of 7.5 X 102 OBs per well in 96-well plates.
After 24 h, the cells were treated with and without the cytokines in OIM for up to 21 days.
Ondays 1, 7, 14, and 21, the yellowish MTT was added to the cells in growth medium
(0.5 mg/mL) and incubated at 37 °C for 2 h. Viable cells converted the MTT into purple
formazan, which was redissolved with dimethyl sulfoxide (DMSO) [52]. The absorbance
was measured photometrically at 540 nm.

1.4. BrdU Assay for Cell Proliferation Rate

The proliferation rate of the cells was examined using the colorimetric bromod-
eoxyuridine (BrdU) kit, manufactured by Roche Holding AG (Basel, Switzerland). In
total, 2 X 10* OBs per well were seeded in a 48-well plate. After 48 h of resting time, the
cells were treated with OIM in the presence or absence of cytokines with the addition of 10
UM BrdU labeling solution. Following a 48 h incubation period with the cells at 37 °C, the
cells were fixed by incubation in FixDenat™ for 30 min. Subsequently, the anti-BrdU-POD
working solution was incubated for 90 min. After 15 min of TMB substrate incubation, its
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conversion was stopped by adding 1 M sulphuric acid, followed by the measurement in
the photometer at 450 nm.

1.1. Seahorse Assay: Evaluation of Oxygen Consumption Rate (OCR) and Extracellular
Acidification Rate (ECAR)

For the metabolic assays, all materials were purchased from Agilent Technologies, Inc.
(Santa Clara, CA, USA), and the tests were performed according to the manufacturer’s in-
structions, unless otherwise noted. In total, 1.5 X 10 OBs per well were seeded in a 96-well
cell culture microplate and after 24 h, the treatment with and without cytokines in OIM was
started for 14 days. Oxidative phosphorylation (OXPHOS) was quantified using the Sea-
horse XF Cell Mito Stress Test Kit (CMST), and glycolysis was quantified using the Seahorse
XF Glycolysis Stress Test Kit (GST). Before measurement, cells were incubated in Seahorse
XF Base Medium with 2 mM L-glutamine (Gibco® by Life Technologies, Carlsbad, CA, USA)
for 30-60 min without COz at 37 °C. The following concentrations of the reagents were used:
1 pyM oligomycin, 1 pM carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazone (FCCP),
and 1 pM rotenone/antimycin A for the CMST, and 10 mM glucose, 1 pM oligomycin, and
50 mM 2 deoxy-D-glucose (2-DG) for the GST. The oxygen consumption rate (OCR) and
the extracellular acidification rate (ECAR) were measured using a Seahorse XFe96 analyzer,
and Seahorse Wave Desktop Software (Version 2.6.3) by Agilent Technologies, Inc. (Santa
Clara, CA, USA) was used to evaluate the data. After the measurement, the cells were
stained for 5 min with 1:1000 diluted Hoechst, and the fluorescence intensity was measured
(excitation: 361 nm, emission: 486 nm) to normalize the data to the cell count.

1.2. Microscopic Images

The microscopic images in Figure 1 were taken with the BZ-X810 microscope by
Keyence Corporation (Osaka, Japan), and the images in Figures 2 and 3 were taken with the
Axiovert 2000 microscope by Carl Zeiss AG (Oberkochen, Germany) at 100 X magnification.

1.3. Statistics

The statistical analyses were performed using the GraphPad PRISM 8 software (Boston,
MA, USA). The data were treated as non-parametric. Therefore, the Wilcoxon signed-rank
test was used for the statistical analysis of paired data, and the Mann-Whitney U test was
used for unpaired data. p-values lower than 0.05 were considered statistically significant.
Details on the respective biological and technical replicates performed are provided in the
corresponding figure caption.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252212358/s1.
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Supplementary Table S1: Information about the donors involved in the study, including age,

sex, condition, medications, and the list of the experiments in which the donor cells were used.

age | sex | condition medication experiments
Cotrimoxazol, Carvedilol, Pantoprazol,
1 70 f coxarthrosis | Torasemid, Digitoxin, Xipamid, ASS, Prednisolon, A, CD,S
Trospiumchlorid, Sevelamer, Levemir
Allopurinol, Ferrosanol, Estradiol, Lansoprazol,
Metformin, Doxepin, Gabapentin, Circadin,
2 8 f coxarthrosis Atorvastatin, Fols'eiire, Torafemid, Doxazosin, A GDH
Eliquis
. ASS, Atorvastatin, Metoprolol, Ramipril, HVT,
3 78 f coxarthrosis Lercanidipin, gantoprazol F ADH
Amiodaron, Candecor, Nebivolol, Nexium, L-
4 “ f fracture Thyroxin, Simvastatin, Spiolto, Eliquis, Torasemid A-H
5 54 f coxarthrosis ASS, Omeprazol, Zanipress A,C, D, E H
6 56 | m | coxarthrosis A, B, CEH
7 88 m fracture Marcumar, Fe;‘?;aa;?zlglilcoaité;u;ol, Amlodipin, A CD,EH
8 70 | m | coxarthrosis A,CDEH
L-Thyroxin, Ramipril, Atorvastatin, Metohexal,
Dostinex, Pantoprazol, Mirtazapin, Ergenyl
? 78 | m fracture Chrono, Amlodipirli), Hydrocortisoi, Tamfubi,ock, AE
Duo, Spasmex, Macrogol, Restex
10 7 ¢ coxarthrosis Lercanidipin, Metohexal, Opipramol, Simvahexal, A,D,EF
Candesartan, Torem G H,I
11 55 f coxarthrosis Amlodipin, Doxepin, Pantozol, Lisihexal A,CE
12 | 60 f coxarthrosis A B}'LCI'II;' G
Amiodaron, Atorvastatin, Metoprolol, Apixaban, ABD.F
13| 79 | m fracture ASS, Torasemid, Spironolacton, Foster Spray, ! I—’I I, !
Tamsulosin, Allopurinol, Zopiclon, EPO !
14 | 66 f coxarthrosis Ramipril, Amlodipin, Triamtorem/HCT B, F
15 | 57 f coxarthrosis B,G H,]
16 57 f coxarthrosis CEH
17 67 | m coxarthrosis Enalapril C,D,H,S
18 | 50 | f | coxarthrosis Pant"plr_?é%’x %‘;};ff;ﬁ’g;{‘rlgﬁ;gﬁfpmkﬂ' CFGHI
19 64 | m coxarthrosis E
Amiodaron, Candecor, Nebivolol, Nexium, L-
2 77 f fracture Thyroxin, Simvastatin, Spiolto, Eliquis, Torasemid E
21 69 f coxarthrosis Pantoprazol, L-Thyroxin, Valsartan, Spasmex F, H I
2 | 31 f coxarthrosis GH,I]J
23 | 55 f coxarthrosis Amlodipin, Doxepin, Pantozol, Lisihexal B,F 1
o 77 ¢ fracture Marcumar, ASS, Ami.odaronf Bi.soprolol, Pantozol, F,G H I
Rosuvastatin, Ezetimib, Azopt
Xarelto, ASS, Metoprolol, Ramipril, Torem,
25 63 m fracture Simvastatin, Citalopram, Mirtazaptin, Foster I
Spray
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ASS, Ramipril, Pantozol, Torasemid,
26 53 f coxarthrosis Spironolacton, Metoprolol, Digitoxin, 1
Lercanidipin, Atorvastatin
27 | 65 f coxarthrosis N.A. ]
28 | 81 f coxarthrosis N.A. ]
Only included in supplemental results (Fig. 2)
9 | o7 ¢ coxarthrosis Amlodipi.n, Fols§n, Novalgin, Ramipr.il, Tilidi.n, S
Torasemid, Zopiclon, Paracetamol, Tinzaparin
Experiment legend:
A mineralization (Fig. 2 A)
B ALP activity (Fig. 2 B)
C IL-6/IL-8 secretion (Fig. 2 D/E)
D mineralization with cytokines (Fig. 3)
E IL-6/IL-8 mRNA expression (Fig. 4)
F cell count with cytokines during osteogenesis (Fig. 5 A-D)
G proliferation rate with cytokines (Fig. 5 E)
H oxidative phosphorylation (Fig. 6)
I glycolysis (Fig. 7)
J ALP activity with cytokines (Fig. 3)
S cell count with cytokine concentrations in Supplements (Suppl. Fig. 1)

40



p.4of 6

>
w

1
o
1
-
o
]

= day7 ’ =1 day7
£ 2.0 B day14 2 0.8 = day 14
['rd w0
8 15 8 s
‘g €
3 1.0 3 0.4+
o Q
3 0.5 8 0.2+
0.0- 0.0-

VBB O DD O b DD O DA DB DD O 5D DD D
WS SP SEP Sf WO S Sbe? O
+IL-1B [unitsiml] + IL-6 [units/ml]
0.8 1.5
O day7 0 day 7
g Bl day14 8 B day 14
5 0.6 =
o 2 1.0
e e
= 0.4 b
= =1
8 8 0.5
3 0.2 3
o o
0.0 0.0-
VBB OB D O b b DB DD BDD O b B S
SESE PSSP S S S SWhe® S
+ IL-8 [units/ml] + TNF-u [unitsiml]

Supplementary Figure S1: Influence of the applied concentrations of the cytokines (A) IL-1f3,
(B) IL-6, (C) IL-8, and (D) TNF-a (see Figure 2) on the cell count (n = 3), determined by MTT
assay.
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Supplementary Figure S2: Influence of donor age and sex on mineralization and ALP activity
of osteoblast-like cells in vitro. (A) The results of Fig. 2 A were divided into three age
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and female (n = 8). (B) The results of Figure 2 B were divided into three age groups, < 60 years
(n=3), 60 - 70 years (n = 2), and > 70 years (n = 1), and by sex: male (n = 2) and female (n = 4).
Mean with SD is shown and Mann-Whitney U tests were performed (p < 0.05 (*)).
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Supplementary Figure S3: Influence of donor age and sex on IL-6 and IL-8 secretion of
osteoblast-like cells in vitro. The results of (A) IL-6 secretion in Fig. 2 D and (B) IL-8 secretion
in Fig. 2 E were divided into three age groups, <60 years (n =5), 60 — 70 years (n =4), and > 70
years (n =2), and by sex: male (n = 4) and female (n =7).
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Supplementary Figure S4: Influence of donor age on the cell count during osteogenesis with
and without cytokine treatment of osteoblast-like cells in vitro. The results of Fig. 5 A-C were
divided into three age groups, <60 years (n =2), 60 — 70 years (n = 3), and > 70 years (n = 3).
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3. Supplementary Material and Methods and Results

3.1. Supplementary Materials and Methods

3.1.1. Materials
3.1.1.1. Cells

The human BMSCs used in this work were purchased from the Unfallchirurgische
Klinik at the Medizinische Hochschule Hannover (Univ.-Prof. Dr. med. Christian
Krettek). All BMSCs used in this work were classified by FACS and tested positive

for osteogenic, adipogenic, and chondrogenic differentiation potential.

The human fetal osteoblast cell line hFOB 1.19 (CRL-3602™) was purchased from
ATCC® (Manassas, VA, USA). The cells were immortalized by the transfection with a
temperature sensitive expression vector (pUCSVtsA58) with the SV40 large
T antigen and a neomycin (G418) resistance expression vector (pSV2-neo). The cells

are characterized by the expression of alkaline phosphatase.
3.1.1.2. Oligonucleotides for qPCR

Except for CollaZ (Collagen type I o 2 chain), which was purchased by OriGene
Technologies, Inc. (Rockville, MD, USA), the primer sequences were self-designed.
The web-based tool Primer-BLAST by NCBI (Bethesda, MD, USA) was used to find
suitable primers for the target genes (see Table 3.1). Primers were then selected to
be as comparable as possible in terms of PCR productlength (between 100 - 130 bp)
and melting temperature (62 - 64 °C). In addition, exon-exon junction spanning
primers with low GC content (< 60%) were selected if possible. Each primer pair
was then tested for non-specific binding in the agarose gel and the most efficient
concentration of primers and cDNA for each was tested in qPCR. All qPCR analyses
were performed in triplicates and outliers (deviation > 0.5) were removed from the

analysis.
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Table 3.1: List of primers used for qPCR.

Forward Primer Reverse Primer  Product
Target Gene
(5’->3’) (5’->3’) Length
ALP GCAGGCAGCTTGAC GCATGGGGGCCAG 121
(Alkaline phosphatase) CTCCTC ACCAAAG
Colla2 CCTGGTGCTAAAGG ATCACCACGACTT 135
(Collagen type I a 2 chain) AGAAAGAGG CCAGCAGGA
Runx2
AGTGGACGAGGCAA TGTCTGTGCCTTC
(Runt-related transcription 125
GAGTTT TGGGTTC
factor 2)
OPN CACTCCAGTTGTCC TCTGTAGCATCAG 120
(Osteopontin) CCACAGTAG GGTACTGGATGT
OCN CTCCTCGCCCTATT CTGCTTGGACACA 105
(Osteocalcin) GGCCCT AAGGCTGC
0SX TGGGGAAGGCTTTC TCTCAGGGCTTCT 100
(Osterix) TCTAGGATCA AGGCACCAG
TGF[B-RII
AGCACCCCTGTGTC CACACCATCTGGA
(Transforming Growth 103
GAAAGC TGCCCTGG
Factor 3 - receptor 1)
IL-6 TCCAGTTCCTGCAG TGGTTCTGTGCCT 100
(Interleukin-6) AAAAAGGCAA GCAGCTT
IL-8 CCACCGGAAGGAAC CCTTGGCAAAACT 114
(Interleukin-8) CATCTCAC GCACCTTCAC

Good reference genes are characterized by their stable expression in the respective
cell type and the treatments used. The expression stability (M value) of five different
candidate genes (see Table 3.2) were tested for OBs and hFOB 1.19 cells during
osteogenesis. The web-based tool RefFinder was used, which summarizes the
results of four different methods to find the best reference gene (BestKeeper,
NormFinder, Genorm, and the comparative delta-Ct method). If the M value is < 1.5,
the gene can be assumed to be a good reference gene (Yu et al., 2019). Based on the
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resulting recommendations (see Fig. 3.1), TFRC (transferrin receptor 1) was used as
a reference gene for the qPCR analysis of OBs and RPLPO (ribosomal protein lateral

stalk subunit P0) was used for the analysis of hFOB 1.19 cells.

