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Introduction -1-

1 Introduction

1.1 The skeletal system and bone structure

The bones, together with tendons, cartilage, and ligaments, form the skeletal system
and account for about 15% of the total body weight. In total, humans have 206-213
bones, which vary in shape and size based on their distinct functions (Cowan et al.,
2023). Bones are not only the structural support of the human body, but also complex
endocrine organs that, together with muscles, enable movement, protect and support
soft organs, are responsible for hematopoiesis, and play a critical role in maintaining
energy balance and mineral homeostasis (Zhou et al., 2021).

Two basic bone tissue structures can be distinguished: compact and cancellous bone.
In compact bone, osteons are closely packed to form a dense bone matrix. Osteons
comprise lamellae of matrix between which osteocytes are located in so-called
lacunae. In the center of each osteon is the haversian canal, which contains blood
vessels running parallel to the long axis of the bone. The lacunae and the haversian
canal are connected by small channels, the canaliculi (Clarke, 2008; Kim et al., 2015).
Cancellous bone is characterized by bony plates or rods as well as cavities, often filled
with bone marrow or blood vessels; therefore, it is less dense. The bone system
undergoes lifelong modeling and remodeling processes. The cells that contribute to
bone homeostasis are bone-forming osteoblasts, resorbing osteoclasts, and mature
osteocytes (Buckwalter et al., 1987; Singh, 1978).

In general, bones can mainly be classified into four groups: long bones such as the
tibia and femur, short bones such as the carpal bones, flat bones such as the cranial
bones and the ribs, and irregular bones such as the bones of the spine. All bones are
covered by the periosteum, a firm connective tissue. Long bones have a long central
shaft, the diaphysis, which is capped on both sides by the metaphysis containing the
growth plate and the distal epiphysis covered by articular cartilage. Its calcified exterior
consists of compact bone and its core is trabecular bone, which also contains bone
marrow with hematopoietic stem and progenitor cells. In contrast, flat bones consist of
a layer of compact bone with bone marrow in between, while short bones consist of
cancellous bone surrounded by a thin layer of compact bone (Buckwalter et al., 1987;
Cowan et al., 2023).
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1.1.1 The bone vascular system

Bones are highly vascularized organs. An intact vascular system is essential for tissue
homeostasis; it transports oxygen and other gases, nutrients, and cells of the immune
system, and removes metabolic waste products (Laschke et al., 2018). Long bones
are supplied with blood by the central nutrient artery, metaphyseal, and epiphyseal
arteries, which enter near the distal bone ends, and the periosteal arteries. In the
bones, the blood flows through a dense network of capillaries and is ultimately drained

by the central vein (Watson et al., 2018).

Several types of endothelial cells (ECs) and vessels in adult long bones have been
described: type H and type L vessels, which can be identified mainly by their differential
expression of the surface markers cluster of differentiation 31 (CD 31) and endomucin
(Emcn). Whereas type L vessels have low CD31 and Emcn expression, type H vessels
show high CD31 and Emcn expression. These endothelial types also differ in function
and localization. Type H vessels have a columnar structure and are found primarily in
regions of bone growth, for example, near the growth plate, where new vascularized
bone is formed in an interaction with chondrocytes, primarily through signaling of
vascular endothelial growth factor A (VEGFA). Type L vessels are mainly located in
the trabecular bone structures and are therefore considered more mature vessels. This
characteristic is also reflected in the observation that type H ECs can differentiate into
type L ECs, but not vice versa (Gamrekelashvili et al., 2016; Kusumbe et al., 2014;
Ramasamy et al., 2014). In long bones, blood flows from arteries through type H
vessels in the metaphysis and endosteum and then through type L vessels. During
aging, the number of type H vessels gradually decreases, leading to a reduction in

osteogenesis, bone quality, and fracture repair (Smith et al., 1975; Xie et al., 2014).

1.2 Bone fracture healing

One of the most common injuries in emergency departments throughout the world is
bone fractures. In 2019, the fracture incidence in Germany was 1 out of 100
inhabitants, which represented a 14% increase in incidence compared with 2009
(Rupp et al., 2021).

Under healthy conditions, bone has a high intrinsic healing potential and can heal
without scarring. The healing process of fractures is complex and influenced by a

variety of factors, including the type and severity of the fracture, the mechanical
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environment, osteogenic cells, the vasculature, growth factors, inflammatory and

immune cells, and inflammatory modulators (Loi et al., 2016).

The basic healing processes of fractures vary depending on the severity and type of
fracture, and a distinction is made between primary and secondary fracture healing.
During primary fracture repair, the bone’s periost is still intact, and/or the bone fracture
ends are in close proximity. As a result, fractures can heal via intramembranous
ossification, which is characterized by the direct differentiation of mesenchymal stem
cells (MSCs) to osteoblasts. In contrast, in secondary fracture repair, the periosteum
is broken and the bone fracture ends are distinctly separated. In this case, fracture
repair is accomplished by endochronal ossification. Invading MSCs do not differentiate
directly into osteoblasts; instead, a chondrogenic callus is initially formed, which is
replaced by bone tissue during later steps of the healing process. Because primary
fractures usually heal without complications, the vast majority of delayed fracture repair
cases involve secondary fracture healing (Marsell et al., 2011; Phillips, 2005).

1.2.1 Phases of secondary fracture repair

Secondary fracture healing can be divided into the following phases: hematoma
formation, the inflammatory phase of healing, formation of granulation tissue, soft
cartilaginous callus formation, hard bony callus formation, and remodeling. The
secondary fracture repair phases, shown in Figure 1, are not static and may even
overlap (Loi et al., 2016).

A bone fracture ruptures the adjacent blood vessels, which leads to the formation of a
fracture hematoma within the fracture gap. The hematoma initially stabilizes the
fracture ends but also serves as a scaffold for the recruitment of immune and stem
cells to the fracture site. Formation of the fracture hematoma marks the beginning of
the inflammatory phase of healing, which is initially characterized by activation of the
innate immune system (Kolar et al., 2010; Marsell et al., 2011). At first, neutrophils,
monocytes, and macrophages and, in later stages, cells of the adaptive immune
system such as specific T and B cell subsets, are attracted and infiltrate the hematoma.
Inflammation and cellular recruitment are guided by a specific cytokine profile including
secretion of, among others, interleukin (IL)-183, IL-8, IL-6, tumor necrosis factor alpha
(TNF-a), and C-C motif chemokine 2 (CCL2) and growth factors including transforming
growth factor beta (TGF-B), platelet-derived growth factor (PDGF), fibroblast growth
factor (FGF), and insulin-like growth factor 1 (IGF-I), by various resident and invading
cells (Ehnert et al., 2021; Einhorn et al., 2015; Hoff et al., 2016).
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Figure 1: Phases of secondary fracture repair. Following injury, due to rupture of the blood
vessels, a fracture hematoma is formed and the inflammatory phase is initiated. Cytokines,
growth factors, and cell invasion result in the formation of a soft internal cartilage callus in the
fracture gap through endochondral ossification. The external callus is formed by
intramembranous ossification. In addition, the blood supply is restored by the ingrowth of new
vessels. The soft callus is mineralized by osteoblasts. In the final remodeling, woven bone is
replaced by lamellar bone, and the typical osteon structure of the bone is restored by
osteoblasts and osteoclasts. The figure was partly generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.

For bone regeneration, MSCs, osteoprogenitors, and fibroblasts from surrounding
tissues and bone marrow cells are recruited to the fracture site. The cells continue to
proliferate and differentiate to regrow the bone (Granero-Molto et al., 2009; Kitaori et
al., 2009). With the dissolution of the fracture hematoma by macrophages and immune
cells, the inflammatory phase of healing moves to the granulation phase, during which
fibrin-rich granulation tissue forms (Wu et al., 2013). This phase is mainly characterized
by the proliferation and differentiation of invading MSCs, angiogenesis, and the
deposition of immature extracellular matrix (ECM). Endochronal differentiation within
the tissue leads to the formation of cartilaginous tissue between the fracture ends, the
soft callus, which stabilizes the fracture. Meanwhile, starting in periosteal regions,
woven bone is produced by intra-membranous ossification to cover the outer regions
of the fibrocartilage tissue (Einhorn et al., 2015). Migration and differentiation of
osteoprogenitors during the callus phase are highly regulated by several growth factors
including members of the TGF- superfamily (Devescovi et al., 2008). Secreted by
osteoprogenitors, osteoblasts, chondrocytes, and ECs, bone morphogenetic proteins
(BMPs) induce osteoprogenitor migration and differentiation and ECM production, and
they are involved in osteomaturation. The most prominent family members are BMP-

2, BMP-4, and BMP-7 (Dumic-Cule, Peric et al. 2018). Mainly due to VEGF secreted
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by hypertrophic chondrocytes, the newly formed callus is strongly vascularized by the
regrowth of already existing vessels (angiogenesis) (Bahney et al., 2019; Schindeler
et al., 2008). Chondrocytes in the fracture callus proliferate, become hypertrophic, and
recalcify the fibro-cartilaginous tissue. Further, more and more bone cells, MSCs with
osteogenic properties, and osteoclasts are recruited from woven bone by macrophage
colony-stimulating factor (M-CSF), receptor activator of nuclear factor kappa-B ligand
(RANKL), osteoprotegerin (OPG), and TNF-a, which initiates hypertrophic chondrocyte
apoptosis and resorption of the mineralized cartilage (Barnes et al., 1999; Gerstenfeld
et al., 2003). Within a few weeks to months post-injury, the callus becomes stiffer as
the calcified cartilage is gradually resorbed and replaced by woven bone (Gerstenfeld
et al., 2006). To restore the bone’s full biomechanical properties, osteoclasts and
osteoblasts help to restore the typical osteon structure during the final bone
remodeling. However, complete regeneration of the original bone structure can take

several months to years (Brighton, 1984; Claes et al., 2012; Einhorn et al., 2015).

1.2.2 The inflammatory phase of fracture repair

1.2.2.1 Fracture hematoma properties

Rupture of blood vessels at the fracture site results in the release of blood and the
activation of platelets, initiating the blood clotting cascade and the subsequent
formation of a fracture hematoma within the fracture gap. The hematoma stabilizes the
fracture ends, but it also serves as a scaffold for the recruitment and proliferation of
various cell types (Kolar et al., 2010). The fracture hematoma environment is initially
characterized by low pH; high levels of phosphate, calcium, alkaline phosphatase
(ALP), and lactate; and a limited oxygen supply due to the capping from the circulation,
resulting in hypoxia. However, the particular conditions in the fracture environment
increase the specificity of cell recruitment and survival as these conditions are not
advantageous for all cell types (Krzywinska et al., 2018; Walters et al., 2018). Proper
hematoma formation and the subsequent inflammatory reactions are essential for
proper healing outcomes. Hematoma removal in animal models has been associated
with delayed fracture repair and the development of non-unions (Grundnes et al., 1993;
Park et al., 2002). Despite the inflammatory reactions, fracture hematomas also
develop osteogenic (elevated Runt-related transcription factor 2 [RUNX2] gene
expression) and angiogenic (elevated VEGFA gene expression) potential within 3—4

days post-fracture (Kolar et al., 2011).
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1.2.2.2 Recruitment and function of inflammatory and immune cells

Hematoma formation marks the initiation of the inflammatory phase of healing. The
ongoing inflammation is highly regulated by the a specific cytokine and growth factor
profile that allows the selective recruitment of cells of the immune system and MSCs,
leading to the maturation of the hematoma and progression of healing (Giannoudis et
al., 2015; Schmidt-Bleek et al., 2012).