Comprehensive gene stabilit
A P 9 Y
S 4.729
45
K
35 3.224
2; 2.378
2 1.968
15 1.414
0.5
‘ TFRC GAPDH B8P Guse RPLPO
<== Most stable genes Least stable genes ==>
Delta CT GAPDH TFRC GUSB TBP RPLPO
BestKeeper TFRC TBP GUSB RPLPO GAPDH
Normfinder GAPDH TFRC GUSB TBP RPLPO
Genorm TBP/TFRC GAPDH GUSB RPLPO
Recommended TFRC GAPDH TBP GUSB RPLPO
B Comprehensive gene stability
45 4.401
4 3.936
3.5
3
2.5 2.449
2 2
18 1.189
0.5
9 RPLPO TFRC Guss GAPDH 8P
<== Most stable genes Least stable genes ==>
Delta CT RPLPO TFRC GUSB GAPDH TBP
BestKeeper TFRC RPLPO TBP GUSB GAPDH
Normfinder RPLPO TFRC GUSB GAPDH TBP
Genorm RPLPO/GUSB GAPDH RFRC TBP
Recommended RPLPO TFRC GUSB GAPDH TBP

Figure 3.1: Recommended reference genes von dem web-based tool RefFinder.
Based on the qPCR results the RefFinder tool recommends the reference genes (A)
TFRC for OBs and (B) RPLPO for hFOB 1.19 cells, based on the M value < 1.5. Source:

https://blooge.cn/RefFinder/
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Table 3.2: List of tested reference genes for qPCR.

Forward Primer Reverse Primer  Product

Target Gene
(5"->3') (5’->3’) Length
TFRC TTCAGGTCAAAGAC CTATACGCCACAT 100
(Transferrin-receptor 1) AGCGCTCA AACCCCCAGG
RPLPO
TTCTCGCTTCCTGG CCAGGACTCGTTT
(Ribosomal protein lateral 113
AGGGTGT GTACCCGT
stalk subunit P0)
GUSB CGAACGGGAGGTGA CGACCCCATTCAC 110
(B-glucuronidase) TCCTGC CCACACG
GAPDH
GAAGGCTGGGGCTC CAGGAGGCATTGC
(Glyceraldehyde 3- 138
ATTTG TGATGATC
phosphate dehydrogenase)
TBP TGTATCCACAGTGA GGTTCGTGGCTCT 124
(TATA-binding protein) ATCTTGGTTG CTTATCCTC
3.1.1.3. Antibodies
Table 3.3: List of primary antibodies used for Western Blot.
Protein Host Company Ref. No.
B-catenin Rabbit Abcam Ab16051
p38 MAPK Rabbit  Cell Signaling 9212
(Mitogen activated protein kinase)
p-p38 MAPK Rabbit  Cell Signaling 9211

(Phospho-MAPK)

Merck (Darmstadt, Germany), Cell Signaling Technology (Cambridge, UK), Abcam
(Cambridge, UK), Invitrogen (Waltham, MA, USA).
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Table 3.4: List of secondary antibodies used for Western Blot.

Product Host/Reactivity

Polyclonal Goat Anti-Rabbit
Immunoglobulins/HRP

Polyclonal Goat Anti-Mouse
Immunoglobulins/HRP

Company
Dako

Dako

Dako by Agilent Technologies (Santa Clara, CA, USA).

3.1.1.4. Recombinant Proteins
Protein Name Company
Human IL-18 PeproTech
Human IL-6 PeproTech
Human IL-8 PeproTech
Human TNF-a PeproTech
Human IFNy PeproTech

Ref. No.
P0448

P0447

Ref. No.

200-01B
200-06
200-08M
300-01A
300-02

PeproTech GmbH by Thermo Fisher Scientific (Waltham, MA, USA).

3.1.1.5. Kits

Product

Omniascript® RT Kit

RNeasy® Mini Kit

QIAshredder

Cell Proliferation ELISA, BrdU

PCR Kit

RNAse-free DNAse Set

Seahorse (SH) XF Glycolysis Stress Test Kit
SH XF Cell Mito Stress Test Kit
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Company

QIAGEN
QIAGEN
QIAGEN
Roche
QIAGEN
QIAGEN
Agilent
Agilent

Ref. No.

205113
74106
79656
11647229001

201225
79254
103020-100
103015-100



SH XF DMEM Medium, pH 7.4

SH XFe96/XF Pro Pro FluxPak

SH XFe96/XF Pro Cell Culture Microplates
SH XF Calibrant (pH 7.4)

Pierce™ BCA Protein Assay Kit

Agilent
Agilent
Agilent
Agilent

Thermo Scientific

103575-100
103792-100
103794-100
100840-000
23227

QIAGEN (Hilden, Germany), Roche (Basel, Switzerland), Agilent Technologies (Santa
Clara, CA, USA), Thermo Fisher Scientific (Waltham, MA, USA).

3.1.1.6. Media and Additives for Eukaryotic Cell Culture

Product Company  Ref. No.
Dulbecco’s Modified Eagle Medium (DMEM) Gibco 41965

FBS Superior Sigma S0615
Dulbecco’s Phosphate Buffered Saline (PBS) Sigma D8537
Penicillin-Streptomycin Gibco P06-07100
Dexamethasone Sigma D2915
L-Ascorbic-2-Phosphate Sigma A8960
B-Glycerophosphate Sigma G9422
HEPES solution Sigma H0887
Trypsin-EDTA Solution Sigma T4174
DMEM/F-12 (1:1), -Phenol Red Gibco 21041-025
Fibroblast growth factor 2 (FGF2) PeproTech 100-18B

G 418 disulfate salt solution Sigma G8168
Collagenase Type IV Gibco 17104-019
L-Glutamine 200 mM Gibco 25030-024

Sigma-Aldrich (St. Louis, MO, USA), Gibco® by Life Technologies™ (Carlsbad, CA,
USA), PeproTech GmbH by Thermo Fisher Scientific (Waltham, MA, USA).
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3.1.1.7. Media and Buffer Composition

Table 3.5: Composition of Media and Buffer.

Media/Buffer

OB Growth Medium

BMSC Growth Medium

hFOB 1.19 Growth Medium

OB and BMSC Osteogenesis

induction medium (OIM)

hFOB 1.19 OIM

RIPA Lysis Buffer

4 x Laemmli Buffer

SDS-PAGE Running Buffer

Tris-Glycine Transfer Buffer
TBS-T Buffer

Composition

500 mL DMEM (4,5 g/L Glucose, 1% Glutamine),

10% (v/v) FCS, 1% (v/v) Pen/Strep, 1% (v/v)

HEPES

500 mL DMEM (4,5 g/L Glucose, 1% Glutamine),

10% (v/v) FCS, 1% (v/v) Pen/Strep, 1% (v/v)

HEPES, 2 ng/mL FGF2

500 mL F-12, 10% (v/v) FCS, 0.3 mg/mL G184

500 mL DMEM (4,5 g/L Glucose, 1% Glutamine),
10% (v/v) FCS, 1% (v/v) Pen/Strep, 500 nM
Dexamethasone, 50 uM L-Ascorbin-2-Phosphate,
10 mM B-Glycerophosphate
500 mL F-12, 10% (v/v) FCS, 0.3 mg/mL G184,
500 nM Dexamethasone, 50 uM L-Ascorbin-2-
Phosphate, 10 mM -Glycerophosphate
50 mM Tris, 150 mM NaCl, 1% (w/v) NP-40, 0.5%
(w/v) Na-Deoxycholate, 0.1% (w/v) SDS in H20
252 mM Tris-HCl, 40% (v/v) Glycerol, 8% (w/v)
SDS, 0.01% (w/v) Bromophenol blue in H20
25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS in
H20 (pH =8.3 - 8.8)
12 mM Tris-Base, 96 mM Glycine in H20
7.7 mM Tris, 150 mM NacCl (pH = 7.5)
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3.1.1.8. Additional Material

Product Company Ref. No.
Alizarin Red S mono sodium salt Sigma 1.06278.0100
Cetylpyridinium Chlorid Monohydrate (CPC)  Santa Cruz sc-2394958B
ROTI®-Histofix 4% Roth P087.5
CellTiter-Blue® Cell Viability Assay Promega G8081
Thiazolyl Blue Tetrazolium Bromide (MTT) Sigma M2128
Dimethyl sulfoxide (DMSO) Sigma D8418
4-Nitrophenol solution Sigma N7660
Power SYBR® Green PCR Master Mix Invitrogen 4368702
dNTP-Mix QIAGEN 201901
Blotting membrane Invitrogen LC2010
Immobilon Forte Western HRP Substrate Sigma WBLUF0100
Hoechst 33342 Invitrogen H3570
Loading Dye Invitrogen R0621
ROTIMark Western Plus Roth 2245.2

Milk Powder Roth T145.2
Blotting Filter Paper Invitrogen LC2010
Bovines Serumalbumin (BSA) Fraktion V Roth 8076.3
TWEEN®20 Sigma P9416
Triton™ X-100 Sigma T8787

TRIS PUFFERAN® Roth AE15.2
Mini-PROTEAN TGX Stain-Free Gels 4-20% BIO-RAD 4568096
Mini-PROTEAN TGX Stain-Free Gels 4-15% BIO-RAD 4568083
cOmplete™ Protease-Inhibitor Cocktail Roche 4693159001

Sigma-Aldrich (St. Louis, MO, USA), Santa Cruz Biotechnology (Dallas, TX, USA), Carl
Roth (Karlsruhe, Germany), Promega (Madison, WI, USA), Invitrogen (Waltham, MA,
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USA), QIAGEN (Hilden, Germany), Bio-Rad (Hercules, CA, USA), Roche (Basel,

Switzerland).

3.1.1.9. Instruments

instrument

7300 Real Time PCR System

Infinite M Plex Photometer

company

Applied Biosystems
TECAN

ChemiDoc™ MP Imaging System BIO-RAD
Fine Scale Sartorius
T100™ Thermal Cycler BIO-RAD
Victor™ X3 Multimode Plate Reader PerkinElmer
Trans-Blot®Turbo™ Transfer System BIO-RAD
PowerPac™ Basic BIO-RAD
Mini PROTEAN® Tetra Cell BIO-RAD
Seahorse XFE96 analyzer Agilent

Applied Biosystems (Waltham, MA, USA), Tecan Group (Madnnedorf, Switzerland),
Bio-Rad (Hercules, CA, USA), Sartorius (Gottingen, Germany), PerkinElmer
(Waltham, MA, USA), Agilent Technologies (Santa Clara, CA, USA).

3.1.2. Methods
3.1.2.1. Cell Culture of the Cell Line hFOB 1.19

Due to the temperature-sensitive vector of the hFOB 1.19 cell line, the cells were
incubated at 34 °C with 5% CO2 in DMEM/F-12, without phenol red with 10% FCS
and 0.3 mg/mL neomycin (G184), as the cells proliferate best at low temperatures.
During differentiation with OIM treatment (addition of 500 mM dexamethasone,
50 uM L-ascorbin-2-phosphate, and 10 mM -glycerophosphate to the proliferation
medium), the cells were also incubated in 34 °C with 5% COg, as there were no
differences in the mineralization between incubation at 34 °C and 37 °C with

osteogenic additives (data not shown).
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3.1.2.2. Divergence in the Methods Working with the hFOB 1.19 Cells

To quantify the mineralization of an ECM, 1.5 x 105 hFOB 1.19 cells per well were
seeded in 24-well cell culture plates and the experiment was started by adding OIM

after 48 h. To resolve the Alizarin Red S staining, 500 uL. CPC per well was added.

To measure ALP activity, cell numbers were also measured by MTT at the time
points analyzed. The hFOB 1.19 cells were also seeded at 1.5 x 10> cells per well in a
24-well cell culture plate and the experiment started after 48 hours of incubation.
1.4 mL/well of ALP substrate (4-nitrophenol solution) was incubated on the cells

for 10 minutes.

For qPCR samples, 7.5 x 105 cells per well were seeded in 6-well culture plates and

the experiment was also started after 48 hours.

For BrdU, 6 x 104hFOB 1.19 cells were seeded per well in 48-well cell culture plates
and treated with the respective treatments and BrdU labelling after 48 h to start the
experiment. After a total proliferation time of 24 hours, the BrdU assay was analyzed

to determine the proliferation rate.

3.1.2.3. Preparation of Cell Lysates and Protein Determination

Cell lysates were prepared for Western blot analysis and protein levels were
determined. The cells were scraped from 6-well cell culture plates and transferred
to a falcon for centrifugation (5 min, 400 x g, RT) with PBS. The supernatant was
then aspirated and the cells resuspended in an appropriate volume (30 - 100 pL) of
RIPA Lysis Buffer containing protease inhibitor. After thorough vortexing and
sonification (10 strokes, 80%, 0.5 sec), the lysate was centrifuged again for 5 min at
15,000 x g and the supernatant was transferred to a new tube. The amount of
protein was determined according to the manufacturer’s instructions for the
Pierce™ BCA Protein Assay Kit by Thermo Fisher Scientific. The samples are
measured in duplicate by incubating 10 pl of the samples with 200 ul BCA Working
Reagent™ (50 parts of Reagent A + 1 part of Reagent B) for 30 min at 37 °C. The
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absorbance (562 nm) was determined photometrically and the amount of protein

was calculated using a BSA standard series.

3.1.2.4. SDS-PAGE

The proteins in cell lysates were separated by size on a gel using the sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) method. For sample
preparation, 20 - 30 pg of total protein was adjusted to a volume of 10 uL by the
addition of ddH20. To denature the proteins, 5 pL of 4 x Laemmli buffer containing
20% (v/v) B-mercaptoethanol was added and the samples were incubated for 5 min
at 95 °C on the heating block. The Mini-PROTEAN® TGX Stain-Free Protein Gel™
(Bio-Rad) was clamped into the Mini-PROTEAN® Tetra Vertical Electrophoresis
Chamber (Bio-Rad) and the chamber was filled with SDS-PAGE Running Buffer. The
SDS gel was then loaded with the prepared samples and a protein ladder
(ROTI®Mark Western Plus by Carl Roth). The chamber was connected to a power
supply and the gel was run at 100 V for 10 min and then at 160 V for approximately
45 min. Once the Laemmli Buffer had passed through the gel, the power was
switched off and the Stain-Free Gel was then imaged in the ChemiDoc™ MP Imaging

System to visualize the total protein of each lane.

3.1.2.5. Western Blot

Using the Western Blot method, the proteins in the gel, separated according to size,
were transferred to a membrane and the amount of the protein of interest was
determined using specific antibodies. The Trans-Blot®Turbo™ Transfer System
(Bio-Rad) was used to perform the semi-dry Western blot method. A filter paper
soaked in WB Transfer Buffer was placed in the chamber. On top of the filter paper,
a piece of nitrocellulose membrane cut to the size of the gel and activated in WB
transfer buffer was placed. The gel was applied to the membrane avoiding air
bubbles and was covered with a second piece of soaked filter paper. The chamber
was tightly sealed and connected to the power supply (2.5 A/25 V). The proteins
were then transferred from the gel to the membrane by the flowing from the cathode

(upper filter paper) to the anode (lower filter paper) for 5 min. The membrane was
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blocked in 5% BSA in TBS-T Buffer for 1 h at RT. After blocking, the primary antibody
for a specific protein was diluted in 5% BSA in TBS-T Buffer and incubated for 2 h at
RT or overnight at 4 °C. After three 5-minute washes with TBS-T Buffer, the
peroxidase-conjugated secondary antibody was added to the membrane and
incubated for 1 h at RT. The membrane was then washed three more times for 5 min
each with TBS-T Buffer. After addition of Immobilon Forte Western HRP substrate
to the membrane, the specific protein bands were visualized by chemiluminescence
detection in the ChemiDoc™ MP Imaging System. Analysis was performed using Bio-

Rad Image Lab Software (Version 6.1) with normalization to total protein amount.