Initially, activated platelets, but also other immune cells trapped in the hematoma by
clot formation, secrete the inflammatory cytokines IL-18, IL-6, and TNF-a, as well as
the growth factors PDGF and TGF-B1, attracting additional immune cells. Immediately
after injury, inflammation is also triggered by damage-associated molecular patterns
(DAMPs), which mainly originate from necrotic cells or components of the ECM and
are recognized by various receptors, including Toll-like receptors (TLRs). Danger
signals mainly induce the transcription factor nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), which in turn enhances the expression of pro-

inflammatory genes (Huber-Lang et al., 2013; Liu et al., 2017).

Attracted by IL-13 and TNF-a released from platelets, neutrophil granulocytes are one
of the first cells to arrive at the injury site (Furze et al., 2008; Sadik et al., 2011). They
are recruited between 4 and 24 h after a fracture, and their populations decline
between 24 and 48 h due to their relatively short lifespan (Tak et al., 2013). Neutrophils
are part of the first line of defense and assist in cleaning the injury site by eliminating
DAMPs through phagocytosis, producing reactive oxygen species (ROS), and
releasing neutrophil extracellular traps (NETs) (Esmon, 2003). They further drive
inflammation by releasing various cytokines including IL-1, IL-6, IL-10, TNF-a, CCL2,
chemokine (C-X-C motif) ligand 1a (CXCL-1a), and CXCL-2, which attract monocytes

and macrophages (Soehnlein et al., 2009).

Between the first and third day after fracture, monocytes and macrophages are
recruited to the fracture site primarily by CCL2 and CXCL2, but also by IL-1 and TNF-
a (Baht et al., 2018). Macrophages are critical for adequate fracture repair. Their
depletion in rodents results in impaired recruitment of MSCs and a smaller and less
mineralized callus area, thus delaying fracture repair (Alexander et al., 2011; Baht et
al., 2015). Macrophages can be subdivided into tissue-derived macrophages and
invading monocyte-derived macrophages. Depending on the surrounding
environment, arriving monocytes differentiate and polarize into classically activated

pro-inflammatory M1 or alternatively activated anti-inflammatory M2 macrophages
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within hours of arrival at the fracture site (Ehnert et al., 2021; Mosser et al., 2008). M1
macrophages are most abundant at earlier stages and contribute to phagocytosis and
recruitment of immune cells, MSCs, and ECs by secreting proinflammatory cytokines
such as IL-1, IL-6, TNF-a, CCL2, and CXCL-2, as well as the growth factors PDGF
and VEGF (Pajarinen et al., 2019; Saldana et al., 2019). Within several days after a
fracture, there is a population switch to M2 macrophages stimulated by IL-4 and IL-15
(Wasnik et al., 2018). M2 macrophages secrete IL-10, TGF-31, BMP-2, and VEGF,
thereby suppressing inflammation and actively promoting tissue repair by supporting
the proliferation and differentiation of MSCs and other progenitor cells (Brancato et al.,
2011; Champagne et al., 2002; Schlundt et al., 2018). Although M1 and M2
macrophages appear to have opposing roles in tissue repair, they complement each
other, and the ratio between the two appears to be critical for a proper healing outcome
(Frade et al., 2023). However, macrophages also have roles beyond involvement in
inflammation. For example, tissue-resident osteal macrophages (osteomacs) are
highly associated with regions of bone formation and have been reported to play a

major role in the maturation of the hard callus (Gu et al., 2017; Pajarinen et al., 2019).

During the later stages of the immunological phase of healing, adaptive immune cells
like T and B lymphocytes are recruited; they are also abundant during the
mineralization phase (Kdonnecke et al. 2014). Based on their specific subset, T cells
can contribute to (CD4* T cell subsets) or prolong (CD8* T cells) fracture repair (Reinke
etal.,2013). CD4* T cell subsets secrete RANKL, which triggers osteoclast recruitment
and differentiation. They are involved in degradation of the fibrin network, and also
secrete anti-inflammatory IL-17, which stimulates the induction of osteogenic
differentiation of MSCs (Nam et al., 2012; Ono et al.,, 2016). B cells are directly
associated with osteoprogenitors and therefore may directly regulate their
differentiation through the secretion of TNF-a, interferon gamma (IFNy), and IL-2. In
addition, IL-10 secreted by B cells is crucial for fracture repair, as early IL-10 secretion
by B cells is decreased in patients with non-unions (Ehnert et al., 2021; Sun et al.,
2017). Cellular recruitment, as well as cytokines and growth factors in the inflammatory

phase of healing, are illustrated in Figure 2.
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Figure 2: Cells, cytokines, and growth factors that participate in the inflammatory phase
of healing. The fracture hematoma is formed immediately after the injury and is defined by
low oxygen and pH, and high lactate and pro-inflammatory cytokine levels. Neutrophils,
followed by monocytes and macrophages, and later T and B cells, are recruited to the injury
site. To restore the bone, MSCs are also recruited. Cellular recruitment is guided by a specific
cytokine and growth factor profile. In the beginning, the levels of the pro-inflammatory cytokines
IL-1, IL-6, IL-8, TNF-a, and IFNy, as well as the growth factor PDGF are increased. Neutrophil
recruitment also leads to the secretion of macrophage attractant cytokines and chemokines
(CCL2 and CXCL-1a/2). Later, the levels of anti-inflammatory cytokines (IL-4, IL-10, and IL-
17) as well as growth factors (BMP-2, VEGF, and TGF-B) increase and allow healing
progression (Devescovi et al., 2008; Shiu et al., 2018). The figure was partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0
unported license.

1.2.2.3 Recruitment and function of mesenchymal stem cells

Early inflammatory reactions lead to the recruitment of MSCs from the periosteum, the
bone marrow, and the circulation. MSCs are recruited by the pro-inflammatory
cytokines IL-1, IL-6, and TNF-a, and growth factors like stromal cell-derived factor 1
(SDF-1), PDGF, and TGF-3, which further promote their proliferation and activation
(Cho et al., 2002; Kon et al., 2001). In addition, hypoxia-inducible factor 1 alpha (HIF-
1a) regulates MSC homing and trafficking (Ceradini et al., 2004). MSC recruitment to
the fracture site is essential for proper fracture repair, as they form the base for bone
tissue regrowth by serving as precursors of fibroblasts, chondrocytes, and osteoblasts.
Moreover, MSCs possess immunomodulatory properties in response to cytokines

released by immune cells, such as TNF-a, IFNy, and IL-1 (Medhat et al., 2019), and
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promote the onset of healing through the release of growth factors such as VEGF,
BMP-2, and CCL2, stimulating additional progenitor cell recruitment and
revascularization (Shiu et al., 2018). By secreting prostaglandin E2 (PGE2), MSCs
further support the polarization of M2 macrophages (Cao et al., 2020; Nemeth et al.,
2009).

Differentiation of MSCs into chondrogenic and osteogenic progenitors is key for
successful fracture repair. The major regulatory transcription factors are RUNX2 for
osteogenic gene expression and SRY-box transcription factor 9 (SOX9) for
chondrogenic gene expression. Both transcription factors are highly induced during
early fracture repair and due to hypoxic conditions in bone (Calejo et al., 2021). Within
mice, Sox9 and Runx2 gene expression is highly upregulated 3 and 7 days post-
fracture (Shintaku et al., 2011). In addition, RUNX2 gene expression is greatly
increased locally in human fracture hematomas compared with the surrounding bone

marrow (Kolar et al., 2011).

BMPs, part of the TGF-B superfamily, are exemplary stimulators of osteogenic and
chondrogenic differentiation of MSCs. In a mouse model, researchers showed that
Bmp2 gene expression peaks 24 h post-injury (Cho et al., 2002). BMP-2, BMP-4, and
BMP-7 activate SMAD1/5/8 signaling, which initiates RUNX2 as well as SOX9 gene
expression in osteoprogenitors, highlighting their role in endochronal bone formation
(Javed et al., 2008; Lee et al., 2003; Zhou et al., 2016). However, also other growth
factors contribute to the differentiation of osteoprogenitors in fracture repair such as
TGF-B, FGF, and IGF (Devescovi et al., 2008).

1.2.3 Angiogenesis in fracture repair

Revascularization of the newly formed callus is critical for fracture healing, and the lack
of an adequate vascular system after the injury is one of the main reasons for
compromised healing (Bishop et al., 2012; Gomez-Barrena et al., 2015; Trueta, 1974).
During fracture healing, vessels can be formed by de novo synthesis from endothelial
progenitor cells (EPCs), known as vasculogenesis, or by angiogenesis, the formation
of blood vessels from preexisting ones; the latter being by far the more common form
(Schmidt-Bleek et al., 2012; Watson et al., 2018). Although new insights have been
gained in recent years, there is still limited information on revascularization in the early

stages of fracture repair.
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Osteogenesis and angiogenesis are highly coupled in bone regeneration. Angiogenic
signals from osteoprogenitors promote angiogenesis, leading to the secretion of
osteogenic factors from the endothelium, and vice versa. Therefore, a malfunction in
angiogenesis or osteogenesis always affects the other process as well. For example,
pharmacological inhibition of angiogenesis inhibits callus formation, leading instead to

the formation of fibrous tissue (Hausman et al., 2001).

1.2.3.1 Hypoxia as a driver for angiogenesis

The disruption of the adjacent vessels during bone fracture results in an abrupt
separation from the oxygen supply, causing tissue hypoxia. Fracture hematomas
exhibit oxygen tensions between 0.1 and 2%, while oxygen tensions in intact bone are
about 5% (Marenzana et al., 2013). Initially, the low oxygen concentrations in the
fracture environment are the main drivers of angiogenesis mainly by promoting
expression of proangiogenic growth factors like VEGF from various cell types including
macrophages, osteoprogenitors, hypertrophic chondrocytes but also ECs via the
intracellular activation of the hypoxia-inducible factor 1 alpha (HIF-1a) signaling
pathway (Stegen et al., 2015). Under normoxic conditions, the proline residues of the
constitutively expressed HIF-1a protein are hydroxylated by oxygen-dependent prolyl-
4-hydroxylases (PHDs) in the cytoplasm. Hydroxylation marks the protein for
ubiquitinoylation-guided proteasomal degradation by the von Hippel-Lindau E3
ubiquitin ligase complex (VHL). Additionally, HIF-1a’s asparagine residues are
hydroxylated by factors inhibiting HIFs (FIHs) blocking the binding of proteins of the
co-activator family p300/CREB-binding proteins (CRP). In contrast, under hypoxic
conditions, PHDs and FIHs are inhibited, which stabilizes and activates the HIF-1a
protein. HIF-1a translocates to the nucleus, where it forms a transcription factor
complex with HIF-138 and co-activators of the p300/CREB protein family. The complex
then leads to transcriptional upregulation of genes controlled by hypoxia-responsive
elements (HREs) (Maes et al., 2012; Schipani et al., 2009). Lack of oxygen supply and
initiation of HIF-1a signaling leads mainly to an upregulation of genes that increase
oxygen delivery, e.g., by angiogenesis, or reduce oxygen consumption, e.g., by
promoting the anaerobic metabolism (Schipani et al., 2009; Shiu et al., 2018; Wan et
al., 2008). Figure 3 shows the details of HIF-1a signaling.
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Figure 3: Regulation of HIF-1a during normoxia and hypoxia. HIF-1a/f3: hypoxia-inducible
factor 1 alpha/beta, PHD: prolyl-4-hydroxylases, VHL: von Hippel-Lindau E3 ubiquitin ligase
complex, p300/CRP: co-activator family p300/CREB-binding protein, Ub: ubiquitin, HRE:
hypoxia-response element (Maes et al., 2012).

1.2.3.2 Growth factors and proteases

VEGEF is by far the most studied and important angiogenic growth factor in fracture
repair and primarily stimulates endothelial proliferation, cell differentiation, and
vascular permeability (Hankenson et al., 2015). It is also the key factor linking
angiogenesis and osteogenesis in bone. In the fracture gap, hypoxic conditions in the
fracture hematoma trigger the expression of the HIF-1a target gene VEGF mainly by
infiltrating macrophages and adjacent hypertrophic chondrocytes (Hausman et al.,
2001; Komatsu et al., 2004). In turn, ECs express BMPs, particularly BMP-2 and BMP-
4, which promote osteoprogenitor differentiation, which is also favored by the hypoxic
environment. BMPs and VEGF act synergistically in bone repair (Keramaris et al.,
2008). Shifts in the BMP-4 to VEGF ratio are detrimental to fracture repair due to
increased VEGF-induced hypervascularization and increased VEGF-driven
recruitment of osteoclasts (Peng et al., 2002).

Besides VEGF, other growth factors such as platelet-induced growth factors (PIGF),
FGFs, PDGFs, IGFs, and angiopoietins (ANGPT) are also involved in the angiogenesis
of bone fractures (Stegen et al., 2015).

FGFs are involved in several aspects of angiogenesis including EC migration and
proliferation (Javerzat et al., 2002). FGF expression can be induced through

inflammation and hypoxia. In the fracture environment of mice, Fgf gene expression
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increases continuously from the first day after fracture (Sakaki et al., 1995; Schmid et
al., 2009). The most prominent FGFs during early fracture repair are FGF-1 and FGF-
2; overexpression of FGF-2 promotes angiogenesis and osteogenesis in fracture repair
of rodents (Hurley et al., 2016; Xie et al., 2020). FGFs promote angiogenesis
synergistically with VEGFs and are one of the critical factors for the restoration of

impaired wound healing (Nagaraja et al., 2019).

Found in the fracture callus throughout the entire healing process, at early phases of
fracture repair, PDGF-BB is released mainly by platelets and macrophages. During
the later phases, it is also secreted by osteoblasts and fibroblasts. This growth factor
induces the recruitment of pericytes, fibroblastic cells that stabilize newly formed
vessels, in areas of angiogenesis (Caplan et al.,, 2011). In addition, PDGF-BB
promotes the proliferation of osteoprogenitors but inhibits their differentiation (Bohm et
al., 2019; Hock et al., 1994).

By degrading the ECM, metalloproteinases (MMPs), including the most studied family
member MMP9, pave the way for the ingrowth of new blood vessels (Henle et al.,
2005). MMPs participate in callus remodeling and increase the bioavailability of growth
factors such as VEGFA, which are stored in the ECM. In the absence of MMP9,
fracture repair in mice is delayed because of the absence of appropriate vasculature,
due to a lack of VEGFA bioavailability, as well as persistent cartilage at the fracture
site, potentially caused by defects in early osteogenic and chondrogenic differentiation
(Colnot et al., 2003).

ANGPTs, especially ANGPT1 and ANGPT2, are important modulators of angiogenic
maturation and development (Staton et al., 2010). Whereas ANGPT1 is important in
stabilizing the microvasculature and is known to positively influence osteogenesis,
ANGPT2 leads to vascular sprouting in the presence of VEGFA (Holash et al., 1999).
ANGPT2 gene expression can be induced through hypoxia or inflammatory modulators
like thrombin (Huang et al., 2002b; Kelly et al., 2003). In fracture calluses of sheep,
ANGPT1 and ANGPTZ2 gene expression increased starting from day 7 post-fracture,
whereas both genes showed an overall decrease in expression in delayed fracture
healing (Lienau et al., 2009).

1.2.3.3 Structure and type of newly formed vascular structures
Concerning the development of vasculature during fracture healing, HIF-1a in ECs

stimulates the formation of type H capillaries (Kusumbe et al., 2014). Further, during
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the formation of the fibrocartilaginous callus, type H-like vessels have been found at
the fracture sites (Li et al., 2022b; Liu et al., 2020c). Type H vessels — which are usually
near centers of osteogenesis surrounded by RUNX2 or osterix-expressing
osteoprogenitors — express high levels of BMPs, FGF, and PDGF-BB. During long
bone growth, VEGFA from hypertrophic chondrocytes and activation of endothelial
Notch signaling promote EC proliferation and vascular ingrowth. In turn, Notch-
dependent endothelial signals promote osteoprogenitor differentiation and
chondrocyte maturation. A similar regulation is expected in fracture repair, especially
during the callus phase (Kusumbe et al., 2014; Ramasamy et al., 2014).

1.3 Impaired fracture healing

Even though under healthy conditions bone has a high intrinsic healing capacity, the
complication rate in fracture repair is relatively high: Up to 10% of patients experience
fracture healing disorders (Walter et al., 2022; Zimmermann et al., 2010). A delay in
healing is a burden for patients who are experiencing pain, a reduction in quality of life,
and associated physiological and social impacts. Further, it is a massive burden for the
health care and social system (Walter et al., 2022; Zimmermann et al., 2010). Usually,
normal bone repair takes 6-8 weeks. Delayed unions are generally defined as
fractures that have not healed after 4 months, and non-unions are defined as no
healing 6 months post-fracture (Gomez-Barrena et al., 2015). Bones with the highest

rates of non-unions are the tibia, clavicle, humerus, and femur (Ekegren et al., 2018).

There are several risk factors for a delay in fracture healing. The outcome initially
depends on age, sex, or the method of treatment, whereas young men, women, and
the elderly are at higher risk of developing a delay in healing due to higher impact
fractures (young men) or lower bone mass and generally reduced healing capacity
(elderly, especially women). Several diseases have also been associated with
developing a delay in healing: diabetes, rheumatoid arthritis, liver or kidney fibrosis or
cirrhosis, as well as obesity. Lastly, external factors can influence the healing
outcomes: several drugs like corticosteroids or non-steroidal anti-inflammatory drugs
(NSAIDs), excessive alcohol consumption, and smoking (Ehnert et al., 2019; Gortler
et al., 2018; Hernandez et al., 2012; Massari et al., 2018). Strikingly, delayed fracture
healing also bears risks for the progression of associated diseases (Calori et al., 2007).
The risk factors are summarized in Figure 4. Delayed fracture repair is often

associated with an aberrant immunological status — including hyper-inflammation in
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diabetes and treatment with anti-inflammatory drugs. For example, prolonged
inflammation impair angiogenesis in fracture calluses and anti-inflammatory stimuli
were shown to increase the production of angiogenic factors (Schmidt-Bleek et al.,
2012).
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Figure 4: Common risk factors for developing a delay in fracture repair.

1.3.1 Smoking as a risk factor for impaired fracture healing

1.3.1.1 Epidemiology and risks of smoking

Even though the health risks of cigarettes are generally known, by the end of 2022 still
around 35% of German adults were smoking cigarettes daily (Ekegren et al., 2018;
Kotz, 2022). Since 1980, smoking rates have been decreasing, but due to the COVID-
19 pandemic, the prevalence of smoking has increased within the last 3 years.
Worldwide, in 2020, 22.3% of the population, meaning approximately 1.3 billion people,
consumed tobacco, with cigarette smoking being the most common form of
consumption, according to the World Health Organization (Who, 2022). Furthermore,
consumption of cigarettes causes 8 million deaths per year, including around 1.2
million deaths caused by secondhand smoke. According to the German Ministry of

Health, smoking is the greatest preventable health risk (Bmg, 2021).

Cigarette smoking increases several types of cancers, including cancers in the lungs,
the esophagus, and the oral cavity, but also of organs not as exposed such as the
bladder, the liver, and the uterine cervix. Additionally, vascular diseases like strokes
and atherosclerosis as well as chronic obstructive pulmonary disease (COPD) can be

linked to smoking (National Center for Chronic Disease et al., 2014).

Cigarette smoke has a very complex composition comprising more than 6000
molecular components, of which at least 150 have been classified as toxic (Cooke,
2010; Pappas, 2011; Soleimani et al., 2022). The main toxic components for the human
body are nitrogenous compounds, hydrocarbons, metals, carbonyl compounds, and
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oxygen components (Soleimani et al., 2022). The main addictive component of
cigarette smoke is nicotine, of which around 80% is metabolized to cotinine (Benowitz
et al., 2009; Hukkanen et al., 2005). Both nicotine and cotinine can influence cell
metabolism, and levels in the bones are similar to those in arterial blood (Benowitz et
al., 2009). Moreover, cigarette smoke extract (CSE) induces cellular oxidative stress
by inducing intracellular ROS like superoxide (O27), hydrogen peroxide (H202), nitric
oxide (NO) and its anion oxoazanide (NO-), and the hydroxyl radical (OH") (Aspera-
Werz et al., 2018; Csordas et al., 2013; Sheppard et al., 2022).

1.3.1.2 Antioxidative Nuclear Factor Erythroid-2-Related Factor-2 signaling

Nuclear factor erythroid-2-related factor-2 (NRF2), a redox-sensitive transcription
factor, is one of the major cellular mechanisms for coping with and defeating
intracellular oxidative stress (Nguyen et al., 2009; Venugopal et al., 1996). The NRF2
signaling pathway is shown in Figure 5.
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Figure 5: Regulation of NRF-2 during homeostasis and oxidative stress. ARE: antioxidant
response element, NRF2: nuclear factor erythroid-2-related factor-2, CAT: catalase, GPx:
glutathione peroxidases, HO-1: heme oxygenase-1, KEAP1: Kelch-like ECH-associated
protein, sMAF: small muscle aponeurosis, SOD: superoxide dismutase, Ub: ubiquitin
(Chatterjee et al., 2020).

NRF2 activation leads to transcriptional activation of cellular antioxidant enzymes
including catalase (CAT), heme oxygenase-1 (HO-1), superoxide dismutase (SOD),
and glutathione peroxidases (GPx). Under constitutive conditions, NRF2 is bound in
the cytoplasm to Kelch-like ECH-associated protein 1 (KEAP1), which marks it for

ubiquitinoylation and subsequent proteasomal degradation (ltoh et al., 1999).
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Exposure to ROS leads to modification of KEAP1 cysteine residues, resulting in a
conformational change and consequent disruption of the KEAP1—cullin-3 (CUL3)—
ubiquitin ligase E3 complex (Dinkova-Kostova et al., 2005). Free NRF2 is
phosphorylated by protein kinase C (PKC) at serine residue 40 and transported to the
nucleus where, in association with small muscle aponeurosis (sMAF), it enhances the
expression of genes under the control of the enhancer antioxidant-response element
(ARE) (Huang et al., 2002a; Shaw et al., 2020).

1.3.1.3 Smoking and fracture repair

One of the main underrated risk factors for developing a delay in fracture healing is the
consumption of cigarettes. In addition, smokers have an increased risk of bone
fractures (Johnston et al., 2006; Xu et al., 2022). Smoking affects several aspects of
fracture healing, including the immune system, bone metabolism, and endothelial
function. However, detailed information on the effects of smoking, especially on early
fracture healing, is still very limited.

Smoking has been described to be both inflammatory and immunosuppressive,
leading to a global dysregulation in immune responses. This highlights that smokers
are known to develop more complications, especially wound infections, during fracture
repair (Nasell et al., 2011). Smokers typically experience chronic inflammation
because they have higher levels of pro-inflammatory cytokines such as C-reactive
protein (CRP), IL-6, IL-8, and IL-1p3 in peripheral blood (Elisia et al., 2020; Toker et al.,
2012; Ugur et al., 2018). Potent inflammatory triggers are ROS, known to be induced
by cigarette smoke, as they modulate NF-kB, a transcription factor that, among other
things, regulates inflammation (Liu et al., 2017). The anti-inflammatory effects of
smoking have mainly been associated with nicotine. For example, in arthritis models
in mice, nicotine has been shown to decrease levels of IL-17, TNF-a, CCL2, and IL-6,
thereby delaying the infiltration of monocytes and macrophages thus attenuating
arthritis (Li et al., 2016; Van Maanen et al., 2009; Yang et al., 2014).