3.1.2.6. Scanning Electron Microscopy (SEM)

For scanning electron microscopy analyses (SEM), OBs were seeded on acetone-
resistant plastic plates in 24-well cell culture plates. After reaching confluence, the
cells were treated with the cytokines IL-1f3 (250 units/mL) or IL-8 (12.5 units/mL)
in OIM for 21 days. On day 1 and day 21, the cells were fixed by adding 500 uL
fixative (4% paraformaldehyde with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4)) and incubated overnight at 4 °C. The next day, the
platelets were washed three times with ddH20 for 10 minutes. For dehydration, the
samples were incubated in 50% acetone for 20 minutes, 70% acetone overnight at
4 °C, and then twice in 90% acetone for 20 minutes and twice in 100% acetone for

20 minutes with gentle shaking.

The critical point drying was done using a Leica EM CPD 030 (Leica Biosystems,
Wetzlar, Germany) and the surfaces of the samples were coated with a 20-25 nm
thick gold layer using a Cressington 108 auto (Cressington Scientific Instruments,
Watford, UK) sputter coater. Both steps were performed at the Core Facility Electron
Microscopy (CFEM) under the direction of Dr. Ann Kathrin Bergmann. The samples
were imaged with a FIB-SEM (Crossbeam 550, Carl Zeiss AG) at an accelerating
voltage of 2 kV/2nA, at a working distance of 5 mm with a SE2 detector and the
software package SmartSEM (version 6.07, Carl Zeiss AG).
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3.1.2.7. Transmission electron microscopy (TEM)

For sample preparation for transmission electron microscopy analyses (TEM),
21-days differentiated OBs were detached from a 6-well cell culture plate with a cell
scraper, resuspended with PBS and centrifuged to form a cell pellet (5 min, 400 x g,
RT). The cell pellet was covered with fixative (4% paraformaldehyde with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4)) and stored at 4 °C until

embedding in resin.

All samples which tend to fall apart were pre-embedded in agarose. The supernatant
was aspirated and a volume of approximately 10 pL was left. Low melting agarose
(3% in aqua bi-dest.) was dissolved at 40 °C in a water bath and used to layer the
pellets. All following steps were performed at RT. After centrifugation at 4,000 x g
for 2 min, the samples were incubated in 1% 0s0O4in 0.1 M sodium cacodylate buffer
for 2 hours. The samples were washed three times with aqua dest. for 10 min, once
with 50% acetone for 30 min and once with 70% acetone for 20 min. Block contrast
was applied using freshly made and filtered 0.5% wuranyl acetate/1%
phosphotungstic acid in 70% EtOH for 1 hour. Dehydration was completed using
90% acetone twice for 30 min and 100% acetone twice for 30 min. The pellets were
embedded in SPURR epoxy resin (Serva, 21050) and cured at 70 °C for 48 hours.
Ultra-thin sections of 70 nm were cut using a Ultracut EM UC7 (Leica, Wetzlar,
Germany) and stained with 1.5% uranyl-acetate for 25 min and lead-citrate for 8
min (according to Reynolds, 1963). Images were captured using a JEOL JEM-
2100plus TEM (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV equipped
with a Matataki Flash camera (JEOL, Tokyo, Japan).

3.1.2.8. Statistics

For all statistical analyses a combination of Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA) and GraphPad PRISM 8 software (Boston, MA, USA) was used.
The results of the primary cells were treated as non-parametric values, as a normal
distribution cannot be assumed. Therefore, the Wilcoxon signed rank test was used

to calculate significances for paired data and the Mann-Whitney U test for unpaired
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data. The results of the hFOB 1.19 cell line were considered as parametric data, as a
normal distribution can be assumed due to the stability of cell lines. The paired t-test

was used for paired data.
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3.2. Supplementary Results

3.2.1. A Comparison of Osteoblasts from Donors with Normal

(OBs) and Osteoporotic (00Bs) Bone Mineral Density

To compare osteoblasts from healthy and osteoporotic donors, the cells were
categorized into two groups based on DXA measurements. Cells from donors with a
T-score < -2.5 were assigned to the osteoporotic group (00Bs) due to their low BMD
and compared to OBs from patients with a T-score = -2.5. The aim was to analyze
potential differences in cytokine secretion, proliferation, differentiation, and energy
metabolism during osteogenesis. Additionally, the response of OBs and 00Bs to

proinflammatory cytokines was investigated.
3.2.1.1. Comparison of the Mineralization of OBs and 00Bs

The mineralization of OBs and 00Bs was induced by treatment with osteogenic
induction medium (OIM) for 35 days (Fig. 3.2). Although no statistically significant
differences were observed between the groups, several trends emerged. On day 7,
00Bs exhibited slightly faster mineralization compared to OBs, but their
mineralization remained lower on days 14 and 21. While the mineralization of OBs
continued to increase exponentially until day 35, 00Bs reached a maximum on

day 28, followed by a slight decline by day 35.
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Figure 3.2: Mineralization of OBs and 00Bs over 35 days. OBs (n = 13) and 00Bs
(n=7) were incubated in osteogenic induction medium (OIM) in 24-well plates
(6 replicates per donor). Mineralization was quantified using alizarin red S staining
on days 1, 7, 14, 21, 28, and 35. The data were normalized to day 1 for each donor.
Statistical significance was calculated using the Mann-Whitney U test (ns). Data are

presented as the mean + SD.
3.2.1.2. Comparison of the Cytokine Secretion of OBs and 00Bs

The secretion of IL-6 during osteogenesis did not differ significantly between OBs
and o0Bs (Fig. 3.3, A). Both groups had similar IL-6 levels in undifferentiated cells
on day 1, followed by a decrease on day 7. Afterward, IL-6 secretion showed some
fluctuations but remained comparable between the two groups throughout the

treatment period.

The secretion of IL-8 showed no statistically significant differences between OBs
and 00Bs (Fig. 3.3, B). On days 1 and 7, both groups secreted very little or no
detectable IL-8. From day 14 onward, an increase in IL-8 secretion was observed in
both groups, with OBs showing a tendency toward higher secretion compared to

00Bs. This trend persisted until day 35 but did not reach statistical significance.
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Figure 3.3: Cytokine secretion of OBs and 00Bs during osteogenesis. The protein
concentration [pg/mL] of (A) Interleukin (IL)-6 and (B) IL-8 were measured in the
supernatant of OIM-treated OBs (n=11) and 00OBs (n =6 for days1-21; n=5 for days
28 - 35) by ELISA. Statistical significance was calculated using the

Mann-Whitney U test (ns). Data are presented as the mean #* SD.

3.2.1.3. Comparison of the Proliferation of OBs and 00Bs

The proliferation of OBs and 00Bs was analyzed in both growth medium (GM) and
OIM over 21 days (Fig. 3.4). While cells cultured in OIM tended to show higher
proliferation compared to those in GM, no statistically significant differences were
observed. Similarly, no significant differences were found between the proliferation
rates of OBs and 00Bs. However, there was a slight tendency for OBs to proliferate

faster than oOBs under both conditions.

60



3x%103

9 OB - GM
= BN OB-OIM
€ 2x107 0OB - GM
=2
= BN 00OB - OIM
8 1%103
>
5
2

0_

7 14 21
days

Figure 3.4: Proliferation of OBs and 00Bs in GM and OIM. OBs (n = 8) and 00Bs
(n = 5) were cultured in growth medium (GM) and osteogenic induction medium (0OIM)
for 21 days. The relative cell number was assessed on days 7, 14, and 21 using the
MTT assay. No statistically significant differences were observed between OBs and
00Bs (Mann-Whitney U test) or between OIM and GM treatments (Wilcoxon signed

rank test). Data are presented as mean #* SD.

3.2.14. Comparison of the Energy Metabolism of OBs and 00Bs

The energy metabolism of untreated OBs and 00Bs was analyzed by assessing

OxPhos and glycolysis parameters.

For OxPhos, several parameters were measured, including basal respiration, proton
leak, maximal respiration, spare respiratory capacity, non-mitochondrial oxygen
consumption, and ATP production (Fig. 3.5). There were no significant differences
between the two groups measured. Across all parameters, no statistically significant
differences were observed between OBs and 00Bs. OBs and OBs showed similar

distribution, but with slightly higher variability in OBs.
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Figure 3.5: OxPhos parameters of untreated OBs and 00Bs. Boxplots show the
oxygen consumption rates (OCR) of (A) basal respiration, (B) proton leak, (C) maximal
respiration, (D) spare respiratory capacity, (E) non-mitochondrial oxygen
consumption, and (F) ATP production from OBs (n = 17) and 00Bs (n = 8). Across all

parameters, no significant differences were observed between the groups (Mann-

Whitney U test, ns).

In addition to OxPhos, glycolysis parameters were measured to provide an overview
of the energy metabolism (Fig. 3.6). Parameters analyzed included glycolysis, non-
glycolytic acidification, glycolytic capacity, and glycolytic reserve. Similar to the
OxPhos results, no significant differences were found between OBs and 00OBs.
Glycolysis and non-glycolytic acidification were slightly higher in oOBs compared to

OBs, but the variability within each group led to overlapping distributions.
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Figure 3.6: Glycolysis parameters of untreated OBs and o00Bs. Boxplots show the

extracellular acidification rate (ECAR) of (A) glycolysis, (B) non-glycolytic

acidification, (C) glycolytic capacity, and (D) glycolytic reserve in OBs (n = 9) and

00Bs (n =5). Statistical analysis revealed no significant differences between the

groups (Mann-Whitney U test, ns).

3.2.1.5. Comparison of the Influence of Proinflammatory Cytokines

on OBs and 00Bs

The effect of proinflammatory cytokines on OBs and oOBs was analyzed to
determine whether cells from donors with normal BMD showed a different response
compared to osteoporotic donors. The cytokines IL-1f3, IL-6, IL-8, TNF-a, and [FNy
were used to assess their impact on cell activity parameters including proliferation,

differentiation, and energy metabolism in both cell types.
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3.2.1.5.1. Influence of Proinflammatory Cytokines on the

Proliferation of OBs and 00OBs

To evaluate the influence of cytokines on proliferation, OBs and 00Bs were treated
with cytokines over a period of 21 days in OIM. The relative cell number was
determined using MTT assay on days 7, 14, and 21 (Fig. 3.7) Both OBs and 00Bs
showed an increase in proliferation when treated with IL-1 and TNF-a. No
significant differences in cytokine-induced proliferation were observed between

OBs and 00Bs across all measurement time points.
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Figure 3.7: Influence of proinflammatory cytokines on the proliferation of OBs
and o00Bs during osteogenesis. The relative cell number of OBs (n =8) and
00Bs (n = 5) was determined using the MTT assay on days 7, 14, and 21. Cells were
treated with the cytokines (A) IL-1f (250 units/mL), (B) IL-6 (12.5 units/mL), (C) IL-8
(12.5 units/mL), (D) TNF-a (250 units/mL), and (E) IFNy (3.125 units/mL) in OIM.
Statistical analysis using the Mann-Whitney U test revealed no significant differences

between OBs and 00Bs. Data are presented as the mean * SD.
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In addition to long-term treatments, short-term effects of cytokines on proliferation
were analyzed using BrdU assays after 48 hours of treatment in GM and OIM
(Fig. 3.8). In GM, both OBs and 00Bs showed a slight but non-significant increase in
proliferation when treated with TNF-a, while IL-1f did not alter proliferation
significantly. IL-6 and IL-8 led to a slight, non-significant inhibition of proliferation
in 00Bs compared to OBs. In OIM, a significant proliferation-promoting response to
IL-18 and TNF-a was observed in OBs, whereas 00OBs showed a similar trend
without reaching significance (Fig. 3.8, B). The short-term proliferation responses

observed in the BrdU assay were consistent with the long-term results obtained

using the MTT assay.
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Figure 3.8: Influence of proinflammatory cytokines on the proliferation rate of

OB and o0OB in GM and OIM. Cells (2 x 10* per well) were seeded in 48-well plates
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and treated with cytokines after 48 h of initial culture in GM. The BrdU assays were
performed after an additional 48 hours of cytokine treatment in (A) GM (OBs: n = 4;
00Bs: n = 3) and (B) OIM (OBs: n = 7, 00Bs: n = 5) with IL-18 (250 units/mL), IL-6
(12.5 units/mL), IL-8 (12.5units/mL), TNF-o (250 units/mL), and IFNy
(3.125 units/mL). Data were normalized to untreated controls (GM or OIM without
cytokines) and presented as the mean * SD. Statistical significance was calculated

using the Wilcoxon signed-rank test (p < 0.05 (*)).

3.2.1.5.2. Influence of Proinflammatory Cytokines on the

Osteogenesis of OBs and 00Bs

The differentiation of OBs and 00Bs was assessed by quantifying ECM
mineralization. No significant differences were observed between OBs and 00Bs in
response to any of the cytokines examined (Fig. 3.9). In both groups, the cytokines
IL-18, IL-6, IL-8, TNF-a, and IFNy had a promoting effect on mineralization
compared to the control (OIM without cytokines). Across all concentrations tested,
the mineralization trends remained comparable between OBs and 00Bs, with

overlapping variability ranges.
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Figure 3.9: Influence of proinflammatory cytokines on the mineralization of OBs
and 00Bs. OBs (n = 9) and 00Bs (n = 7) were incubated with different concentrations
of the cytokines (A) IL-18, (B) IL-6, (C) IL-8, (D) TNF-a, and (E) IFNy in OIM for
21 days. Mineralization was quantified by alizarin red S staining, and the data were
normalized to the control (0 units/mL, OIM without cytokines). Statistical differences
between OBs and o00Bs were calculated using Mann-Whitney U tests (ns). Data are

presented as mean # SD.

In addition to ECM mineralization, ALP activity was analyzed as an additional
osteogenic marker. Measurements on days 8 and 10 of cytokine treatment revealed
no significant differences between OBs and o0OBs (Fig. 3.10). However, 0OBs
exhibited a tendency toward higher ALP activity in response to IL-1f3 treatment

compared to the control, although this increase was not statistically significant. The
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distribution of ALP values was more variable in OBs, suggesting donor-dependent

effects.
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Figure 3.10: Impact of proinflammatory cytokines on ALP activity in OBs and
00Bs. ALP activity was measured in OBs (n = 5) and 00Bs (n = 5) on (A) day 8 and (B)
day 10 of incubation in OIM, with or without the cytokines IL-18 (250 units/mL),
IL-6 (12.5 units/mL), IL-8 (12.5 units/mL), TNF-a (250 units/mL), and
IFNy (3.125 units/mL). Statistical differences between cytokine-treated and control
cells were analyzed using Wilcoxon signed-rank tests (ns), and differences between
OBs and 00Bs were calculated with Mann-Whitney U tests (ns). Data are presented as

mean = SD.
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3.2.1.5.3. Influence of Proinflammatory Cytokines on the Energy

Metabolism of OBs and 00Bs

The effect of proinflammatory cytokines on the energy metabolism of OBs and 00Bs

was analyzed by measuring OxPhos and glycolysis parameters.