Smoking leads to increased levels of circulating neutrophils, macrophages, and T
lymphocytes in the peripheral blood; however, these cells are also functionally
impaired (Elisia et al., 2020; Friedman et al., 1973). The neutrophils of smokers show
slower migration and chemotaxis compared with non-smoker cells (Arnson et al., 2010;
Smith et al., 2003). Macrophages from smokers are generally less mature, have an
altered appearance and a greater inhibitory effect on lymphocyte proliferation, and
release fewer pro-inflammatory cytokines, which also impairs the inflammatory
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response to bacterial infections (Arimilli et al., 2017; Takeuchi et al., 2001; Zhao et al.,
2017). In terms of T cell populations, smokers have higher levels of proinfammatory T
helper 17 (Th17) cells and cytotoxic CD8" T cells and lower levels of anti-inflammatory
regulatory T cells (Tregs) and CD4* compared with non-smokers, indicating a shift in
the T cell response (Heyn et al., 2020; Piaggeschi et al., 2021).

In addition, the function of MSCs, which are important for bone regeneration, is
impaired by cigarette smoking. Furthermore, in a mouse model, smoking decreased
the number of MSCs in the hematopoietic niche of the bone marrow (Siggins et al.,
2014). Moreover, many studies have reported that in vitro stimulation of MSCs with
cigarette smoke reduces cell migration, proliferation, and the osteogenic and
chondrogenic differentiation potential, while increasing the secretion of pro-
inflammatory cytokines (Aspera-Werz et al., 2019; Aspera-Werz et al., 2018; Cyprus
et al., 2018; Greenberg et al., 2017; Tura-Ceide et al., 2017).

Several in vitro studies have shown the detrimental effect of cigarette smoke on bone
homeostasis. Indeed, cigarette smoke has been associated with an imbalance in the
osteoblast and osteoclast ratio in vitro and in vivo. Tobacco smoking favors bone
resorption by promoting osteoclast differentiation while concomitantly reducing bone
formation by impairing osteoblasts, mainly due to a dysregulation in RANKL-RANK-
OPG signaling (Giorgetti et al., 2010; Tang et al., 2009; Zhu et al., 2020). Overall, this
may explain why smokers show a lower bone mineral density, which contributes to a

higher fracture risk (Lorentzon et al., 2007; Trevisan et al., 2020).

The carbon monoxide present in cigarette smoke has a higher binding affinity for
hemoglobin than oxygen, which restricts oxygen flow and contributes to tissue hypoxia
(Jensen et al., 1991). Tissue hypoxia promotes inflammation, impairs endochronal
ossification, and, of course, affects angiogenesis in bone. Detailed information about
the effects of cigarette smoking on bone vasculature especially during bone fracture
healing is still very limited. In general, smoking is associated with dose-dependent EC
dysfunction, for which induction of inflammation, oxidative stress, decreased
availability of NO, and increased expression of adhesion molecules are crucial factors
(Csiszar et al., 2009; Jonas et al., 1992; Sugiura et al., 2017). A high degree of
inflammation, for example, in tumors, leads to pathological angiogenesis characterized
by excessive branching and proliferation of immature leaky vessels (Jeong et al.,
2021). In contrast, nicotine has consistently been shown to promote angiogenesis by
stimulating VEGF gene expression, among other mechanisms (Conklin et al., 2002;
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Villablanca, 1998). Nevertheless, smokers have higher risks of developing
osteonecrosis, a condition in which some of the blood flow in bone is disrupted. In a
rat bone healing model, smoking-impaired angiogenesis measured by reduced protein
levels of VEGF and von Willebrand factor (vWF) in fracture calluses was accompanied
by a lower microvessel density (Chang et al., 2020; Hirota et al., 1993). Additionally,

smokers have lower levels of circulating EPCs (Mobarrez et al., 2014).

1.4 Fracture management

The treatment of a fracture naturally depends on its type and severity, including the
location, position, extension, alignment, displacement, fragmentation, and soft tissue
involvement; in addition, risk factors for developing a delay in healing should be
considered (Einhorn et al., 2015). In general, closed, stable, and simple fractures are
usually treated conservatively by immobilization either with or without repositioning.
Open or unstable fractures and fractures with severe displacement or inadequate
manual repositioning and fixation usually require surgical fracture management.
Surgical interventions aim at reducing the anatomical fracture and the subsequent
fixation and immobilization, which is usually achieved by external fixation with pins and
screws or internal fixation with plates, screws, and wires (Nicholson et al., 2021; Sop
et al., 2023).

The treatment for delayed fracture healing and non-unions is highly dependent on the
patient’'s medical history and aims for the full reconstitution of the pre-fracture
condition. In the early stages of non-union, when there is still an intact biological
environment and adequate mechanical stability, a conservative treatment that
increases mechanical strain can be considered. However, the standard therapy is
surgical. Due to their intrinsic osteogenic, osteoinductive, and osteoconductive
properties, autogenous cancellous bone grafts (e.g., obtained from the iliac crest) are
the "gold standard" for non-union fracture management. While autografts are very
effective in promoting healing, they are not available indefinitely, and their preparation
involves additional surgery, which poses an additional risk to the patient (Laurencin et
al., 2006; Schlickewei et al., 2007). Common and safe alternatives are allografts or
demineralized bone matrix (DMB), both of which are mainly derived from deceased
donors. While allographs provide strong mechanical support, due to their processing,
their osteoinductive properties are limited. In contrast, DMBs maintain type | collagen
(Col 1) and growth factors such as BMPs and TGFs, preserving osteoinductive

properties but lacking mechanical stability (Brink, 2021). In recent years, various
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biomaterials have also emerged as new bone grafts. Popular alternatives include
bioactive glass, organic bone grafts, mainly composed of Col |, or three-dimensional
(3D)-printed scaffolds. Another popular choice is calcium-based grafts, which are often
produced as a combination of ceramics and biodegradable polymers such as
poly(lactic-co-glycolic acid) (PLGA) or poly(L-lactic acid) (PLLA) (Schlickewei et al.,
2019). Biomaterials ideally have a high resorption capability and biocompatibility, are
anti-inflammatory or at least not pro-inflammatory, and promote osteogenesis and
angiogenesis. They can be further used for the local administration of cellular
components or proteins assisting in fracture repair (Sohn et al., 2019).

Due to the identification of key molecules in fracture repair, the administration of growth
factors has gained attention. Looking at the risk factors for a delay in healing, which
are often associated with aberrances in the immune system, modulation of the immune
response has become an important novel aspect in the regeneration of bone defects
(Giannoudis et al., 2015). Most prominent is recombinant human (rh) BMP-2, which
has also been approved by the United States Food and Drug Administration for specific
orthopedic treatments (Ramly et al., 2019). It is known to promote chondrogenesis and
cartilage formation as well as osteogenesis (Dumic-Cule et al., 2018). rhBMP-2 has
been shown to promote bone healing of non-unions and lead to faster recovery
(Caterini et al., 2016; Singh et al., 2016). During clinical testing of rhBMP-2, the major
side effects were inflammation and transient swelling as well as an initial increase in
osteolysis. These side effects can be at least partially attributed to the high doses of
BMP-2 used, as high doses have been described as pro-inflammatory (James et al.,
2016; Zara et al., 2011). Further, PDGF-BB in combination with an osteoinductive
tricalcium phosphate—collagen matrix has been used successfully to treat ankle and
hindfoot arthrodesis (Daniels et al., 2015; Digiovanni et al., 2013).

1.5 Herbal extracts

Herbs and plants have been used in medicine around the world for centuries and are
still widely used in traditional medicines to treat various diseases. In addition, plants
are still a common source of pharmaceuticals today, whether as an extract or in the
form of a pure active compound (Fabricant et al., 2001). From 1983 to 1994, 39% of
all new drugs developed were either natural products or derived from natural products
(Harvey, 2000). Well-known examples of herb-derived compounds include the
antidiabetic drug metformin, a modified version of the alkaloid galegine found in Galega
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officinalis, and acetylsalicylic acid, marketed primarily as aspirin, which is a derivative
of salicylic acid found, for example, in willows (Bailey, 2017; Mahdi, 2010). Today, the
focus of drug discovery has shifted toward synthetic drugs, yet naturally derived

compounds will remain an important resource for new drugs (Davison et al., 2019).

Herbal medicines are usually provided as extracts, which may or may not be dried.
Common herbal medicines include roots (e.g., ginger and ginseng), leaves (e.g.,
ginkgo and echinacea), fruits (e.g., maqui berries and milk thistle), and flowers (e.g.,
chamomile) (O'hara et al., 1998). Interestingly, some medicinal plants that have been
used for a long time have become relatively well known in recent years as so-called
“superfoods,” including acai, goji, maqui berries, chai seeds, ginger, and garlic. They
are associated with a healthier lifestyle and health benefits among the general
population. Some of these “superfoods” are also marketed as dietary supplements that
come in the form of herbal extracts, generally promising several beneficial effects on
health (Van Den Driessche et al., 2018). Although herbal extracts are not considered
first-line remedies in Western medicine, they have the potential to be relatively mild
medications without severe side effects. Though, additional studies are needed to

prove their applicability to treat fractures.

1.5.1 Phytochemicals

Herbal extracts are a rich source of phytochemicals. In the strictest sense,
phytochemicals are defined as chemicals derived from plants. Nevertheless, the term
is often used to describe non-essential secondary plant metabolites, which are
frequently attributed to beneficial effects on human health. In plants, phytochemicals
protect against herbivores, microorganisms, and competitors, and regulate growth and
pollination (Molyneux et al., 2007). Based on their chemical properties, phytochemicals
can be further divided into phenolic compounds, terpenoids, nitrogen-containing

alkaloids, and sulfur-containing compounds (Harborne et al., 1994).

Polyphenols consist of one or more aromatic ring structures with at least one hydroxyl
group and comprise phenolic acids, lignans, stilbenoids, and flavonoids. (Vasantha
Rupasinghe et al., 2014). They are the most common group of phytochemicals and are
considered to have anti-inflammatory, cardioprotective, neuroprotective, anticancer,
and antidiabetic properties. The antioxidant properties of polyphenols are assumed to
be primarily responsible for the reported health effects (Rana et al., 2022).
Furthermore, higher dietary polyphenol intake has been associated with positive
effects on bone health. Epidemiological studies have demonstrated higher bone
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mineral density in individuals who drank at least 5 cups of polyphenol-rich tea each
day and that a higher intake of fruits and vegetables is associated with lower rates of

osteoporosis in the elderly (Duan et al., 2020; Qiu et al., 2017).

Saponins are a subgroup of terpenoids. They are amphiphilic and consist of a
saccharide chain (polar) with one or more additional saccharide chains, each with 2-5
sugar units, and an aglycone (non-polar), which is either a steroid or a triterpene.
Various biological activities are attributed to saponins, including anticancer,
antioxidant, hepatoprotective, anti-inflammatory, hypocholesterolemic, hypoglycemic,
and antimicrobial (Sharma et al., 2023; Singh et al., 2016). Concerning bone health,
saponins have been widely described, particularly with regard to ginseng-specific
compounds, as beneficial for bone health by increasing bone formation and

angiogenesis while decreasing bone resorption (Liu et al., 2020b; Siddiqi et al., 2013).

1.5.2 Panax ginseng extract

Especially used in traditional Chinese and Korean medicine, Panax ginseng extracts
(GEs) have been described as treatments for a variety of diseases. GEs are usually
isolated from the plant’s roots. The biologically active ingredients include saponins,
flavonoids, and polysaccharides; the major components are saponins, which represent
up to 15% of the content. These can be further subdivided, with the most abundant
ginsenosides being Rg1, Rb1, Rd, and R1, accounting for about 30% of all saponins
(Liu et al., 2020a). The chemical structures of the most abundant ginsenosides are
shown in Figure 6.

Ginseng has been used to treat cardiovascular diseases, as it is considered to promote
blood circulation (Lau et al., 2009). In addition, GES have anti-inflammatory,
antioxidant, and estrogen-like effects, and are often used for pain relief and to
counteract aging (Ng, 2006). Concerning fracture repair, in addition to their antioxidant
and anti-inflammatory effects, GEs have been repeatedly shown to promote
proliferation and osteogenic differentiation of MSCs as well as angiogenesis in vitro
and in vivo (Hong et al., 2009; Kim et al., 2017; Li et al., 2011a; Li et al., 2011b; Park
et al., 2016a; Qiang et al., 2010; Zhang et al., 2019). Further, in a recent study, GE
reversed the negative effects of cigarette smoke on an in vitro co-culture model of

osteoblasts and osteoclasts by reducing oxidative stress (Guo et al., 2022).
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Figure 6: Chemical structure of the most abundant ginsenosides in Panax ginseng.
Glc: glucose and Xyl: xylose.

1.5.3 Maqui berry extract

Maqui berries are exotic fruits domestic in Chile from Aristotelia chilensis. Maqui berry
extract (MBE) is rich in polyphenols such as anthocyanins, the most abundant of which
are delphinidin (delphinidin-3-sambubiosid-5-glucoside, delphinidin-3,5-diglucoside,
delphinidin-3-glucoside, and delphinidin3-sambubioside) and cyanidin (cyanidin-3-
sambubiosid-5-glucoside,  cyanidin-3,5-diglucoside, cyanidin-3-glucoside, and
cyanidin-3-sambubioside) derivates (Escribano-Bailon et al., 2006; Mena et al., 2021).

The chemical structures of the most abundant anthocyanins are shown in Figure 7.

Rz

OH
R, R, Most abundant derivates
delphinidin-3-sambubiosid-5-glucoside
$J delphinidin-3,5-diglucosideee
HO o inidi ’
N R1 Dslphinidin - O Of delphinidin-3-glucosid:
delphinidin-3-sambubiosid
= cyanidin-3-sambubiosid-5-glucoside
OH Cyanidin OH H cyanidin-3,5-diglucoside

cyanidin-3-glucoside

OH cyanidin-3-sambubiosid

Figure 7: Chemical structure of most abundant anthocyanins delphinidin and cyanidin
in maqui berries. For simplification, the chemical structure is shown without sugars.

MBEs have a high antioxidant capacity (Rubilar et al., 2011). Like GE, researchers
have hypothesized that MBE protects against cardiovascular diseases and exerts anti-
inflammatory effects (Hidalgo et al., 2014; Yang et al., 2012). Regarding bone
homeostasis, anthocyanins and delphinidin increase bone mineralization and
osteogenic differentiation of pre-osteoblasts (Welch et al., 2012), prevent bone loss by
inhibiting osteoclastogenesis (Moriwaki et al., 2014; Nagaoka et al., 2019), and protect
human osteoblasts from oxidative stress-induced damage (Zhu et al., 2021). Similarly
to GEs, MBEs reversed the negative effects of cigarette smoke in an in vitro co-culture

model of osteoblasts and osteoclasts by reducing oxidative stress (Guo et al., 2022).
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Regarding the vasculature, delphinidin inhibited vascular endothelial growth factor
receptor 2 (VEGFR2) phosphorylation in ECs, thereby interfering with VEGF signaling,
which led to a reduction in EC mobility and differentiation (Lamy et al., 2006). The

effects of MBE and delphinidins on fracture repair have not been studied so far.

1.6 Modeling bone and fractures in vitro

Research into bone diseases, including the development of new treatment strategies,
can be performed using a variety of model systems. The biological situation is best
represented with in vivo models. Therefore, rodent models such as mice or rats are
commonly chosen to investigate bone homeostasis and especially fracture healing. To
date, in vivo models are the only alternatives that allow representing the overall
interactions between the many cell types involved in bone homeostasis and fracture
repair, as well as an active blood supply. Furthermore, they allow modeling different
diseases and their respective treatment options in a global setting. Nevertheless, they
also have several disadvantages including species-dependent differences in bone
metabolism, a different posture as well as ethical concerns, especially in large-scale
screening approaches where a substantial number of animals are needed to generate
representative results (Ehnert et al., 2020; Haffner-Luntzer et al., 2019; Holstein et al.,
2009). Therefore, in recent years, in vitro modeling of tissues has become more and
more popular. Due to the development of more complex 3D cell culture techniques,
conventional two-dimensional (2D) monolayer cell culture has lost its central role in
biomedical research. 3D cell cultures usually better mimic the natural tissue
environment and thus increase the physiological relevance of the experiments
performed (Huh et al., 2011). In general, in vitro models have the advantage of allowing
systematic, repeated, and tightly controlled studies of various conditions, features that
often make them less time-consuming and costly (Elliott et al., 2011). In vitro mimicking
of tissue environments in 3D multicellular systems enables a variety of applications,
including basic research, tissue engineering, drug development, toxicity testing, and to
some extent even replacement of in vivo studies (Ader et al., 2014; Ravi et al., 2015;
Rimann et al., 2012).

Most research on in vitro bone systems to date has been based on bone tissue
engineering strategies aimed at improving the healing of bone defects with bone graft
substitutes. To this end, highly biocompatible, bioactive, and degradable scaffolds are

used, which have adequate mechanical properties and, moreover, can be used in
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combination with osteogenic progenitor cells or growth factors to facilitate bone repair

in vivo (Decambron et al., 2017; Pfeiffenberger et al., 2021).

In basic bone research, interactions between bone cells including osteoprogenitors,
osteoblasts, osteoclasts, and chondrocytes, as well as the vascular system, are often
modeled using scaffolds. These scaffolds are also intended to mimic the ECM and
various materials have been used so far, including hydrogels, bioceramics, calcium
phosphate, and collagen-based scaffolds (Haussling et al., 2019; Rowley et al., 1999;
Westhrin et al., 2015). Scaffold-based in vitro models have been used to model
diseased or altered bone homeostasis in vitro by developing a bioceramic scaffold of
osteoporotic bone (Baino et al., 2016) and a 3D model of altered bone metabolism in
type 2 diabetics (Haussling et al., 2021), among other approaches. Additionally,
spheroid cultures have been used to mimic bony tissues prepared in most cases with
osteoprogenitors (Kouroupis et al., 2021). What is mostly underestimated within the
established models, which focus on the interactions between bone cells (mainly
osteoblasts and osteoclasts) and the ECM, is the importance of the vasculature in bone
homeostasis and regeneration. Therefore, the development of vascularized in vitro
bone models seems to be highly important in the future (Pirosa et al., 2018). Research
on early fracture healing has mainly been conducted on rodent models or ex vivo bone
cultures, while there are hardly any in vitro models to study early fracture healing
(Smith et al., 2010; Toscano et al., 2013).
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1.7 Aim of the work

The risk factors associated with poor fracture healing seem to be highly associated
with the patient’'s immunological state. In recent years, researchers have devoted more
attention to understand the involvement and importance of the immune system in
fracture healing. Therefore, modulating the immune response has become an
important novel therapeutic aspect in the regeneration of bone defects (Giannoudis et
al., 2015). The importance of the fracture hematoma during early fracture healing is
incontestable. For studying the interplay between the immune system, osteogenesis,
and angiogenesis in early fracture healing an appropriate 3D-co-culture model shall be
established. In general, the model should comprise an EC component and an in vitro
fracture hematoma. The initial steps to establish an in vitro fracture hematoma model
have already been performed as part of my preceding master’s thesis (Rinderknecht,
2020). In vitro fracture hematomas could be produced successfully by mixing whole
blood from humans with SCP-1 cells, a human immortalized MSC line, followed by
induction of coagulation through recalcification. The established culture system should
be further validated by modeling early fracture healing of smokers. The establishment
and validation of the advanced co-culture model will be performed in the following
steps:

1. Introduction and validation of a hypoxic culture environment: To model the
fracture environment more appropriately, a low-oxygen environment will be
introduced. Different strategies for hypoxia induction will be evaluated in terms
of effectiveness and applicability, and the most appropriate will be chosen for
the subsequent experiments.

2. Analysis of early fracture repair in smokers: First, to model early fracture
healing of smokers in vitro, an appropriate model system must be established.
Then early fracture repair of the smoker's and non-smoker’s in vitro fracture
hematomas will be analyzed regarding cell viability, inflammation, osteogenic
differentiation potential, and especially angiogenesis.

3. Establishment of a direct co-culture model of in vitro fracture hematomas
and ECs: Initially, an EC component will be defined, and appropriate culture
conditions will be established including the culture medium and system. With
the established 3D co-culture system, early fracture repair of smokers and non-
smokers will be analyzed regarding cell viability, inflammation, osteogenic

differentiation potential, and angiogenic potential.
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4. Effect of herbal extracts — GE and MBE - on early fracture healing of
smokers in vitro: Finally, the effects of GB and MBE will be analyzed with
respect to early fracture repair in smokers, as these extracts have been shown

to counteract the harmful effects of smoking on bone homeostasis.
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2 Materials and methods

2.1 Chemicals, growth factors, kits, and reagents

Table 1: List of chemicals, growth factors, kits, and reagents

Chemical Manufacturer
Panax ginseng extract (GE, 00-115-1234-00D) Anklam Extrakt GmbH, Anklam,
Maqui berry extract (MBE, 00-115-0789-10) Germany

B-Glycerol phosphate (A2253)
BSA, Albumin fraction V >98% (A1391)
EtOH absolute (A1613)

AppliChem GmbH, Darmstadt,

Germany

All-In-One DNA/RNA/Protein Miniprep Kit (BS88003)

BioBasic Inc, Markham, ON, Canada

Biozym Red HS Master Mix (331126)

Biozym Scientific GmbH, Hessisch

Oldendorf, Germany

2-Mercaptoethanol (4227.3)

4-Nitrophenyl phosphate disodium salt hexahydrate
(PNPP, 4165.1)

Ammonium chloride (NH4Cl), 299,5% (5470.1)

Boric acid, 299,8% (6943.1)

Bromophenol blue sodium salt (A512.1)

Calcium chloride, 98% (CN93.2)

Deoxycholic acid sodium salt (DOC), 98% (3484.1)

Ethidium bromide solution, 1% in ddH.0O (2218.1)

Ethylenediamine tetra acetic acid disodium salt
dihydrate (EDTA, 8043.2)

Glycerol (7530.1)

Guanidine thiocyanate (0017.3)

HEPES 299,5% (HN78.2)

Luminol, 95% (4203.1)

Magnesium chloride (MgClz, KK36.2)

p-Coumaric acid, 297,5% (9908.1)

Pepstatin A (2936.1)

pUC19 DNA/Mspl (Hpall) Marker (T149.1)

Roti aqua phenol (A980.2)

ROTI®Mark BICOLOR (8271.1)

Sodium acetate, >98,5% (X891.2)

Sodium fluoride (NaF), 299% (P756.1)