The OxPhos parameters of cytokine-treated OBs and 00OBs showed a few notable
differences (Fig. 3.11). TNF-a treatment significantly increased basal respiration,
proton leak, maximal respiration, non-mitochondrial oxygen consumption, and ATP
production in OBs, with similar trends observed in 00OBs but without reaching
statistical significance. IL-1f3 treatment revealed significant differences between
OBs and 00Bs in basal respiration, proton leak, and ATP production, with all
parameters being higher in 00Bs compared to OBs. However, these values were not
significantly different from untreated differentiated OBs (OIM). In general, the
variability in oOBs was greater than in OBs, as indicated by larger standard

deviations.

Figure 3.11 shows the comparison of OxPhos parameters of cytokine-treated OBs
and 00Bs. At first sight, there are few differences between these two groups, with
the 00Bs showing larger standard deviations than the OBs. The significant increase
in basal respiration, proton leak, maximal respiration, non-mitochondrial oxygen
consumption, and ATP production due to TNF-a treatment in the OBs can also been
seen tendentially in the 00Bs, but not significantly. In contrast, there are significant
differences between OBs and 00Bs treated with IL-1f in basal respiration, proton
leak, and ATP production. All parameters are higher in 00Bs, but not significantly

different from untreated differentiated OBs (OIM).
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Figure 3.11: OxPhos parameters of cytokine-treated OBs and 00Bs. The OCR of the
parameters (A) basal respiration, (B) proton leak, (C) maximal respiration, (D) spare
respiratory capacity, (E) non mitochondrial oxygen consumption, and (F) ATP
production was measured on day 14 of treatments in OBs and o0OBs. Treatments
included OIM without cytokines (OBs: n = 10; 00Bs: n = 5), with IL-18 (250 units/mL)
(OBs: n=6; 0o0Bs: n=4), IL-6 (12.5 units/mL) (OBs: n=4; 0o0Bs: n=5), IL-8
(12.5 units/mL) (OBs: n = 4; 00Bs: n =4), TNF-a (250 units/mL) (OBs: n = 6; 00Bs:
n =4), or IFNy (3.125 units/mL) (OBs: n = 4; 00Bs: n = 4). Statistical analysis was
performed using Mann-Whitney U tests (p < 0.05 (*), p £ 0.01 (**)). Data are presented

as mean * SD.

The glycolysis parameters showed similar patterns between OBs and 00Bs (Fig.
3.12). Both groups had an increase in glycolysis and glycolytic capacity upon IL-1f3
treatment, though these increases were not statistically significant. Non-glycolytic
acidification was significantly higher in both groups under IL-1f treatment
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compared to the control (OIM). Glycolytic reserve showed significant differences
between OBs and 00Bs under TNF-a treatment, with 0OBs displaying significantly
lower values compared to OBs. However, no significant differences were observed

when compared to the respective controls (OIM). As with OxPhos, the variability in

00Bs tended to be greater than in OBs.
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Figure 3.12: Glycolysis parameters of cytokine-treated OBs and 00OBs. The ECAR
of the parameters (A) glycolysis, (B) non-glycolytic acidification, (C) glycolytic
capacity, and (D) glycolytic reserve was measured on day 14 in OBs and o0OBs.
Treatments included OIM without cytokines (OBs: n =9; 00Bs: n =8), with IL-1
(250 units/mL) (OBs: n=5; 00Bs: n=5), IL-6 (12.5 units/mL) (OBs: n = 4; o00Bs:
7), IL-8 (12.5 units/mL) (OBs: n = 4; 00Bs: n =6), TNF-a (250 units/mL) (OBs:

n
n =5; o0Bs: n=6), or IFNy (3.125 units/mL) (OBs: n = 4; 00Bs: n = 6). Statistical
analysis was performed using Mann-Whitney U tests (p < 0.05 (*), p < 0.01 (**)). Data

are presented as mean #* SD.
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3.2.2. A Comparison of Primary Osteoblasts (OBs) and the Cell
Line hFOB 1.19

In addition to primary osteoblasts, the effect of proinflammatory cytokine treatment
on proliferation and osteogenesis was investigated in the human fetal osteoblast cell
line hFOB 1.19. The cells were compared morphologically, and the mRNA expression
of IL-6 and IL-8 was analyzed in hFOB 1.19 cells during osteogenesis and after
cytokine treatments. To identify differences in cell activity between the cell line and
primary cells, parameters like proliferation and differentiation were analyzed. To
further understand the differences in cellular responses, the expression of well-

known osteogenic differentiation markers was analyzed using qPCR.
3.2.2.1. Cell Morphology of hFOB 1.19 cells and OBs

Morphological differences between the cell line hFOB 1.19 and OBs were observed
microscopically (Fig. 3.13). The hFOB 1.19 cells were generally smaller in size with
a homogeneous spindle-shaped morphology. In contrast, OBs exhibited a greater
degree of heterogeneity in both shape and size, with some cells having a polygonal

or spindle-shaped appearance.
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hFOB 1.19 cells

Figure 3.13: Morphological differences between hFOB 1.19 cells and the OBs.
Representative images of OBs and hFOB 1.19 cells cultured in 24-well plates.

3.2.2.2. Cytokine Expression of IL-6 and IL-8 in hFOB 1.19 Cells

The mRNA expression of IL-6 and IL-8 during osteogenesis in hFOB 1.19 cells
revealed distinct patterns. IL-6 expression was highest in undifferentiated cells
(day 1), decreased significantly by day 7, and showed a small second peak on day 14
before remaining low until day 35 (Fig. 3.14, A). Treatment with cytokines for 21

days did not significantly alter I/L-6 expression levels.

In contrast, IL-8 expression peaked on day 14 of differentiation, with low levels
before and after this time point (Fig. 3.14, B). Similarly, 21-day cytokine treatments
did not significantly impact IL-8 mRNA expression in hFOB 1.19 cells.
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Figure 3.14: IL-6 and IL-8 mRNA expression in hFOB 1.19 cells. The mRNA
expression of (A) IL-6 and (B) IL-8 was measured by qPCR during osteogenesis and
after 21-day cytokine treatment with IL-1f (6.25 units/mL), IL-6 (12.5 units/mL),
IL-8 (3.125 units/mL), TNF-a (6.25 units/mL), and IFNy (6.25 units/mL) in hFOB 1.19
cells (n = 3). Statistical significance was calculated using paired t-test (p < 0.05 (*),
p<0.01(**),p=<0.001(***)). Data are presented as mean * SD. Relative mRNA levels
were normalized using the 2-AA Ct method against RPLPO as the reference gene and

day 1 and OIM as the control.

3.2.2.3. Influence of Proinflammatory Cytokines on the Proliferation

of hFOB 1.19 Cells

To determine the influence of proinflammatory cytokines on the proliferation of

hFOB 1.19 cells, BrdU and MTT assays were performed. The BrdU assays showed
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that the proliferation rate of cells cultured in GM or OIM was not significantly

affected by any of the cytokines analyzed (Fig. 3.15, A and B).

The MTT assays, performed after 14 and 21 days of incubation, revealed that the
relative cell number in OIM-treated cells was significantly higher on day 14
compared to cells cultured in GM (Fig. 3.15, C). Furthermore, on day 14, cells treated
with IL-8 in OIM showed a significantly higher cell number compared to the
untreated OIM control. However, these differences were no longer statistically

significance on day 21.
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Figure 3.15: Impact of proinflammatory cytokines on the proliferation rate and

cell number of hFOB 1.19 cells. The proliferation rate was measured by BrdU assays
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after 24 hours of treatment with or without IL-1f (6.25 units/mL),
IL-6 (12.5 units/mL), IL-8 (3.125 units/mL), TNF-a (6.25 units/mL), and
IFNy (6.25 units/mL) in (A) GM (n = 3) and (B) OIM (n = 4). Data were normalized to
the untreated control (GM or OIM). (C) relative cell number was determined by MTT
assays on day 14 and 21 of treatment of confluent cells with OIM with and without
cytokine and GM. Data were normalized to day 1. Data are presented as mean #* SD,
and statistical significance was calculated using paired t-tests (p < 0.05 (*),

p <0.01 (**)).

3.2.2.4. Comparison of Osteogenic Parameters of OBs and hFOB 1.19
Cells
3.2.2.4.1. Mineralization

During osteogenesis, hFOB 1.19 cells had the most pronounced increase in
mineralization between days 14 and 21, followed by a plateau that persisted until
day 35 (Fig. 3.16, A). In contrast, the mineralization of OBs progressed more
gradually, with a steady increase observed from day 7 to day 35, without reaching a

visible plateau (Fig. 3.16, B).

A direct comparison between hFOB 1.19 cells and OBs showed significantly higher
mineralization levels in OBs on days 28 and 45 (Fig. 3.16, C). However, it should be
noted that these experiments were conducted using different culture formats: OBs
were cultured in 48-well plates, while hFOB 1.19 cells were cultured in 24-well
plates due to better adherence, both with the same volume of alizarin red S
dissolution solution (CPC) for quantification. This methodological difference leads
to the suggestion, that hFOB 1.19 cells could have an even lower mineralization level

if they were cultured in 48-well plates.
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Figure 3.16: Mineralization of hFOB 1.19 cells compared to OBs during
osteogenesis. Relative mineralization (quantified via alizarin red S staining) of (A)
hFOB 1.19 cells (n = 3) and (B) OBs (n = 13) with OIM treatment over 35 days. (C)
Direct comparison of the relative mineralization of hFOB 1.19 cells and OBs over time,
normalized to day 1. Data are presented as mean * SD, and statistical significance was

calculated using Mann-Whitney U test (p < 0.05 (*), p < 0.01 (**)).

The quantitative differences in mineralization between OBs and hFOB 1.19 cells, as
shown in Figure 3.16, are also evident in the microscopic observations of the alizarin

red S staining.
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In OBs, a network of mineralized nodules begins to form spontaneously between
days 14 and 21, with visible gaps where no calcium phosphate is deposited in the
matrix until at least day 28 (Fig. 3.17). By day 25, the mineralization appears more
homogeneous, and the dark red color suggests that multiple layers of mineralized

nodules have formed, indicating an advanced stage of osteogenesis.

In hFOB 1.19 cells, the mineralization process appears different. A yellowish hue
becomes visible over the compacted cells at day 7, preceding the formation of
calcified nodules (Fig. 3.18). Similar to OBs, red-colored nodules of calcified matrix
start forming between days 14 and 21. However, these nodules appear more patchy
and less interconnected compared to the reticular structures observed in OBs. By
day 35, nearly the entire well shows red staining, although small gaps without

mineralization remain.
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35

Figure 3.17: Morphology of OBs during osteogenesis and the formation of
calcified nodules. Representative microscopically images of primary OBs from three
different donors (OB_1, OB_2, and OB_3) during the incubation in OIM after alizarin
red S staining on days 1, 7, 14, 21, 28, and 35. Scale bar = 100 um.
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Figure 3.18: Morphology of hFOB 1.19 cells during osteogenesis and the
formation of calcified nodules. Representative microscopically images of hFOB 1.19
cells during incubation in OIM after alizarin red S staining on days 1, 7, 14, 21, 28, and
35. Scale bar = 100 pum.
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The effects of proinflammatory cytokines on the mineralization of hFOB 1.19 cells

were compared to OBs and human bone marrow-derived mesenchymal stem cells

(BMSCs).

IL-13 significantly increased the mineralization of OBs and BMSCs in a
concentration-dependent manner, with the highest effect observed at 250 units/mL
(Fig. 3.19). In contrast, IL-1p had a strong and significant inhibitory effect on the

mineralization of hFOB 1.19 cells at all concentrations tested.
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Figure 3.19: Effect of IL-1 on mineralization in OBs, BMSCs, and hFOB 1.19 cells.
(A) OBs (n =9) were cultured for 21 days, (B) BMSCs (n = 6) for 14 days, and (C)
hFOB 1.19 cells (n =5) for 21 days in OIM with different concentrations of IL-1f
(3.125 - 250 units/mL). Mineralization was quantified using alizarin red S staining.
Data were normalized to the control (0 units/mL) of each experiment. Statistical
significance was calculated using the Wilcoxon signed rank test for (A, B) and paired
t-tests for (C) (p < 0.05 (*), p < 0.01 (**), p<0.001 (***)). Data are presented as mean
+ SD.

Similar to IL-1f, treatment with IL-6 and IL-8 promoted mineralization in OBs and
BMSCs (Fig. 3.20 and 3.21). However, both cytokines significantly inhibited
mineralization in hFOB 1.19 cells, although their inhibitory effects were slightly less
pronounced than of IL-1f (Fig. 3.19).
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Figure 3.20: Effect of IL-6 on mineralization in OBs, BMSCs, and hFOB 1.19 cells.

Similar conditions and analyses were applied as described in Fig. 5.21.
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Figure 3.21: Effect of IL-8 on mineralization in OBs, BMSCs, and hFOB 1.19 cells.

Similar conditions and analyses were applied as described in Fig. 5.21.

TNF-a showed a strong mineralization-promoting effect in OBs and BMSCs, with
significant increases observed in a concentration-dependent manner (Fig. 3.22).
Conversely, TNF-a significantly reduced the mineralization of hFOB 1.19 cells at all

tested concentrations.
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Figure 3.22: Effect of TNF-a on mineralization in OBs, BMSCs, and hFOB 1.19 cells.

Similar conditions and analyses were applied as described in Fig. 5.21.

IFNy significantly enhanced mineralization in OBs at all concentrations but had a

significant inhibitory effect on hFOB 1.19 cells at concentrations < 6.25 units/mL

(Fig. 3.23). Interestingly, IFNy appeared to have a tendentially positive effect on
In hFOB 1.19 cells,

BMSC mineralization but with large variability. higher

concentrations of IFNy also showed signs of toxicity, indicated by increased

variability in the data.

A OBs - IFNy B BMSCs - IFNy c hFOBs - IFNy

— — — — 4_

3-\0’ 1500 . 3-\0’ 2000 _ =

= c A 8 - *

£ 1000+ N g 1500 8 3

8 * * 8 e

= = - 2+ -

S 5001 s 00 s

] ] =

£ £ 500 N 1

£ £ =

g o = £ 0 3 g

& & S O A R I

o o

- SO0 T T T T 71 = SO0 T T T T 71 -1 T T T 1
D » P 9 O D L TP~ TP TS - R SRS LN~ TP~ T P \ S\
"b’"& ¥ o P rb,\{lf ¥ o 4P '5'«3' 6:" KRN

units/mL units/mL units/mL

Figure 3.23: Effect of IFNy on mineralization in OBs, BMSCs, and hFOB 1.19 cells.