Carl Roth GmbH + Co. KG,

Karlsruhe, Germany
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Chemical Manufacturer
Sodium hydrogen carbonate (NaHCO3), 299,5% Carl Roth GmbH + Co. KG,
(6885.2) Karlsruhe, Germany

Sodium hydroxide (NaOH), 2 M (T135.1)

Agarose LE (M3044.0500)
GreenMasterMix (2x) high ROX (M3010.0500)

GENAXXON bioscience GmbH, Ulm,

Germany

Geltrex™ LDEV-free Reduced Growth Factor
Basement Membrane Matrix (A1413202)

Gibco™/Thermo Fisher Scientific

Inc., Waltham MA, United States

CyQUANT™ |LDH Cytotoxicity assay (C20301)
Image-iT™ Green Hypoxia Reagent (114833)

Invitrogen™/Thermo Fisher Scientific
Inc., Waltham MA, United States

Heparin-natrium LEO 25.000 I.E./5 mL (15261203)

Leo Pharma A/S, Bellerup, Denmark

Animal-free recombinant human EGF (100-15)

Human IL-6 standard ABTS ELISA development kit
(900-K16)

Human MCP-1 (CCL2) standard ABTS ELISA
development kit (900-K31)

Human TNF-a standard ABTS ELISA development kit
(900-K25)

PeproTech, Inc., Cranbury, NJ,
United States

Hydrocortisone (A9225)

Pfizer Inc., New York, NY, United
States

Marlboro Red Cigarettes

Phillip Morris International, Stamford,
CT, United States

CellTiter-Glo® Luminescent Cell Viability Assay
(G7571)

Promega Corporation, Madison, WI,
United States

Human recombinant IGF-1 R3 (C-60839)

Human umbilical cord vein endothelial cells (HUVECs,
C-12203)

Recombinant human FGF-2 (C-60242A)

VEGF-165, human, recombinant (C-64420A)

PromocCell GmbH, Heidelberg,

Germany

Human Angiogenesis Array C1000 (AAH-ANG-1000)

RayBiotech Life, Inc., Peachtree
Corners, GA, United States

Ammonium thiocyanate (221988)

CalceinAM, >96% (17783-1MG)

Catalase bovine liver (CAT, C30-100MG (23100
U/mg))

Cobalt (1) chloride hexahydrate (C8661-25g)

Cholecalciferol (95230)

Sigma-Aldrich/Merck KGaA,

Darmstadt, Germany
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Chemical

Manufacturer

Gelatin porcine (G1890-100G)

10KU)
Hoechst33342 (14533-100MG)
L-Ascorbic acid (A7506-25G)
PBS powder (D5652)
Resazurin sodium salt (199303-1G)
Sodium chloride (NaCl, S7653)

Sulforhodamine B (SRB, S1402-5G)
Tergitol solution, 70% in ddH0O (S1402-5G)
Trizma®-base (TRIS, T1503- 1kg)

Glucose oxidase from aspergillus niger (GOX, G6125-

Sodium orthovanadate (NazVO4, S6508-10G)

Sigma-Aldrich/Merck KGaA,

Darmstadt, Germany

RevertAid First Strand cDNA Synthesis Kit (K1612)

Thermo Scientific™/Thermo Fisher
Scientific Inc., Waltham MA, United
States

Acetic acid glacial (20104.298)

VWR International, LLC., Radnor,
PA, United States

Hypoxia gas mixture (1% of Oz, 5% CO2, 94% N>)

Westfalen AG, Munster, Germany

2.2 Cell culture media and solutions

Table 2: List of cell culture media and solutions

Cell culture medium/solution

Manufacturer/ingredients

Minimal Essential Medium Alpha
Modification (MEM-a, 22561-054)

Gibco™/Thermo Fisher Scientific Inc.,
Waltham MA, United States

Fetal bovine serum (FBS, 10270106)

Invitrogen™/Thermo Fisher Scientific Inc.,
Waltham MA, United States

Basal Medium 2 (EBM2, C-22211)
Endothelial Cell Growth Medium MV 2
(EGM2-MV, C-22020)

PromocCell GmbH, Heidelberg, Germany

Antibiotic antimycotic solution, 100X (A/A,
A5955-100ml)

Medium 199, 10x, With earle's salts (10x
M199, M0650-100ML)

Penicillin/streptomycin (P/S, P0781-100ml)

Trypsin EDTA solution (T/E, T3924-500mL)

Sigma-Aldrich/Merck KGaA, Darmstadt,

Germany
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Cell culture medium/solution

Manufacturer/ingredients

Collagen | stock solution

5 g/L rat tail collagen | in 0.1% acetic acid

solution, sterile

Gelatin coating solution

0.1% (w/v) gelatin porcine in ddH-O, sterile

HUVEC culture medium (EGM-2)

EBM-2 supplemented with 2% FBS, 1% A/A,
0.5 ng/mL hVEGFA165, 10 ng/mL hFGF-2, 5
ng/mL hEGF, 20 ng/mL hRIGF-R3, 22.5 pg/mL
Heparin, 0.2 ug/mL hydrocortisone, 1 ug/mL L-

ascorbic acid, sterile

In vitro fracture hematomas culture medium

MEM-a with 5% FBS, 1% P/S, sterile

Osteogenic differentiation medium

MEM-a with 5% FBS, 1% P/S, 5 mM B-glycerol
phosphate, 200 uM L-ascorbic acid, 25 mM
HEPES, 1.5 mM CaCly, 20 ng/mL

cholecalciferol, sterile

SCP-1 culture medium

MEM-a with 5% FBS, sterile

2.3 Buffers and solutions

Table 3: List of buffers and solutions

Buffer/solution

Ingredients

0.1% Acetic acid

0.1% (v/v) acetic acid in ddH.O

1% Acetic acid

1% (v/v) acetic acid in ddH>0

10 mM TRIS unbuffered

10 mM Tris in ddH2O

10 x Erythrocyte lysis buffer

155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA in ddH20

100 mM TRIS

100 mM TRIS in ddH20, pH=8

10x Tris-Borate-EDTA (TBE)
buffer

0.89 M TRIS, 0.89 M boric acid, 0.02 M EDTA (pH=8) in
ddH.O

50 mM NaOH

50 mM NaOH in ddH20

5x Lammli Buffer

300 mM TRIS (pH 6.8), 50% Glycerol, 5 mM EDTA, 10%
SDS, 0.05% bromophenol blue, 12.5% 2-mercaptoethanol

5x Loading Buffer

0.4% bromophenol blue, 50% (v/v) 10x TBE, 50% (v/v)

glycerol

BSA blocking buffer

5% BSA in TBS-T

ECL substrate solution

2.5 mM luminol, 0.4 mM p-coumaric Acid, 0.06% H2Ozin
100 mM TRIS (pH=8.5)

Ginseng extract stock solution

10 mg/mL ginseng extract in respective culture medium
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Buffer/solution

Ingredients

Maqui berry extract stock

solution

5 mg/mL maqui berry extract in respective culture medium

NaHCO3; solution

7.5% NaHCOs in ddH20, sterile

Phosphate buffer saline (PBS)

0.955% PBS powder in ddH-O

pNPP substrate solution

3.5 mM pNPP in 50 mM glycine, 100 mM TRIS, 1 mM
MgCl, pH=10.5

Resazurin working solution

0,001% resazurin in respective culture medium

RIPA

10 mM TRIS, 100 mM NaCl, 0.5% tergitol, 0.5% DOC, 10
mM EDTA, 1 ug/mL pepstatin A, 5 ug/mL leupeptin, 1 mM
PMSF, 5 mM sodium fluoride, 1 nM Na3zVO4

RNA isolation solution

0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate,
0.1 M sodium acetate, 5% (v/v) Glycerol, 38% (v/v) phenol
in ddH.0

SRB staining solution

0.4% (w/v) sulforhodamine B in 1% acetic acid solution

TBS-T

10% (v/v) TBS 10x, 0.1% (v/v) tween-2 in ddH20.

Tris buffer saline (TBS) 10x

100 mM TRIS, 1,5 M NaCl in ddH20, pH =7.6

2.4 Equipment and software

Table 4: List of equipment and software

Equipment/software

Manufacturer

Veriti™ 96-well Thermal Cycler

StepOnePlus™ Real-Time PCR System

Applied Biosystems™/ Thermo Fisher Scientific
Inc., Waltham MA, United States

BenchRocker™ 3D nutating shaker

Benchmark Scientific Inc., Sayreville, NJ, United
States

C150 series CO2 incubator

BINDER GmbH, Tuttlingen, Germany

PowerPac™ Basic Power Supply

Bio-Rad Laboratories, Inc., Hercules, CA, United
States

Thermoshaker TS-100

Biosan, Riga, Latvia

PCR SingleCap 8er-soft strips 0.2 ml

Biozym Scientific GmbH, Hessisch Oldendorf,

Germany

FLUOstar Omega microplate reader

BMG LABTECH GmbH, Ortenberg, Germany

Peristaltic Pump Cyclo I

ROTILABO® blotting paper 1.5 mm

Carl Roth GmbH + Co. KG, Karlsruhe, Germany
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Equipment/software Manufacturer

ROTIPHORESE® PROfessional Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Electrophoresis and blot system
Tubes 0.5 mL/1.5 mL

Primo Vert light microscope Carl Zeiss AG, Jena, Germany

GraphPad Prism 8 Domatics, Boston, MA, United States

Tubes 2 mL Eppendorf SE, Hamburg, Germany

Cell culture plates and flasks Greiner AG, Kremsmiinster, Austria

Gel iX Imager INTAS Science Imaging Instruments GmbH,
Gottingen, Germany

CELENA® X High Content Imaging Logos Biosystems/ Aligned Genetics, Inc.,

System Gyeonggi-do, South Korea

ImageJ National Institutes of Health, Bethesda, MD,
United States

Hypoxia incubator chamber STEMCELL Technologies Inc., Vancouver,
Canada

EVOS FL Cell Imaging System Thermo Scientific™/Thermo Fisher Scientific

Heraeus Fresco 21 Inc., Waltham MA, United States

MegaFuge 40 R
Safe 2020 biological safety cabinet

Nitrocellulose blot membrane, 0,2 um VWR International, LLC., Radnor, PA, United
(10600001) States

2.5 Cell lines and basic cell culture

251 SCP-1 cells

SCP-1 cells were used as a proxy for MSCs. This human telomerase reverse
transcriptase (hnTERT) immortalized cell line was kindly provided by Prof. Dr. Matthias
Schieker (Bocker et al., 2008). SCP-1 cells were cultured in Minimal Essential Medium
Alpha (MEM-a) supplemented with 5% fetal bovine serum (FBS). The culture medium
was replaced every 3—4 days and the cells were subcultured when they reached

confluency. Cells at passage 10-20 were used in the experiments.

2.5.2 Human umbilical cord vein cells

Human umbilical cord vein endothelial cells (HUVECs) were used as a proxy for ECs.
HUVECs were cultured in Endothelial Basal Medium 2 (EBM-2) supplemented with 2%
FBS, 1% antibiotic/antimycotic (A/A), 0.5 ng/mL human VEGFA165, 10 ng/mL human
FGF-2, 5 ng/mL human epidermal growth factor (EGF), 20 ng/mL IGF-1 (R3), 22.5
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pMg/mL heparin, 0.2 ug/mL hydrocortisone, 1 ug/mL L-ascorbic acid in culture flasks
coated with a 0.1% porcine gelatin solution (30 min at 37 °C). The culture medium was
replaced every 2-3 days and the cells were subcultured when they reached

confluency. HUVECs at passage 5-10 were used in the experiments.

2.6 Production and culture of in vitro fracture hematomas

The procedure to generate human in vitro fracture hematomas was established in my
proceeding master’s thesis based on an equine in vitro fracture hematoma model
developed by Pfeiffenberger et al. (Rinderknecht 2020, (Pfeiffenberger et al., 2019)).
Human in vitro fracture hematomas were prepared by mixing 60 uL of human donor
ethylenediaminetetraacetic acid (EDTA) blood with 60 yL of an SCP-1 cell solution.
Blood was collected exclusively from healthy volunteers between the ages of 20 and
40 years. After collection, the blood was kept for a maximum of 2 h at room temperature
before further use. All experiments with human donor blood were performed in
accordance with the Declaration of Helsinki and authorized by the ethics committee of
the medical faculty, University of Tuebingen (ethical statement: 844/2020BO2, 21
October 2020). SCP-1 cells were provided as a 1 x 108 cells/mL solution in culture
medium supplemented with 10 mM calcium chloride (CaClz) for activating the blood
clotting cascade. The mixture was allowed to clot for 1 h at 37 °C in a humidified
atmosphere with 5% carbon dioxide (CO2z). Afterward formed in vitro fracture
hematomas were transferred to new culture plates. Unless otherwise indicated, in vitro
fracture hematomas were cultured in 96-well plates with 100 pL of MEM-a
supplemented with 5% FBS and 1% penicillin/streptomycin (P/S). Every 24 h, 50 uL of
the culture medium was replaced, and additional stimulations were partially renewed if

required. For culture periods of up to 48 h, there were no medium changes.

2.7 Hypoxia induction

2.7.1 Chemical induction with cobalt chloride

Hypoxia was induced chemically by supplementing the in vitro fracture hematoma
culture medium with cobalt chloride (CoCl2) to a final concentration of 0.4 mM (Teti et
al., 2018).

2.7.2 Medium height
By increasing the amount of medium used in cell culture, one can create an oxygen
gradient, where the oxygen concentration decreases toward the bottom of the well due

to oxygen diffusion rates. Based on the literature and due to the intrinsic height of the
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in vitro fracture hematomas, the amount of medium was increased from 100 to 300 pL
per well in a 96-well plate, corresponding to an approximate oxygen concentration of

< 2% at the well bottom and a medium height of 7.5 mm (Camp et al., 2007).

2.7.3 Enzymatic system

Hypoxia was induced with an enzymatic system combining glucose oxidase (GOX)
and CAT. GOX catalyzes the oxidation of B-D-glucose to D-gluconic-1,5-lactone,
thereby consuming O2. H202 is formed as a byproduct of the reaction; it is further
converted to H20 and 7202 by CAT. Therefore, the enzymatic system consumes 202
per cycle (Mueller et al., 2009). The enzyme concentrations used were based on the
original publication as well as our own pre-experiments. GOX was diluted 1:10000

(w/v) and CAT was diluted 1:5000 (v/v) in the respective culture medium.

2.7.4 Hypoxia incubator chamber

For direct culture in low oxygen tension, a hypoxia incubator chamber was filled with a
hypoxic gas mixture containing 1% Oz2, 5% COz2, and 94% N2. The hypoxia incubator
chamber was flushed with the gas mixture (> 20 L/min) for 4 min and sealed airtight
before being placed in an ordinary cell culture incubator (37 °C) for further culture.
Each time the chamber was opened for sample collection, it was flushed with the gas

mixture.

2.7.4.1 Hypoxia staining

Low pericellular oxygen levels were verified by staining in vitro fracture hematomas
with the Image-iT™ Green Hypoxia Reagent, an oxygen-sensitive fluorescent probe.
The accumulated dye becomes fluorescent when the oxygen level is < 5%. In vitro
fracture hematomas were pre-incubated with 2.5 mM green hypoxia reagent for 1.5 h
before changing to different oxygen concentrations. After 24 h, micrographs were
taken using a fluorescence microscope. Cell nuclei were counterstained with 1 ug/mL
Hoechst 33342 for 30 min at 37 °C, protected from light, before being viewed under

the microscope.

2.8 Simulation of smoking conditions in vitro

2.8.1 Preparation of cigarette smoke extract

CSE was prepared by bubbling cigarette smoke through the respective culture medium
without FBS in a standard gas wash bottle using a peristaltic pump. Commercial
cigarettes (Marlboro Red) containing 0.8 mg nicotine and 10 mg tar per cigarette were
used. The smoke was always guided through the medium with a speed of
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approximately 100 bubbles/min. The optical density (OD) at 320 nm of the extract was
measured to determine the concentration, where OD 0.7 was considered 100% CSE
(Sreekumar et al., 2018).

Before use in cell culture, CSE was filtered through a 0.22 um pore filter. Then it was
diluted to the desired concentration in the respective culture medium whereby a
concentration of 5% CSE corresponds to smoking approximately 10 cigarettes each

day (Su et al., 1998). CSE was always prepared fresh on the day of use.

2.8.2 Preparation of the smoker’s in vitro fracture hematomas

To mimic fracture healing of smokers in vitro, smokers in vitro fracture hematomas
were produced by combining blood from smokers with SCP-1 cells pre-stimulated with
CSE. Only male blood donors were used to establish smoker’s and non-smoker’s in
vitro fracture hematomas. All smoker blood donors were healthy, aged between 20 and
40 years, and were considered moderate smokers (20—40 pack-years). SCP-1 cells
used for the smoker’s in vitro fracture hematomas were pre-stimulated with 5% CSE
for 7 days before being incorporated in the in vitro fracture hematomas. For CSE pre-
stimulation, the culture medium and CSE stimulation were renewed every 48 h. To
analyze the effect of smoker’s blood and CSE pre-stimulation, the respective control
conditions, that is, non-smoker’s blood combined with pre-stimulated SCP-1 cells and
smoker’s blood combined with unstimulated SCP-1 cells, were prepared. Figure 8

shows the schematic for how the smoker’s in vitro fracture hematomas were prepared.

4h 24h 48h

hematoma

production I culture w/ hypoxia

(4]
SCP-1 ceIIs + 5% CSE>

-7d

SCP-1 cells—

blood donor —

Figure 8: Preparation of non-smokers and smokers in vitro fracture hematomas and
respective control conditions. The figure was adapted from (Rinderknecht et al., 2022).
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2.9 Three-dimensional co-culture of in vitro fracture hematomas and
HUVECs

2.9.1 Medium compatibility

Suitable medium conditions for co-culture of in vitro fracture hematomas and HUVECs
were investigated in the respective monocultures in 96-well plates. Each well contained
one in vitro fracture hematoma or 1 x 10° HUVECSs. Cultures were stimulated with a
total medium volume of 100 pL using various ratios of MEM-a to Endothelial Cell
Growth Medium 2 MV (EGM2-MV) from 100% to 0% in 25% increments. The cells
were incubated for 48 h under hypoxic conditions in the hypoxia incubator chamber as
described in section 2.7.4. Mitochondrial activity, adenosine triphosphate (ATP)
content, and lactate dehydrogenase (LDH) release were determined as described in
sections 2.11.1, 2.11.2, and 2.11.3 respectively. Gene expression was analyzed as

described in section 2.13.

2.9.2 Toxicity test of herbal extracts

Herbal extracts of Panax ginseng roots and Aristotelia chilensis berries were used. The
toxicity of GE and MBE was evaluated separately for HUVECs and in vitro fracture
hematomas. Stock solutions of 10 mg/mL GE and 5 mg/mL MBE in the respective
culture medium were prepared freshly on the day of use and filtered through a 0.22 uym
pore filter before use in cell culture. Each well contained one in vitro fracture hematoma
or 7 x 10* HUVECs. The cells were incubated with 100 yL of co-culture medium
supplemented with 0, 0.1, 1, 10, 50, or 100 ug/mL GE or MBE for 48 h under hypoxic
conditions in the hypoxia incubator chamber as described in 2.7.4. Mitochondrial
activity, the ATP content, sulforhodamine B (SRB) staining, and LDH release were
determined as described in sections 2.11.1, 2.11.2, 2.11.3, and 2.11.6, respectively.

2.9.3 Preparation of collagen sandwich culture of HUVECs and co-culture with
in vitro fracture hematomas
To generate a 3D culture environment, HUVECs were seeded in a Col | sandwich
culture. Col | was isolated from rat tail tendons and dissolved in a 0.1% acetic acid to
a final concentration of 5 g/L (Ehrmann et al., 1956). The gels were produced in 24-
well plates following Ibidi’s application note 26 (Ibidigmbh, 2014). The Col | gels were
polymerized by increasing the pH to the physiological range. For the sandwich culture,
a Col | gel base was first prepared with a Col | concentration of 3 mg/mL. Therefore,
60% (v/v) Col | stock solution was mixed with 6% (v/v) sodium hydrogen carbonate
(NaHCOs3) solution, 7.3% (v/v) 10x M199, and 26.7% (v/v) EGM2-MV. Gels were
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prepared in a sterile environment and allowed to solidify for 30 min at 37 °C. Then 9 x
10° HUVECS, resuspended in 450 uL of HUVEC culture medium, were seeded on the
left half of each well. To ensure that the cells adhered only to the left side, the plates
were tilted at a 25° angle during seeding and subsequent adhesion (2 h in a humidified
atmosphere at 37 °C). After briefly washing with phosphate-buffered saline (PBS), 300
WL of a second Col | layer was applied at a final Col | concentration of 1.5 mg/mL. The
mixture contained 30% (v/v) Col | stock solution, 6.7% (v/v) 10x Medium 199 (M199),
2.6% (v/v) double-distilled water (ddH20), 3.7% (v/v) NaHCOs, and 3.3% (v/v) EGM2-
MV. The second Col | layer was spread evenly on the base and allowed to solidify for
30 min at 37 °C.

The in vitro fracture hematomas were placed on the right side of the Col | gel. The non-
smoker’s and smoker’s in vitro fracture hematomas were produced as described in
sections 2.6 and 2.8.2 and, respectively. Three holes were punched in each well with
a 5-mm biopsy puncher, and in vitro fracture hematomas were placed in the resulting
molds. For culture, 1.5 mL of the co-culture medium (75% EGM-2 MV and 25% MEM-
a) was added per well, and the plates were incubated in a hypoxic environment in the
hypoxia incubator chamber with a humidified atmosphere for up to 48 h at 37 °C. There
was no medium change during the culture. The co-culture assembly is shown in Figure
9.

1. Preparation of Col | base 2. “Tilted” adherence of 90 000 3. Addition of Col | Lid
(30 min, 37 °C, 5% CO,) HUVECSs/well (2 h, 37 °C, 5% CO,)
0000
QISICIC)
[©]@)

4. Stamping out pockets 5. Addition of in vitro fracture 6. Culture
for in vitro hematomas hematomas and stimulation (48 h, 37 °C, 5% CO, ~ 1% O,)

Figure 9: Preparation and setup of the co-culture of in vitro fracture hematomas and
HUVECSs. The figure was adapted from (Rinderknecht et al., 2023).
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2.9.4 Stimulation of smoking conditions in co-culture
Smoking conditions in the co-culture were simulated using either the non-smoker’s or
smoker’s in vitro fracture hematomas prepared as described in sections 2.6 and 2.8.2,

respectively.

2.9.5 Stimulation of co-culture with herbal extracts

Based on the results of the toxicity tests and other studies performed with the same
extracts in the working group, co-cultures were stimulated with 10 or 50 ug/mL GE or
1 ug/mL MBE (Guo et al., 2022; Zhu et al., 2021). Stock solutions were prepared as
described in section 2.9.2. Herbal extracts were diluted in co-culture medium to their
working concentration and added to the co-culture (1.5 mL/well) instead of the usual

co-culture medium. The culture was performed as described in 2.9.3.