Similar conditions and analyses were applied as described in Fig. 5.21.
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3.2.2.4.2. ALP Activity

The ALP activity in hFOB 1.19 cells increased steadily during osteogenic
differentiation in OIM from day 1 to day 35 (Fig. 3.24). The activity was normalized
to the respective cell numbers, determined by MTT assays, demonstrating a

consistent enhancement of osteogenic activity over the differentiation period.
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Figure 3.24: ALP activity of hFOB 1.19 cells during osteogenesis. The alkaline
phosphatase (ALP) activity of hFOB 1.19 cells was measured weekly from day 1 to 35
during incubation in OIM. The activity was normalized to the respective cell numbers
determined by MTT assay on each day and further normalized to the control (day 1)

for each experiment (n = 3). The data are presented as mean * SD.

The addition of proinflammatory cytokines during osteogenesis had varying effects
on the ALP activity of hFOB 1.19 cells (Fig. 3.25). Treatment with IL-1f3 significantly
reduced ALP activity on both days 14 and 21 compared to the control (OIM),
correlating with its inhibitory effect on mineralization. TNF-« treatment also tended
to reduce ALP activity, although the decrease was not statistically significant.
Conversely, treatments with IL-6, IL-8, and IFNy had no measurable impact on ALP

activity despite their observed inhibitory effects on mineralization.
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Figure 3.25: Effect of proinflammatory cytokines on the ALP activity of hFOB 1.19
cells during osteogenesis. hFOB 1.19 cells were incubated with the cytokines IL-1f3
(6.25 units/mL), IL-6 (12.5 units/mL), IL-8 (3.125 units/mL), TNF-a (6.25 units/mL),
and IFNy (6.25 units/mL) in OIM for 14 and 21 days (n = 3). ALP activity was
normalized to the respective cell numbers determined by MTT assay on each day.

Mean * SD is shown, and significances were calculated by paired t-tests (p < 0.05 (*)).
3.2.2.4.3. Expression of Osteogenic Differentiation Markers

To evaluate the impact of cytokines on osteogenic differentiation, the mRNA
expression of seven key markers during osteogenesis (days 1 - 35) was analyzed in
hFOB 1.19 cells (Fig. 3.26).

The expression of ALP increased significantly during the initial seven days and
remained on the same level until day 28, with a slight increase observed on day 35.
Similarly, TGFB-RII followed a comparable trend, peaking early and stabilizing, with
another sharp increase on day 35. The Colla2 mRNA expression peaked on day 7
but fell back to baseline levels by day 14 and remained unchanged until a slight
increase on day 35. The expression of Runx2 shows a dynamic pattern, increasing
slightly by day 14, significantly dropping on day 21, peaking strongly on day 28, and
then dropping again significantly on day 35. OPN peaked early at day 14 and
returned to baseline by day 35, whereas OCN expression only began to rise
significantly after day 21, peaking at day 35. Notably, OSX displayed peaks at days

14 and 35, with high variability on these days.
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Figure 3.26: Osteogenic marker expression during osteogenesis in hFOB 1.19
cells. The mRNA levels of osteogenic differentiation markers (A) ALP, (B) collagen
type 1 alpha 2 (Colla2), (C) runt-related transcription factor 2 (Runx2),
(D) osteopontin (OPN), (E) osteocalcin (OCN), (F) osterix (0SX), and (G) transforming
growth factor beta receptor Il (TGFS-RII) were quantified via qPCR from day 1 to 35
in OIM-treated hFOB 1.19 cells (n = 3). Relative mRNA levels were normalized using
the 2-AA Ct method against RPLPO as the reference gene and day 1 as the control. Data

are presented as mean * SD, with significances calculated using paired t-tests

(p < 0.05 (%)).
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Subsequent analysis investigated the effects of cytokine treatments on these
osteogenic markers on day 21 of osteogenesis (Fig. 3.27). IL-6 was the most notable
cytokine, significantly increasing ALP and OPN expression, while also showing a
tendency to enhance CollaZ and Runx2 expression. IL-8 led to a significant increase
in Runx2 and OPN, but concurrently inhibited 0SX expression. TNF-a and IL-1f,
which strongly inhibited mineralization (Fig. 3.19 and 3.22), did not significantly
affect marker expression except for a non-significant inhibitory effect of OSX.
Treatment with IFNy also activated OPN expression while significantly suppressing
0SX. Among all cytokines, IL-6 was the only one that increased ALP expression while

not effecting OSX negatively, showing its unique impact on hFOB 1.19 cells.
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Figure 3.27: Impact of proinflammatory cytokines on the expression of
osteogenic markers in hFOB 1.19 cells. The mRNA expression of the osteogenic
differentiation markers (A) ALP, (B) CollaZ2, (C) Runx2, (D) OPN, (E) OCN, (F) 0SX, and
(G) TGFB-RII were determined by qPCR on day 21 of treatment with the cytokines
IL-1B (6.25 units/mL), IL-6 (12.5 units/mL), IL-8 (3.125 units/mL),
TNF-a (6.25 units/mL), and IFNy (6.25 units/mL) in OIM of hFOB 1.19 cells (n = 3).
Relative mRNA levels were normalized using the 2-AA Ct method against RPLPO as the
reference gene and OIM as the control. Data are presented as mean * SD, with

significances calculated using paired t-tests (p < 0.05 (*), p < 0.01 (**), p < 0.001
(***)).

38



The expression of osteogenic differentiation markers was also analyzed in OBs,
focusing on ALP, Colla2, Runx2, OPN, and 0SX. Compared to the hFOB 1.19 cell line,
mRNA expression in OBs exhibited greater variability, as reflected by the high
standard deviations (Fig. 3.28). A distinct increase in ALP mRNA expression was
observed during the early stages of osteogenesis, reaching its peak on day 14,
followed by a gradual decline until day 35. Coll1aZ expression peaked early on day 7,
maintaining a steady level until day 28 before decreasing by day 35. Runx2
expression exhibited a continuous rise from day 1 through day 28. Interestingly,
OPN mRNA expression was predominantly detected at later stages of osteogenesis,
with a strong increase between days 21 and 35. Similarly, OCN expression showed
an initial modest increase, followed by a marked rise starting from day 21,

suggesting its involvement in the late stages of differentiation.
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Figure 3.28: mRNA expression of osteogenic markers in OBs during osteogenesis.
The mRNA expression levels of the osteogenic differentiation markers (A) ALP, (B)
Colla2, (C) Runx2, (D) OPN, and (E) OCN were quantified by qPCR on days 1, 7, 14, 21,
28, and 35 of OIM-treated OBs (n = 5). Relative mRNA levels were normalized using

the 2-AA Ct method against TFRC as the reference gene and day 1 as the control. Data
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are presented as mean * SD, with significances calculated using Wilcoxon-signed rank

test (ns).

The observed variability in mRNA expression among OBs likely reflects donor-
specific differences. Further insights into these variations are provided in the

individual donor analysis presented in the subsequent section.

In the individual analysis of ALP expression, clear differences between the five OBs
from different donors were observed (Fig. 3.29). Four of the OBs displayed distinct
peaks of ALP expression at specific time points during differentiation. For OB_4 and
OB_5, the maximum expression was observed on day 14. OB_2 had an earlier peak
on day 1, while OB_1 reached its maximum on day 28, with a slight increase on
days 7 and 14. OB_3 presented a unique pattern, with the highest expression

recorded on day 7, which remained elevated until day 28. Followed by a decrease

on day 35.
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Figure 3.29: Individual evaluation of ALP mRNA expression across five different

OBs during osteogenesis. The mRNA expression of the osteogenic differentiation
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marker ALP was analyzed by qPCR on days 1, 7, 14, 21, 28, and 35 of OIM-treated OBs
(n=5). Relative mRNA expression was calculated by the 2-AACt method and

normalized to the control (day 1) of each experiment using the reference gene TFRC.

The analysis of Col1a2 mRNA expression also revealed variability among the donors,
but also with similarities (Fig. 3.30). OB_1, OB_2, OB_3, and OB_5 had a maximum
peak on day 7, with OB_1, OB_2, and OB_3 showing a secondary, smaller peak at later
stages of differentiation (between days 21 and 28). In contrast, 0B_4 demonstrated
its smaller peak on day 7 and reached its maximum CollaZ2 expression on day 28.
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Figure 3.30: Individual evaluation of Colla2 mRNA expression across five
different OBs during osteogenesis. The mRNA expression of the osteogenic
differentiation marker Colla@2 was determined by qPCR on days 1, 7, 14, 21, 28, and
35 of OIM-treated OBs (n = 5). Relative mRNA expression was calculated by the 2-AACt
method and normalized to the control (day 1) of each experiment using the reference

gene TFRC.
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The mRNA expression of the marker Runx2 displayed a consistent trend across the
five donors during osteogenesis (Fig. 3.31). All OBs showed a steady increase in
expression levels, with slight variations in the timing of peak expression. OB_1
reached its maximum on day 28, while OB_3 and OB_4 had the highest expression
on day 21. In OB_2 and OB_5, the expression of Runx2 continued to rise, reaching

the highest levels on day 35.
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Figure 3.31: Individual evaluation of Runx2 mRNA expression across five
different OBs during osteogenesis. The mRNA expression of the osteogenic
differentiation marker Runx2 was determined by qPCR on days 1, 7, 14, 21, 28, and 35
of OIM-treated OBs (n = 5). Relative mRNA expression was calculated by the 2-AACt
method and normalized to the control (day 1) of each experiment using the reference

gene TFRC.

OPN gene expression had similarities across all five donor OBs during osteogenesis

(Fig. 3.32). During the early stage of differentiation, only minor increases in OPN
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expression were observed. However, from day 21 onwards, the expression levels
markedly increased. In three donors (OB_1, OB_3, and OB_4), the maximum OPN
expression was reached before day 35, while in OB_2 and OB_5, the highest levels
were measured on day 35. Interestingly, OB_4 had a temporary drop in OPN

expression on day 7 before the subsequent increase.
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Figure 3.32: Individual evaluation of OPN mRNA expression across five different
OBs during osteogenesis. The mRNA expression of the osteogenic differentiation
marker OPN was determined by qPCR on days 1, 7, 14, 21, 28, and 35 of OIM-treated
OBs (n =5). Relative mRNA expression was calculated by the 2-AA Ct method and

normalized to the control (day 1) of each experiment using the reference gene TFRC.

The expression pattern of OCN mRNA varied widely among the donor OBs
(Fig. 3.33). OB_1 and OB_5 showed a single peak of high expression values, either on
day 7 or day 14 of osteogenesis. In contrast, OB_2 had two distinct peaks on day 7
and later on day 28. OB_4 showed the highest expression level of OCN on day 1 in
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undifferentiated OBs, with a drop on day 7 and minimal changes during the

subsequent period. In OB_3, a consistent increase was observed from day 14 to 35.
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Figure 3.33: Individual evaluation of OCN mRNA expression across five different
OBs during osteogenesis. The mRNA expression of the osteogenic differentiation
marker OCN was determined by qPCR on days 1, 7, 14, 21, 28, and 35 of OIM-treated
OBs (n = 5). Relative mRNA expression was calculated by the 2-AACt method and

normalized to the control (day 1) of each experiment using the reference gene TFRC.

To further explore how cytokine treatments affect the expression of osteogenic
differentiation markers in OBs, the mRNA expression levels of ALP, CollaZ, Runx2,
OPN, and OCN were analyzed after 21-day treatment with IL-1f, IL-6, IL-8, TNF-q,
and IFNy.
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IL-1B-treated OBs showed a tendency toward reduced mRNA expression of CollaZ2
and RunxZ compared to the differentiated control without cytokines (Fig. 3.34).

However, a slight upregulation of ALP and OPN expression was observed.

A ALP B Colla2 C Runx2
5+ 1.5
S 24- & 12 5
n 73 0
$ 227 8 o
S 20+ 2 1.0 =— S0 — ‘|‘
[} 18_ [ D
< 3 < g
Z 5% 4 r4
X, o o
€ E 0.5 + € 0.5 +
o 37 o o
Z 2 2 L >
5 4 — K k= —
€ 0 . £ 0.0 : : £ 0.0 | |
oM IL-1p oM  IL-1p oM  IL-1p
treatment for 21 days treatment for 21 days treatment for 21 days
D OPN E OCN
c 40+ c 6
o c
2 2
n w ——
2 30 g
o e 4
X *
[ [+
< - =
(14 (14
E E 2
2 10- .
E E I E 3
° ® =
= 0 1 I =0 I I
oM IL-1p OIM  IL-1p
treatment for 21 days treatment for 21 days

Figure 3.34: Impact of IL-1p treatment on osteogenic differentiation marker
expression of OBs on day 21. The cells were treated with 250 units/mL of IL-1f in
OIM for 21 days and the mRNA expression of the osteogenic differentiation markers
(A) ALP (n =9), (B) Colla2 (n =5), (C) Runx2 (n = 5), (D) OPN (n = 5), and (E) OCN (n
= 8) were determined by qPCR. The relative mRNA expression was calculated by the
2-AA Ct method and normalized on the control (OIM) of each donor using the reference
gene TFRC. Boxplot diagrams are shown and the significances were calculated by

Wilcoxon signed rank test (ns).
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Treatment with IL-6 resulted in a decrease in CollaZ expression, alongside an
increase in OPN expression (Fig. 3.35). Meanwhile, Runx2 and ALP tended to be

expressed at lower levels compared to the control.
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Figure 3.35: Impact of IL-6 treatment on osteogenic differentiation marker
expression of OBs on day 21. The cells were treated with 12.5 units/mL of IL-6 in
OIM for 21 days and the mRNA expression of the osteogenic differentiation markers
(A) ALP (n =6), (B) CollaZ (n =5), (C) Runx2 (n = 5), (D) OPN (n = 5), and (E) OCN
(n=7) were determined by qPCR. The relative mRNA expression was calculated by
the 2-AA Ct method and normalized on the control (OIM) of each donor using the
reference gene TFRC. Boxplot diagrams are shown and the significances were

calculated by Wilcoxon signed rank test (ns).
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A trend towards a reduction in Runx2 expression and an increase in OPN expression
was also measured with IL-8 treatment on day 21 of differentiation (Fig. 3.36). IL-8
had no consistent effect on the expression of ALP, CollaZ2, and OCN.
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Figure 3.36: Impact of IL-8 treatment on osteogenic differentiation marker
expression of OBs on day 21. The cells were treated with 12.5 units/mL of IL-8 in
OIM for 21 days and the mRNA expression of the osteogenic differentiation markers
(A) ALP (n =8), (B) Colla2 (n =5), (C) Runx2 (n = 5), (D) OPN (n = 5), and (E) OCN
(n = 8) were determined by qPCR. The relative mRNA expression was calculated by
the 2-AA Ct method and normalized on the control (OIM) of each donor using the
reference gene TFRC. Boxplot diagrams are shown and the significances were

calculated by Wilcoxon signed rank test (ns).
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Treatment with TNF-« led to a strong reduction in OPN and OCN mRNA expression
(Fig. 3.37). Beside a trend towards a reduction in CollaZ, ALP and Runx2 were not

notably affected.
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Figure 3.37: Impact of TNF-a treatment on osteogenic differentiation marker
expression of OBs on day 21. The cells were treated with 250 units/mL of TNF-« in
OIM for 21 days and the mRNA expression of the osteogenic differentiation markers
(A) ALP (n = 8), (B) Colla2 (n =5), (C) Runx2 (n =5), (D) OPN (n = 5), and (E) OCN
(n = 8) were determined by qPCR. The relative mRNA expression was calculated by
the 2-AA Ct method and normalized on the control (OIM) of each donor using the
reference gene TFRC. Boxplot diagrams are shown and the significances were

calculated by Wilcoxon signed rank test (ns).
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IFNy exposure slightly suppressed OPN and Runx2 expression, while a minor
increase in OCN expression was detected (Fig. 3.38). ALP and Col1aZ2 levels remained

largely unchanged.
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Figure 3.38: Impact of IFNy treatment on osteogenic differentiation marker
expression of OBs on day 21. The cells were treated with 3.125 units/mL of IFNy in
OIM for 21 days and the mRNA expression of the osteogenic differentiation markers
(A) ALP (n =8), (B) Colla2 (n =5), (C) Runx2 (n=5), (D) OPN (n = 5), and (E) OCN
(n = 8) were determined by qPCR. The relative mRNA expression was calculated by
the 2-AA Ct method and normalized on the control (OIM) of each donor using the
reference gene TFRC. Boxplot diagrams are shown and the significances were

calculated by Wilcoxon signed rank test (ns).
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3.2.3. Additional Analyses of the Differentiation of OBs

3.2.3.1. Analyses of Signaling Pathways

This study also aimed to investigate the role of the Wnt signaling pathway, which is
essential for osteogenesis, and to evaluate how cytokines modulate its activity.
Furthermore, the MAPK (mitogen-activated protein kinase) signaling pathway,

which is documented to respond to cytokine stimulation, was analyzed.
3.2.3.1.1. Whnt Signaling - 3-catenin Protein Expression

The protein expression of (-catenin varied among the donor cells during
osteogenesis (Fig. 3.39). In OB_7, B-catenin levels showed a gradual increase
throughout the 35 days of differentiation. For OB_8, the expression peaked on day
28 before declining by day 35. In contrast, OB_9 showed an early increase on day 7,
followed by a reduction in expression until day 21, and subsequently returning to

levels similar to day 1 by day 35.
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Figure 3.39: Protein expression of B-catenin in OBs during osteogenesis. The
protein expression of B-catenin in OBs from three donors (OB_7, OB_8, and 0B_9)
treated with OIM for 35 days was determined weekly on days 1, 7, 14, 21, 28, and 35
by performing an SDS-PAGE (20 pg cell lysate) and subsequent Western blotting. The
chemiluminescent images were quantified on total protein amount and the data were

normalized to the control (day 1).

The impact of cytokine treatment on [3-catenin expression on day 21 was assessed

(Fig. 3.40). In the combined analysis across all donors, cytokine treatments did not
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induce significant changes in 3-catenin (Fig. 3.40, A). However, individual donor
evaluation revealed considerable variability (Fig. 3.40, B). A trend towards reduced
B-catenin expression following IL-1f and IL-6 treatments was observed in OB_1,
0B_3, OB_4, OB_6, and OB_7. Conversely, these cytokines had no effect in OB_2 and
increased [-catenin expression in OB_5 compared to the control (OIM). IL-8
treatment exhibited a tendency towards upregulation in the combined analysis,
driven largely by elevated expression in OB_1 and OB_3, while other OBs showed
either no change or even reduced expression. Similarly, IFNy treatment resulted in
high variability among donors, as reflected in the large whiskers in the combined

data.
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Figure 3.40: Effect of proinflammatory cytokines on -catenin protein expression

in OBs. B-catenin protein levels of OBs (n = 8) were assessed after 21-day treatment
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with the cytokines IL-18 (250 units/mL), IL-6 (12.5 units/mL), IL-8 (12.5 units/mL),
TNF-a (250 units/mL), or IFNy (3.125 units/mL) in OIM. Protein expression was
analyzed via SDS-PAGE (20 ug cell lysate) followed by Western blotting. (A) Combined
evaluation with all donor OBs, and (B) individual results, both normalized to the
control (OIM). The quantified chemiluminescent signals were normalized to total

protein amount.

3.2.3.1.2. MAPK Signaling

To investigate the influence of cytokines on MAPK signaling during osteogenic
differentiation, protein expression levels of MAPK and phosphorylated MAPK
(p-MAPK) were analyzed.

On day 21 of treatment, the MAPK protein levels were significantly reduced in OBs
treated with IL-18 and IL-6 (Fig. 3.41). TNF-a treatment also showed a trend
towards decreased MAPK expression. In contrast, IL-8 and IFNy treatments did not

result in significant changes but demonstrated a tendency to enhance MAPK protein

levels.
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Figure 3.41: Effect of proinflammatory cytokines on p38-MAPK protein
expression in OBs. The protein expression of p38-MAPK (mitogen-activated protein
kinase) of O0Bs (n = 6), that were treated with the cytokines IL-1f (250 units/mL), IL-6
(12.5 units/mL), IL-8 (12.5 units/mL), TNF-a (250 units/mL), or
[FNy (3.125 units/mL) in OIM for 21 days was determined by performing an SDS-PAGE
(20 pg cell lysate) and subsequent Western blotting. The quantified chemiluminescent
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signals were normalized to total protein amount. The data was normalized to the

control (OIM).

The protein levels of phospho-p38-MAPK varied significantly among OB donors
following cytokine treatments, resulting in no significant changes in the combined
analysis (Fig. 3.42, A). However, a trend was observed indicating that IL-8 treatment
might increase p-p38-MAPK protein expression. This increase was particularly
evident in OB_1, OB_3, and OB_4, while OB_2, OB_5, and OB_6 exhibited a decrease
in p-MAPK levels following IL-8 treatment (Fig. 3.42, B). A similar variability was
observed with IL-1, IL-6, TNF-a, and IFNy treatments, where both increases and

decreases in p-38-MAPK protein expression were detected across different donors.
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Figure 3.42: Effect of proinflammatory cytokines on phospho-p38-MAPK protein
expression in OBs. The protein expression of p-MAPK (phospho-mitogen-activated
protein kinase) of OBs (n = 6), that were treated with the cytokines IL-1f
(250 units/mL), IL-6 (12.5 units/mL), IL-8 (12.5 units/mL), TNF-a (250 units/mL), or
IFNy (3.125 units/mL) in OIM for 21 days was determined by SDS-PAGE (20 pg cell
lysate) and subsequent Western blotting. (A) Combined evaluation across all donors
and (B) individual donor responses are shown. The quantified chemiluminescent
signals were normalized to total protein amount and the data was normalized to the
control (OIM).
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3.2.3.2. Electron Microscopic Analysis of OBs
3.2.3.2.1. Surface Analysis with Scanning Electron Microscopy

(SEM)

The cell surface of undifferentiated (day 1) and differentiated (day 21) OBs was
visualized using scanning electron microscopy (SEM) at magnifications of 300 x and
3000 x (Fig. 3.43). At 300 x magnification on day 1, the outlines of individual cells
are still visible, while on day 21, the cells appear more spread out with undefined
cell boarders and a smoother, more uniform surface. At 3000 x magnification,
prominent podocyte-like extensions with kind of rocky surface are visible from the
undifferentiated cells. These features are also present on day 21 but appear as

larger, hill-like structures. The surface on day 21 appears more layered, with fewer

visible details compared to day 1.

day 1 day 21

300 x magnification

3000 x magnification

Figure 3.43: Scanning electron micrograph of the cell surface of undifferentiated
and differentiated OBs. Using a scanning electron microscope (SEM), the surface of
OBs that were confluent but undifferentiated (day 1) or differentiated in OIM for
21 days were imaged at 300 x (scale bar = 30 pm) or 3000 x (scale bar = 3 pum)

magnification.
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Additionally, the surface of OBs after treatment with IL-1f and IL-8 were also
analyzed with SEM (Fig. 3.44). At 300 x magnification, the surface of cells
differentiated in OIM for 21 days showed a smooth texture compared to the cells
treated with IL-1f, which had a very rough surface with disruption of cellular
material. Cells treated with IL-8 appear to have a smoother surface compared to IL-
1B-treated cells, similar to the control cells in OIM, but with a slightly crumblier

texture.

21 days

OIM IL-1B IL-8

300 x magnification

3000 x magnification

Figure 3.44: Scanning electron micrograph of the cell surface of differentiated
OBs after IL-1f3 and IL-8 treatment. Using a scanning electron microscope (SEM), the

surface of OBs differentiated in OIM without or with the cytokines IL-1f
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(250 units/mL) and IL-8 (12.5 units/mL) for 21 days were imaged at 300 x (scale bar

=30 um) or 3000 x (scale bar = 3 pm) magnification.

At 3000 x magnification, the differences become more visible. The OIM-treated cells
show a relatively smooth surface with layered hill-like structures. IL-13-treated
cells reveal disrupted cell surfaces, revealing areas where the surface seemed to tear
open. The cracks could also be an artefact of sample preparation. Beneath these
openings, additional layers of cells are visible, suggesting the presence of multiple
cellular layers in these regions. In contrast to the control, IL-8-treated OBs also
seemed to exhibit increased crinkling and irregular folds, as already seen as the

crumblier surface in 300 x magnification.

3.2.3.2.2. Analysis of Calcium Phosphate Structures with

Transmission Electron Microscopy (TEM)

To validate that the mineralization observed in the differentiation experiments and
stained with alizarin red S represents collagen-mediated calcium phosphate
deposition, differentiated OBs were embedded in epoxy resin, sectioned, and

analyzed using transmission electron microscopy (TEM).

TEM analysis revealed collagen fibers in the OB cell culture with their characteristic
banding pattern (Fig. 3.45, A). In addition, collagen-associated hydroxyapatite
crystals were identified, visible as dark structures due to the density, structured
deposits along the collagen fibrils (Fig. 3.45, B). Interestingly, feather-like structures
indicative of non-collagen associated hydroxyapatite were also observed in the OBs

cultures (Fig. 3.45, C).
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Figure 3.45: Transmission electron microscopy images of mineralized structures
of differentiated OBs. Using a transmission electron microscope (TEM), slides of the
mineralized structures of differentiated OBs (21-day incubation in OIM) were imaged,
showing (A) collagen fibers, (B) collagen-associated hydroxyapatite, and (C) non-

collagenous feather-like structured hydroxyapatite.

During the analysis of calcium phosphate, additional observations were made in the
culture of differentiated OBs (Fig. 3.46). Multilamellar vesicles were frequently

109



detected, appearing in particularly high abundance (Fig. 3.46, A). Furthermore,
rough endoplasmic reticulum with attached ribosomes was identified (Fig. 3.46, B)
and large lipid bodies were observed within the cytoplasm of differentiated

osteoblasts (Fig. 3.46, C).

Figure 3.46: Transmission electron microscopy images of interesting structures

in differentiated OB culture. Using a transmission electron microscope (TEM), slides
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of the mineralized structures of differentiated OBs (21-day incubation in OIM) were
imaged, showing (A) multilamellar vesicles, (B) endoplasmic reticulum with

ribosomes, and (C) lipid bodies.

3.2.3.3. Further Investigations of the Influence of Cytokines on OBs

Mineralization

To explore whether the mineralization-promoting effect of IL-1f treatment
observed in OIM could also be replicated in GM, cells from a single donor were
analyzed (Fig. 3.47). As shown in Fig. 3.47, A, mineralization in GM without
osteogenic supplements (L-ascorbic acid, 3-glycerophosphate, and dexamethasone)
remained minimal, even with IL-1f treatment. While a slight increase in
mineralization was observed between days 21 and 35 in both the control and IL-1[3-
treated groups, the absorption remained very low (about 0.05 on day 35) compared
to those in OIM (about 7 - 10). IL-1B-treated cells showed a slightly elevated
mineralization level compared to controls on days 14, 21, and 28; however, this
difference did not indicate an induction of mineralization. In contrast,
mineralization in OIM (Fig. 3.47, B) was significantly enhanced by IL-1f3 treatment,

with levels more than twice as high as the control on day 14.
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Figure 3.47: Mineralization assay of OBs treated with IL-1p in GM and OIM. The
OBs mineralization from one donor (4 replicates) treated with 250 units/mL IL-18 (A)
in GM without osteogenic additives, and (B) in OIM was quantified photometrically by
alizarin red S staining (OD600) on days 14, 21, 28, and 35. The data is presented as

mean = SD.

Building on the previous findings, which demonstrated a strong mineralization-
promoting effect of IL-1f in OIM, but not in GM, it was investigated whether this
effect could also be observed in a GM after pre-incubation of OBs in OIM (Fig. 3.48).
The mineralization of cells pre-incubated in OIM for short-term (48 h) and long-
term (14 days), followed by 21 days of treatment with the cytokines IL-1(, IL-6, IL-8,
TNF-a, and IFNy in GM, was analyzed. Short-term OIM pre-incubation resulted in
very low mineralization with absorption values about 0.05 (Fig. 3.48, A and B).
Despite similar absorption values as in Fig. 3.48, A without pre-incubation in OIM,
the treatment with IL-1f3 and TNF-«a resulted in a slight increase in mineralization.

IL-6, IL-8, and IFNy had no measurable impact compared to the control. In contrast,
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cells pre-incubated in OIM for a longer period of 14 days showed a markedly
different response when subsequently incubated with cytokines in GM for 21 days
(Fig. 3.48, C and D). Mineralization was notably increased under these conditions.
IL-6 exhibited the strongest mineralization-promoting effect, while IL-1(, IL-8, and
TNF-a also showed a comparable positive effect on mineralization. IFNy treatment

resulted only in a slight increase compared to the control.
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Figure 3.48: Effect of cytokines in GM after OIM pre-incubation on OBs
mineralization. Mineralization of OBs with (A), (B) 48 h (n = 4) or (C), (D) 14 days
(n=5) OIM pre-incubation followed by 21 days cytokine incubation in GM with
250 units/mL IL-18, 12.5 units/mL IL-6, 12.5 units/mL IL-8, 250 units/mL TNF-«a, and
3.125 units/mL IFNy. The boxplot diagrams in (B) and (D) show the values normalized

to the untreated control (GM) of each donor.

Next, the impact of cytokine pre-incubation, either for a short (48 hours) or long
(14 days) period, on subsequent mineralization in OIM was investigated (Fig. 3.49).
The comparison between raw data (Fig. 3.49 A and C) and normalized data

(Fig. 3.49, B and D) reveals that donor-specific variations significantly influenced the
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results, presumably due to the extended incubation periods. In the normalized data
of OBs pre-incubated with cytokines for 48 hours, IL-6, IL-8, TNF-a, and IFNy
demonstrated a positive effect on subsequent mineralization, with IL-8 and TNF-a
having the strongest effects (Fig. 3.49, B). Interestingly, IL-1f3 showed no notable
impact on mineralization under this condition. For OBs pre-incubated with
cytokines for 14 days, both the control and treated cells had significantly enhanced
mineralization compared to the 48-hour pre-incubation (Fig. 3.49, D). Notably, IL-1f3
treatment revealed a positive influence on mineralization under this condition. In
contrast, pre-incubation with IL-6 and IL-8 tended to inhibit mineralization, while

TNF-a and IFNy showed no consistent effects and appeared to have large donor-

dependent variability.
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Figure 3.49: Impact of cytokine pre-incubation on OIM-induced mineralization of
OBs. Mineralization of pre-incubated OBs (A), (B) for 48 h (n =4) or (C), (D) for
14 days (n =5) with 250 units/mL IL-18, 12.5 units/mL IL-6, 12.5 units/mL IL-8,
250 units/mL TNF-a, or 3.125 units/mL IFNy in GM with subsequent 21-day OIM
incubation was determined by quantification of alizarin red S staining. The boxplots

in (B) and (D) show the data normalized to the control of the respective donor.
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4. Extended Discussion and Conclusion

4.1. Effects of Proinflammatory Cytokines on the Osteogenesis

of Primary Human Osteoblasts

In the publication it was shown, contrary to initial expectations, that the cytokines
IL-1f and TNF-q, as well as IL-6 and IL-8, significantly promoted the mineralization
of primary osteoblasts (Fig. 3). IL-18 and TNF-a also had a positive effect on
proliferation and increased the mRNA expression of IL-6 and IL-8 in the cells
(Fig. 4 and 5). Both cytokines were secreted during osteogenesis, IL-6 at a relatively
constant level and IL-8 only from day 14 with an increasing tendency (Fig. 2).
Treatment with IL-1f also had promoting effects on glycolysis and non-glycolytic
acidification, while TNF-a had a stimulating effect on OxPhos of the cells (Fig. 6
and 7).

Further analysis of the mRNA expression of osteogenic differentiation markers
showed that the expression of CollaZ2 and Runx2 was downregulated by IL-1f3
(Fig. 3.34). In contrast, the expression of OPN, a marker of late osteogenesis, was
increased with IL-1f treatment. A similar observation was made with IL-6
treatment, leading to a significant reduction in Coll1aZ and increased OPN expression
(Fig. 3.35). Colla2 and RunxZ2 are expressed during early osteogenic differentiation
in the production of ECM, whereas OPN is a rather late stage marker, which is
involved in matrix mineralization together with OCN (Amarasekara et al,, 2021;
Zhang, 2010). These observations may indicate a later stage of differentiation of
osteoblasts treated with IL-1f3 or IL-6, which is also consistent with the increased
mineralization by these cytokines. Furthermore, the altered expression patterns of
the matrix proteins OPN and Colla2 could indicate an altered ECM composition.
This, together with increased mineralization, may result in an altered mineral-to-
matrix ratio, which in turn can strongly influence bone fragility (Naqvi et al.,, 2024;
Unal et al,, 2018). When secreted into the ECM, OPN binds to calcium ions, leading
to an inhibition of hydroxyapatite formation (Hoac et al., 2017). Overexpression of
OPN in MC3T3-E1 cells can also lead to a significant inhibition of mineralization in

115



vitro (Huang et al, 2004). Increased OPN production by cytokine-stimulated
osteoblasts could also promote osteoclast adhesion to the bone matrix, thereby
increasing bone resorption (Reinholt et al., 1990). OPN itself is a proinflammatory
cytokine that is upregulated in the tissues of patients with osteoarthritis, and a
correlation between elevated CRP and OPN levels has also been found in the
synovial fluid of RA patients (Ohshima et al., 2002; Wang et al., 2017). This study
shows that OPN expression, which plays an important role in inflammatory
responses, was also upregulated by IL-1f and IL-6 in vitro. Interestingly, despite the
mineralization-inhibiting function of OPN, treatment with these cytokines led to
increased mineralization in primary osteoblasts. However, after treatment with
TNF-a and IFNy, areduction in OPN expression was measured, which would be more

consistent with the observed increase in mineralization (Fig. 3.37 and 3.38).

A significant reduction in p38-MAPK protein expression on day 21 of osteogenesis
by IL-1 and IL-6 and a tendential reduction with TNF-a was measured (Fig. 3.41).
Since increased MAPK activity is associated with the earlier differentiation stage and
is also involved in the transcription of the early key osteogenic marker Runx2, the
reduction by the cytokines could indicate a later differentiation stage (Xiao et al,,
2000). However, p38-MAPK signaling also plays a role in later stages of mature
osteoblasts and osteocytes (Rodriguez-Carballo et al., 2016). The expression of
phosphorylated p38-MAPK was highly donor dependent and did not give a reliable
result (Fig. 3.42). High donor variability was also observed in the expression of (3-
catenin, with a tendency towards inhibition by IL-1 und IL-6 (Fig. 3.40). 3-catenin
is an important marker for the activation of the canonical Wnt pathway, one of the
most important signaling pathways for the regulation of osteogenic differentiation,
which already serves as a target in osteoporosis therapy through the use of
antibodies against the Wnt antagonist sclerostin (Bandeira et al., 2017). As the
expression of osteogenic differentiation markers and signaling pathways only
represent a snapshot of day 21 of osteogenesis, it is important to investigate how

expression changes at different time points during osteogenesis.
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Both short and long pre-differentiated osteoblasts were further enhanced in their
mineralization by subsequent treatment with IL-1f3 without osteogenic additives
(Fig. 3.48). Thus, IL-1p appears to activate signaling pathways that promote both
early and late stages of osteogenesis, but it cannot induce mineralization on its own
without the induction by osteogenic additives such as dexamethasone (Fig. 3.47). In
contrast, IL-6 and IL-8 have no effect on the mineralization in early osteogenesis,
but have a strong positive effect on osteoblasts in later stages (Fig. 3.48). On the
other hand, pre-incubation with IL-6 or IL-8 for 14 days had an inhibitory effect,
which was not seen with IL-13, TNF-a, or [FNy (Fig. 3.49). This suggests that, despite
the positive effect of IL-6 and IL-8 on the differentiation during the induction of
osteogenesis, the chronic inflammation may have long-term negative effects on
osteogenesis. It is possible that acute inflammation and the increase of
proinflammatory cytokine expression such as IL-1f, IL-6 and TNF-a may have a
beneficial effect on bone repair, which could explain our findings in this work
(Mountziaris & Mikos, 2008). IL-6 and IL-8 may be part of the negative effect of
chronic inflammation leading to reduced bone density in chronic inflammatory

diseases such as rheumatoid arthritis (Kareem et al., 2021).

In addition to IL-1, IL-6, IL-8, and TNF-q, this study also investigates the influence
of the proinflammatory cytokine IFNy on primary osteoblasts, which is the only
cytokine known to inhibit osteoclastogenesis, also induced by TNF-a
(Amarasekara et al., 2018; Kohara et al., 2011). Treatment of OBs with IFNy also
resulted in increased mineralization of induced osteoblasts, comparable to IL-6 and
IL-8 (Fig. 3.23). IFNy had no significant effect on proliferation rate (Fig. 3.7 and 3.8)
or energy metabolism (Fig. 3.11 and 3.12). A study utilizing MC3T3-E1 cells also
showed a beneficial effect of I[FNy by upregulating the osteogenic markers ALP and
OCN (Lai et al,, 2022). In addition, IFNy inhibits the adipogenic differentiation of
MSCs in vitro (Vidal et al, 2012). The observations of this work confirm the
literature showing that IFNy has a beneficial effect on bone metabolism and may

play an important role in the treatment of osteoporosis (S. Li et al., 2024).

117



Due to the high variability in the expression of osteogenic differentiation markers
and signaling pathway markers in the primary osteoblast cultures (Fig. 3.28 - 3.33
and 3.39), no specific regulatory mechanism by which cytokines increase
mineralization could be identified in this study. However, the results suggest a
highly complex effect of cytokines on osteogenic differentiation, dependent on
differentiation stage and time. Evidence of effects on proliferation and energy
metabolism, as well as changes in individual osteogenic markers such as OPN,
suggest possible signaling pathways targeted by the cytokines. It would be
interesting to investigate these pathways and, in particular, the cytokine-mediated
changes in the communication between osteoblasts and other bone cells such as

osteoclasts.

4.1.1. Electron Microscopic Analysis of Osteoblast Differentiation

Comparison of undifferentiated and differentiated osteoblast cell cultures under the
SEM showed that the differentiated cells covered the entire plate (Fig. 3.43). They
also appeared to be covered by a layer as the cell borders were less clearly visible,
presumably indicating the ECM produced by the cells. TEM showed more evidence
of osteogenic differentiation. The cells were surrounded by collagen fibrils
associated with electron-dense particles, namely hydroxyapatite crystals (Fig. 3.45,
A and B). In addition, some dystrophic mineralization as described by Bonewald et
al. (2003) was also observed (Fig. 3.45, C). Consistent with the collagen-associated
mineralization, the cells showed abundant rough endoplasmic reticulum, which is

known from matrix-producing osteoblasts (Fig. 3.46, B) (Marks Jr. & Popoff, 1988).

A noticeable large number of multilamellar organelles were found in the cells, which
could have different functions. These are probably not matrix vesicles for the
transport of calcium and phosphate ions, as the multilamellar organelles could only
be observed intracellularly and matrix vesicles have bilamellar membranes
(Shapiro et al,, 2015). Based on the partially observed electron-dense structures in
the center and an estimated size ranging from about 300 - 700 um, they can be

identified as multilamellar bodies (MLBs) (Hariri et al., 2000). They are associated
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with various cellular processes, as the storage and secretion of lipids as well as the
process of autophagy are involved in the biogenesis of MLBs (Hariri et al., 2000;
Schmitz & Miiller, 1991). This observation would be consistent with the increased

autophagy process during mineralization (Nollet et al., 2014).

IL-1f3 treatment apparently induced the formation of multiple cell layers, which was
visualized by disruption of the upper cell layer, revealing a lower layer beneath
(Fig. 3.44). Consistent with this observation, a study by Hanna et al. (2018) using
osteogenically differentiated human adipose mesenchymal stem cells showed the
formation of four distinct cell layers. It is particularly interesting that the top layer
of MSCs lost surface markers such as CD90 or CD44 faster than the lower layers
(Hanna et al., 2018). The surface of untreated or IL-8-treated OBs was still intact, so
itis not possible to say whether multiple cell layers were also formed. However, cells

that had overgrown other cells were clearly visible in both cultures (Fig. 3.44).

4.2. Do Osteoblasts from Osteoporotic Donors Differ in Cell
Activity in vitro?

4.2.1. Comparison of Basic Cellular Parameters Between OBs and 00Bs

Since there are few studies on whether osteoblasts from osteoporotic and healthy
individuals differ in their activity or physiology, we analyzed various cell
parameters of 00Bs and OBs in vitro. No significant differences were found for the
basic parameters of proliferation, mineralization, ALP activity and cytokine
secretion. Nevertheless, there were some observations that should be considered in

further studies.

The mineralization of OBs and 00Bs was very similar over a 28-day period and only
decreased between day 28 and day 35 of differentiation, at a late time point, in oOBs
in contrast to OBs (Fig. 3.2). A trend was also observed in IL-8 secretion during
osteogenesis, with a tendency to lower levels in 00Bs than in OBs between day 14
and day 35 (Fig. 3.3). The function and possible consequences of decreased IL-8

secretion in differentiating osteoblasts are not yet known and should be further
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investigated. However, it has been shown that IL-8 increases the production of the
protein RANKL in MC3T3-E1 cells and increases the formation of TRAP-positive
multinuclear cells from PBMCs in vitro (Bendre et al., 2003). Therefore, contrary to
expectations, the lower IL-8 secretion in 0OBs may result in less activation of
osteoclastogenesis. Conversely, due to its role as a chemokine and its function in
neutrophil migration, less IL-8 could also lead to a reduced number of neutrophils
at the fracture site in osteoporotic patients and thus to impaired bone healing
(Bastian etal,, 2016; Laterveer etal.,, 1995). To the best of my knowledge, the energy
metabolism of osteoporotic osteoblasts has not been described in the literature.
Again, no significant differences in OxPhos or glycolysis parameters were found
between undifferentiated OBs and 00Bs (Fig. 3.5 and 3.6). The proliferation of 00Bs
compared to OBs tended to be lower at all time points analyzed, but without

reaching significance (Fig. 3.4).

The fact that the differences between osteoporotic and healthy cells are not
significant is also confirmed by a comprehensive study in which BMSCs from the
spine of osteoporotic patients were compared with cells from healthy donors in
terms of their osteogenic differentiation potential (Haddouti et al., 2020). It was
shown that the cells of these groups did not differ in their morphology, growth
behavior and osteogenic, adipogenic, and chondrogenic differentiation potential.
However, in contrast to our observations, differences between osteoporotic and
healthy or osteoarthritic controls have been reported in the literature. In a study
with BMSCs from osteoporotic patients, lower proliferation and ALP activity as well
as calcium deposition during differentiation were measured after several days in
culture compared to controls (Rodriguez et al., 1999). Osteoblasts from osteoporotic
male donors also showed reduced proliferation and OCN production after vitamin
D3 stimulation compared to osteoarthritis patients (Pernow et al.,, 2006). MSCs
isolated from the blood of osteoporosis patients showed significantly lower
expression levels of Runx2, SP7, CollaZ, and other bone-related genes during in vitro
differentiation (Carbonare et al., 2009). BMSCs from osteoarthritic patients formed
a more mineralized matrix with increased gene and protein levels in vitro, without

significant differences in adipogenic differentiation compared to BMSCs from
120



osteoporotic patients (Z.-M. Zhang et al., 2009). However, in another study using
human BMSCs, increased adipogenic potential was measured in osteoporotic cells
compared to controls (Rodriguez et al., 2008). Another study confirmed these
observations in osteoporotic MSCs, which showed a pro-adipogenic rather than
osteogenic response compared to normal MSCs due to a disruption of BMP-2

signaling (Donoso et al., 2015).

In conclusion, differences were found in the literature that could not be supported
by the findings on primary human osteoblasts in this study. The trends observed
here should be further investigated, but with a larger number of samples, due to the

complexity of osteoporosis as a disease.

4.2.2. Cytokine-Induced Effects on 00OBs and OBs

Although some studies have investigated the role of cytokines in bone metabolism,
often in cell lines or MSCs, no experimental work has been published about the
influence of proinflammatory cytokines on human osteoporotic osteoblasts
compared to a control. This research gap was addressed in the present study with
the hypothesis that cells from an osteoporotic patient with an inflammatory milieu

might have an altered response to cytokines in vitro.

The mineralization of 00Bs, comparable to OBs, was promoted by the addition of
the cytokines IL-1f3, IL-6, IL-8, TNF-a, and IFNy (Fig. 3.9). IL-1 and TNF-a also had
an inducing effect on the proliferation of 0OBs (Fig. 3.8). The 00Bs tended to show
different ALP activity compared to OBs, with less variability and a tendency for IL-
1B to increase ALP activity on days 8 and 10 (Fig. 3.10). Treatment of 0OBs with
TNF-a resulted in an increase in OxPhos parameters, as in OBs. 00Bs treated with
IL-1p had higher basal respiration, ATP production, and proton leak than OBs, but
without reaching significance compared to 0o0OBs not treated with cytokines
(Fig. 3.11). As in OBs, non-glycolytic acidification was increased in 00OBs, with a

trend toward increased glycolysis (Fig. 3.12).
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It should be noted that the patients classified as osteoporotic in this study were
diagnosed on the basis of a low T-score in DXA measurement, and therefore all
patients with a high T-score belonged to the control group. The official diagnostic
criteria for osteoporosis using DXA were defined by the WHO in 1994, with patients
being diagnosed on the basis of their measured bone density (Kanis et al., 1994).
However, osteoporosis is a multifactorial condition with a complex phenotype,
influenced by factors such as age, hormonal status, and secondary causes. While low
bone density is a key characteristic and risk factor, it represents only one aspect of
the broader pathological changes seen in osteoporosis. The FRAX®tool, for example,
incorporates these additional factors into its osteoporosis risk assessment (Kanis et
al., 2008). This raises the question of whether “osteoporotic cells” truly exist or
whether cellular changes observed in the literature are primarily due to the
influence of the systemic environment of osteoporotic patients. If cells are cultured
for an extended period after isolation, they may lose features associated with
osteoporosis due to the absence of external signals such as cytokines or hormonal
influences. Additionally, it should also be noted that the control cells were derived
from patients with fractures or OA, conditions that also expose cells to a cytokine-

rich environment (Molnar et al., 2021).

4.2.3. Future Analyses of OBs and 00Bs

Although no significant differences in the cell parameters of OBs and 00OBs were
found in this study, it should be further investigated whether these cells have
possible physiological differences. An important question is whether the cells
change over time in culture, so that the previous conditions of osteoporotic bone
tissue no longer affect their activity. It would be interesting to analyze the cells for
protein and gene expression of osteogenic markers directly after isolation compared

to a later stage of culture.

Neidlinger-Wilke et al. (1995) isolated osteoblasts from osteoporotic and normal
patients and found no differences in proliferation, TGF-f3 secretion or ALP activity in

vitro. The differences became apparent only after cyclic loading, as osteoblasts from
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osteoporotic donors did not increase proliferation or TGF-8 secretion compared to
normal cells. Therefore, it would be interesting to investigate whether our 0OBs
would also show different behavior after shear stress compared to OBs. Perhaps
these differences originate in a altered expression or activity of piezo ion channels,
which are known to respond to mechanical stimuli and promote bone formation (X.
Li et al,, 2019). Furthermore it would be interesting to analyze the composition of
the ECM of OBs and 00Bs, as there is evidence that 0OBs produce a lower proportion
of type I collagen (Rodriguez et al., 2000). An alteration in the ECM and a decrease
in type I collagen could explain the increased risk of fracture in osteoporotic

patients.

Another important aspect would be to investigate the adipogenic differentiation
potential of 00Bs, as it has been shown several times that MSCs from osteoporotic
donors show a pro-adipogenic response through increased peroxisome
proliferator-activated receptor gamma (PPARy) levels compared to controls
(Donoso et al., 2015; Rodriguez et al., 2000, 2008). Several studies have also shown
in vivo that the differentiation of MSCs in osteoporotic individuals is more adipocytic
than osteogenic. In vivo experiments in osteoporotic mice with bilateral
ovariectomy showed that their MSCs had increased expression of enhancer of Zeste
homology 2 (EZH2), which in turn suppressed the Wnt pathway, causing the cells to
differentiate in an adipogenic direction (Jing etal., 2016). The proportion of adipose
tissue was significantly higher in iliac crest bone biopsies from osteoporotic patients
with a lower proportion of trabecular bone compared to healthy individuals
(Justesen et al., 2001). This observation has been confirmed several times, and an
inverse correlation between BMD and bone marrow adipocytes has also been found
in both younger and older men and women (Shen et al,, 2012; Yeung et al., 2005).
The cell fate decision of MSCs to differentiate into adipogenic or osteogenic lineage
depends on several transcription factors. As mentioned above, Runx2 is the key
transcription factor for osteogenic differentiation and simultaneously inhibits
adipogenic and chondrogenic differentiation (Komori, 2006). Key transcription
factors for adipogenic differentiation include PPARy and CCAAT /enhancer binding

protein alpha (C/EBPa), which act in a common signaling pathway (Hu et al., 2018;
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Rosen et al.,, 2002). Therefore, it would be of particular interest to investigate
whether freshly isolated osteoblasts show increased expression of adipogenic
differentiation markers or whether they also show preferential adipogenic
differentiation over osteogenic differentiation in cell culture. In addition, it should
be examined whether proinflammatory cytokines influence the expression of
adipogenic transcription factors. In hASCs, IL-1p and TNF-a have been shown to
inhibit adipogenic differentiation, whereas IL-6 had no effect (Ma et al.,, 2020).
Studies with primary human osteoblasts may help to understand the effect of
inflammation in the context of increased adipogenesis and reduced osteogenesis in

osteoporotic bone.

4.3. Comparison of Primary Human Osteoblasts with the

hFOB 1.19 Cell Line

4.3.1. Opposing Effects of Proinflammatory Cytokines on the
Mineralization of OBs and hFOB 1.19 Cells

Due to the high heterogeneity of primary human osteoblasts, they were compared
to the immortalized human fetal osteoblast cell line hFOB 1.19 to determine
whether the effect of proinflammatory cytokines observed in OBs could also be
observed in the osteoblast cell line. The hFOB 1.19 cell line was developed by Harris
et al. (1995) to study osteogenic differentiation in addition to primary human and
rodent osteoblast cultures and osteosarcoma cell lines. This study confirms that
hFOB 1.19 cells at 34 °C with osteogenic supplements ((-glycerophosphate, L-
ascorbic acid, and dexamethasone) undergo osteogenic differentiation by increased
mineralization (Fig. 3.16), increased ALP activity (Fig. 3.24), and expression of

osteogenic differentiation markers (Fig. 3.26).

Comparison of the cell line and primary cells revealed that calcified nodules were
visible microscopically in both between days 14 and 21 (Fig. 3.17 and Fig. 3.18).
However, the morphologies of these nodules were different. While those of primary
cells were more evenly distributed and reticular, the nodules of hFOB 1.19 cells

were more speckled with wuncolored intermediate areas. Overall, more
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mineralization was measured in differentiated OBs (Fig. 3.16). Also in the
undifferentiated state, there were clear differences between hFOB 1.19 cells and
primary OBs (Fig. 3.13). The primary cells had a greater heterogeneity in size and
shape with spindle-shaped and partially polygonal-shaped cells, while the
hFOB 1.19 cells were more homogeneous and had a uniform spindle-shaped

morphology.

The results regarding the influence of proinflammatory cytokines on the
mineralization of hFOB 1.19 cells compared to primary osteoblasts were
particularly interesting. All five cytokines tested - IL-1, IL-6, IL-8, TNF-a, and
IFNy - showed the opposite effect in the cell line compared to primary cells. While
treatment with IL-1 and TNF-a strongly promoted the mineralization of OBs in a
dose-dependent manner, it significantly inhibited the mineralization of hFOB 1.19
cells at all concentrations (Fig. 3.19 and Fig. 3.22). Treatment with IL-6, IL-8, and
IFNy tended to promote or even significantly promote the mineralization of OBs at
certain concentrations, but resulted in a significant inhibition of the mineralization
of hFOB 1.19 cells, although less pronounced than IL-18 and TNF-a (Fig. 3.20, Fig.
3.21, and Fig. 3.23). In contrast to primary OBs, no increased mRNA expression of
IL-6 and IL-8 could be detected in the cell line after treatment with IL-1 or TNF-a
(Fig. 3.14). However, it was shown that IL-8 mRNA expression was also increased
on day 14 of osteogenesis, while IL-6 expression was downregulated. ALP activity
was also differentially affected by the cytokines. In OBs, cytokines had no significant
effect on ALP activity (Fig. 3.10), whereas in hFOB 1.19 cells, low concentrations of
IL-1B and TNF-a resulted in inhibition of ALP activity. In contrast, and despite the
inhibitory effect on mineralization, IL-6, IL-8, and IFNy did not affect the ALP activity
of the cell line (Fig. 5.27). In addition, proliferation was not significantly altered after
cytokine treatment in hFOB 1.19 cells (Fig. 3.25) compared to OBs, in which IL-1f3

and TNF-a treatment resulted in a higher proliferation rate (Fig. 5).
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4.3.2. Effects of Proinflammatory Cytokines on the Expression of

Osteogenic Differentiation Markers in hFOB 1.19 Cells

During differentiation of hFOB 1.19 cells, osteogenic differentiation markers were
upregulated, including ALP, CollaZ2, Runx2, OPN, OCN, OSX, and TGFS-RII (Fig. 3.26).
Runx2, ALP, Colla2, and TGFB-RII, which are considered early markers, showed
increased expression between day 1 and day 14. Binding to TGF(-RII can lead to
activation of Runx2 expression via Smad or p38-MAPK pathways (Chen et al., 2012;
Lee et al., 2002). OPN expression also increased early with a maximum at day 14,
whereas another important marker of mature osteoblasts, OCN, did not increase

until after day 21 (Ponzetti & Rucci, 2021).

Notably, some osteogenic expression markers were up- or downregulated by
cytokine treatments in hFOB 1.19 cells on day 21 of osteogenesis (Fig. 3.27). The
expression of 0SX was significantly downregulated by IL-8 and IFNy, but also tended
to be downregulated by IL-18 and TNF-a (Fig. 3.27, F). During osteogenesis of
hFOB 1.19 cells, an increased expression of OSX was measured, together with OPN,
ALP, Runx2 and TGF(-RII on day 14 and, interestingly, another peak later together
with OPN, ALP, and TGF(-RII on day 35 (Fig. 3.26). OSX is transcribed via BMP
signaling or as a downstream signal via the activation of Runx2, so it is also mainly
considered an early marker, but regulates later markers such as the expression of
OCN (Liu et al., 2020). The downregulation of OSX by IL-8 and IFNy correlated with
a concomitant increase in OPN and RunxZ2. Together with the observed inhibition of
mineralization, these results may indicate that cells are arrested in the state of ECM
formation and the mineralization process is inhibited. Consistent with this, it was
observed in OSX-inactivated adult mice that the expression of Runx2, OPN and ALP
was increased, leading to an osteopenic phenotype in vivo, presumably due to an
accumulation of immature osteoblasts (Baek et al., 2009). Activation of early
osteogenic markers could be either directly mediated by cytokines or as a feedback
mechanism in response to the inhibition of mineralization, possibly mediated by

inhibition of OSX. Further analysis of possible matrix formation without
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mineralization would be important and would show whether the proinflammatory

cytokines inhibit cell differentiation or the process of matrix mineralization.

4.3.3. Evaluating the Suitability of Cell Lines as in vitro Models for

Inflammatory Bone Diseases

Primary human or murine cells and various cell lines are mainly used as osteoblast
models for in vitro studies. The most commonly used cell lines include the human
cell lines hFOB 1.19, MG-63, and SAOs-2 and the murine cell line MC3T3-E1
(Czekanska et al., 2012). Cell lines have many advantages, including their ability to
proliferate indefinitely and their homogeneity in function and activity, which greatly
increases reproducibility compared to primary cells (Kaur & Dufour, 2012).
However, genetic alterations in cell cultures can have a significant impact on their
phenotype and physiology, reducing their comparability to primary cells
(Czekanska et al., 2012).

In this work, it was shown that hFOB 1.19 cells, which are considered a suitable
model for BMSCs in the literature, exhibit osteogenic properties such as ALP activity,
mineralization, and expression of osteogenic markers, but also major serious
differences from human primary osteoblasts (Marozin et al., 2021; Yen et al., 2007).
The opposite response to proinflammatory cytokines therefore raises the question
of whether this cell line should be used as a model to study inflammatory bone
diseases. However, the reason why these cells showed an opposite result would be
very interesting to investigate and may contribute to a better understanding of the
effect of cytokines on osteogenic cells. These observations raise the question of
whether studies in cell lines can be transferred to primary human cells or whether
the immunological regulation of bone metabolism is too complex. The use of the
MC3T3-E1 cell line, on which many previous studies on the influence of cytokines
on osteoblasts were based, must also be questioned due to the species-divergent

expression of osteogenic markers (Czekanska et al.,, 2014).
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4.4. Conclusion and Future Perspectives

This study provides novel insights into the regulatory effects of proinflammatory
cytokines on osteoblast function and their potential contribution to inflammation-
associated bone diseases. By analyzing for the first time the effects of IL-1f, IL-6,
IL-8, TNF-a, and IFNy on the osteogenesis of primary human osteoblasts, this study
provides a clinically relevant perspective on cytokine-mediated modulation of
osteoblast activity. Contrary to many previous studies, proinflammatory cytokines
significantly enhanced the mineralization by OBs. The observed increase in
osteogenic differentiation and proliferation suggests that cytokines may have dual
effects on bone formation, which may depend on the local inflammatory milieu and
the duration of exposure. Furthermore, cytokine treatment induced metabolic
adaptations in osteoblasts that may reflect a shift in cellular energy demands to
support osteogenic differentiation under inflammatory conditions. The observed
changes in early and late osteogenic marker expression indicate potential
alterations in ECM composition and matrix-mineral ratios. These changes may have
implications for bone quality and may affect osteoblast-osteoclast communication,

resulting in an imbalance between bone resorption and formation.

Another key aspect of this work is the direct comparison of osteoblasts derived from
individuals with normal and osteoporotic bone density. Despite the osteoporotic
phenotype in vivo, no fundamental differences in baseline activity or cytokine
responsiveness were observed between OBs and 00Bs in vitro. This suggests that
the impaired bone formation observed in osteoporosis may not be primarily due to
intrinsic osteoblast dysfunction, but rather to altered microenvironmental factors
such as inflammation. Future studies should investigate whether 0OBs respond
abnormally to prolonged exposure to inflammatory cytokines, whether the
extracellular matrix composition is altered, or whether adipogenic differentiation
potential contributes to the reduced bone formation capacity in osteoporotic
patients. In addition, the discrepancies between hFOB 1.19 cells and primary
osteoblasts in response to cytokine treatment underscore the limitations of using
immortalized cell lines to study inflammation-related changes in bone remodeling.
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These findings suggest that reliance on cell lines may lead to misleading conclusions
regarding cytokine-mediated bone loss and emphasize the need to validate in vitro

results in primary human models to ensure their translational relevance.

In conclusion, while proinflammatory cytokines enhance osteoblast mineralization,
their broader impact on bone quality in acute and chronic inflammation remains to
be fully understood. Future research should focus on elucidating the signaling
pathways underlying the cytokine-induced stimulation of osteoblast mineralization
and the long-term consequences of the metabolic adaptations on bone quality.
Furthermore, the interplay between osteoblasts and osteoclasts in an inflammatory
environment requires further investigation, especially in the context of chronic
inflammatory diseases or inflamm-aging. These findings may contribute to the
development of targeted therapeutic strategies that reduce cytokine-induced bone
loss while preserving or even enhancing osteoblast function in bone metabolic

diseases such as osteoporosis.
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