2.10 Angiogenesis assays

2.10.1 HUVEC proliferation assay

In each well of a 96-well place, 8 x 10* HUVECs were seeded with 0.1% porcine gelatin
coating and stimulated with a 1:1 mixture of EBM-2 and in vitro fracture hematoma
culture supernatant collected after incubation for 48 h. HUVEC proliferation was
assessed indirectly after incubation for 48 h at 37 °C in a humidified atmosphere with
5% CO2 by means of resazurin conversion and the ATP content as described in section
2.11.1 and 2.11.2, respectively. For simplification, the data were normalized to

supernatant from the non-smoker’s in vitro fracture hematomas.

2.10.2 HUVEC tube formation assay

The tube formation assay was performed in 48-well plates coated with 6 pL of
Geltrex™ following a thin layer angiogenesis assay protocol (Faulkner et al., 2014).
First, 6.5 x 10* HUVECs were seeded per well and the respective stimulus was added
diluted 1:1 in EBM-2 (a total volume of 200 uL). The tube formation assay was
performed using pooled culture supernatants. The assay was repeated three times
with three technical replicates (wells) each. Tube formation was assessed after
incubation for 18 h at 37 °C in a humidified atmosphere with 5% CO2. For microscopy,
HUVECs were stained with a 0.1% CalceinAM solution in EBM-2 for 10 min at 37 °C.
Micrographs were captured using a fluorescence light microscope at 4x magnification.
Tube formation was evaluated using the ImagedJ angiogenesis analyzer (Carpentier et

al., 2020). Therefore, three different locations per well were analyzed and averaged.
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For simplification, the data were normalized to the non-smoker’s in vitro fracture

hematoma supernatant.

2.10.3 Angiogenesis array

Angiogenesis arrays were purchased from Ray Biotech and performed following the
manufacturer’s instructions. For angiogenesis arrays, supernatants of one condition
were applied pooled. Intensities were analyzed using ImagedJ software. The data were

normalized to the overall mean of all targets.

2.11 Viability and functional assays

2.11.1 Mitochondrial activity

Mitochondrial activity was assessed via the conversion of resazurin to resorufin. Prior
to the incubation, cultures were washed once with PBS. A 0.001% resazurin working
solution prepared in the respective culture medium was used for this purpose. The
resorufin formed was measured after incubation at 37 °C at Aex = 544 nm and Aem =
590 nm using a microplate reader. For each biological replicate, mitochondrial activity
was determined in three technical replicates. The individual procedures for the different

culture systems are explained in more detail in the following sections.

2.11.1.1 In vitro fracture hematomas
In vitro fracture hematomas were transferred to new 96-well plates and incubated with
100 pL of resazurin working solution per in vitro fracture hematoma. After incubation

for 1.5 h, the resorufin formed was measured in 50 uL of the cell-free supernatant.

2.11.1.2 HUVECs monoculture
HUVEC monocultures in 96-well plates were incubated with 100 pL of resazurin
working solution per well. After incubation for 2 h, the resorufin formed was measured

directly in the plate.

2.11.1.3 Co-culture

Resazurin conversion in co-cultures was determined separately for the in vitro fracture
hematomas and HUVECs. In vitro fracture hematomas were measured as described
in section 2.11.1.1. HUVECs in co-culture were incubated with 500 L of resazurin
working solution per well. After incubation for 2 h, the resorufin formed was measured

in 100 uL of the cell-free supernatant transferred to a 96-well plate.
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2.11.2 Adenosine triphosphate content

The ATP content was assessed using the CellTiter-Glo® luminescent cell viability
assay system following the manufacturer’s instructions. Measurements were always
conducted in white 96-well luminescence plates to increase the signal intensity. For
2D cell culture in 96-well plates, 50 uL of fresh culture medium and 50 pL of ATP
working solution were added per well and incubated for 5 min on an orbital shaker
protected from light. Afterward, the signal was allowed to stabilize for 10 min before
determining the luminescence signal with a microplate reader. To determine the ATP
content in the in vitro fracture hematomas, the incubation time on the orbital shaker
was extended to 30 min. For each biological replicate, the ATP content was determined

in three technical replicates.

2.11.3 Lactate dehydrogenase release

LDH release was determined in cell culture supernatants as a measure of cellular
toxicity using the CyQUANT™ LDH cytotoxicity assay kit. Independently of the culture
system, 50 uL of cell-free supernatant per technical replicate was mixed with 50 pL of
the LDH working solution in one well of a new 96-well plate. Subsequently, a kinetic
measurement was recorded for 30 min at 490 nm and 680 nm using the microplate
reader. For evaluation, the absorbance at 680 nm was subtracted from the absorbance
at 490 nm for background correction. The background-corrected values for 10 min
were then subtracted from the background-corrected values for 20 min. For each

biological replicate, LDH release was determined in three technical replicates.

2.11.4 Live staining

Calcein-AM green was used for the live staining of cells, diluted in the respective
culture medium to a final concentration of 0.5 ug/mL. Before staining, cultures were
washed once with PBS. The appropriate volume of staining solution (96-well plate:
100 pL/well; 12-well plate: 500 yL/well) was added and the plate was incubated for 30
min at 37 °C protected from light. To remove excess staining solution, cultures were
washed with PBS before fresh culture medium was added to the wells. Micrographs

were recorded using a fluorescence light microscope at different magnifications.

2.11.4.1 In vitro fracture hematoma diameter
In vitro fracture hematoma diameters were determined using live-staining micrographs
recorded at 1.25x magnification. The diameter was determined three times per

technical replicate at a 60° angle using ImagedJ software and then averaged. For each
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biological replicate, in vitro fracture hematoma diameter was determined in three

technical replicates.

2.11.5 Alkaline phosphatase activity

As an early marker of osteogenic differentiation, ALP activity was determined by
transphosphorylation of p-nitrophenyl phosphate (pNPP) to p-nitrophenol (pNP)
(Haussling et al., 2019). In vitro fracture hematomas were incubated with 200 pL of
pNPP substrate solution for 60 min at 37 °C. Subsequently, absorbance was measured
at 405 nm in the cell-free supernatant using a microplate reader. ALP activity was
normalized to mitochondrial activity. For each biological replicate, ALP activity was

determined in three technical replicates.

2.11.6 Total protein staining

In 2D cultures, total protein was determined by SRB staining. Cells were fixed with
99% ethanol (EtOH) and frozen at —20 °C for at least 1 h. After removing EtOH, the
cells were washed once with tap water. An equal amount of SRB staining solution was
added to cover the cells, and the plates were incubated for 30 min at room temperature
protected from light. After removing the staining solution, the unbound dye was
removed by washing up to four times with 1% acetic acid. For quantification, the bound
stain was dissolved in 10 mM unbuffered tris(hydroxymethyl)aminomethane (Tris) and
quantified at 565 nm and 690 nm (impurities). The absorbance at 565 nm was
background corrected by subtracting the absorbance at 690 nm. For simplification, the
results were normalized to the respective control conditions depending on the
experimental setup. For each biological replicate, total protein staining was determined

in three technical replicates.

2.12 Determination of cellular ratios of in vitro fracture hematomas

The ratio of SCP-1 cells to blood cells in the in vitro fracture hematomas was
determined by genomic DNA-based sex-specific semi-quantitative polymerase chain
reaction (PCR).

2.12.1 DNA isolation from in vitro fracture hematomas

Deoxyribonucleic acid (DNA) was isolated from six in vitro fracture hematomas per
experimental condition pooled and homogenized by centrifugation over porous-
bottomed columns (pore size of approximately 1 mm?2) at 7,000 g for 10 min at 4 °C.
Afterward, the remaining fibrin network was digested with a trypsin/EDTA (T/E) solution
for 30 min at 37 °C, after which cells were pelleted for 10 min at 7,000 g and 4 °C. The
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remaining erythrocytes were lysed at room temperature for 10 min with a 1x
erythrocyte lysis buffer and then the other remaining cells were pelleted as described
previously. DNA was isolated by alkaline lysis using a 50 mM sodium hydroxide
solution (20 min at 98 °C) which was neutralized with an equal amount of 100 mM Tris
(pH 8). Cell debris was removed by centrifugation for 10 min at 14,000 g and 4 °C, and

samples were immediately frozen at —80 °C until further use.

2.12.2 Semi-quantitative sex-specific polymerase chain reaction

The total DNA content of samples was determined by detecting the UDP
glucuronosyltransferase family 1 member A6 (UGT71A6) gene, and the male DNA
content was assessed by the sex-determining region Y (SRY) gene, which is specific
for the Y chromosome. As SCP-1 cells originate from a female, only male blood donors
were chosen to determine the cellular ratios. The sample-specific DNA content was
assessed by standard curves. Each PCR had a total volume of 20 yL comprising 10 uL
of GreenMasterMix (2x) high ROX, 1 pyL each of the forward and reverse primers, 7 uL
of RNase/DNase free water, and 1 uL of template DNA. The thermal cycling conditions
were: initial denaturation (95 °C, 10 min); 45 cycles of denaturation (95 °C, 30 sec),
annealing (60 °C, 30 sec), and elongation (72 °C, 30 sec); and a final elongation step
(72 °C, 10 min). Melting curves were recorded to verify the quality of the PCR. Primer
details are shown in Table 5. PCR was run in a StepOnePlus™ real-time PCR system
using the StepOne software v2.3 setting automatic cycle threshold and baseline. For
each biological replicate, three technical replicates were performed. Standard curves
were also prepared with three biological replicates, each with three technical
replicates. Representative standard curves are shown in Supplementary

information I.

Table 5: Primer details sex-specific semi-quantitative PCR

Amplicon | Tan'
Target | Gene symbol Primer sequence (5'—3’) size (base | (°C)
pairs)

F| TGGTGCCTGAAGTTAATTTGCT

UGT1A6 | NC_000002.12 209 60
R GCTCTGGCAGTTGATGAAGTA
F TGGCGATTAAGTCAAATTCGC

SRY |NC_000024.10 137 60

R| CCCCCTAGTACCCTGACAATGTATT

' Tan: annealing temperature
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2.13 Gene expression analysis
2.13.1 RNA isolation

2.13.1.1 In vitro fracture hematomas

For each experimental condition, 12 in vitro fracture hematomas were pooled and
homogenized by centrifugation through columns with a porous bottom (pore size of
approximately 1 mm?) for 10 min at 7,000 g and 4 °C, followed by homogenization in
ribonucleic acid (RNA) isolation solution using homogenization pestles. RNA from in
vitro fracture hematomas was isolated using a standard chloroform/phenol isolation
protocol. The quantity and quality of isolated RNA were determined with an LVis plate

in a microplate reader.

2.13.1.2 HUVECs
RNA from HUVECs seeded in common 2D culture was isolated using a standard
chloroform/phenol isolation protocol. Before the addition of RNA isolation solution, cells

were harvested using a rubber policeman.

When seeded in a Col | sandwich culture, HUVEC RNA was isolated using a mixture
of chloroform/phenol extraction and later purification of the aqueous phase by means
of an RNA isolation kit. First, three gels were pooled, homogenized with
homogenization pestles, and centrifuged for 10 min at 7000 g and 4 °C to remove
excess liquid. The remaining pellet was dissolved in RNA isolation solution and
frozen at —80 °C for at least 24 h. After thawing, RNA isolation was continued
according to a standard chloroform/phenol protocol until the aqueous phase was
collected. Instead of RNA precipitation with isopropanol, the aqueous phase was
diluted with EtOH (final concentration > 40% [v/v]) and applied to the RNA isolation
columns of the All-In-One DNA/RNA/Protein Miniprep Kit. The subsequent
purification was carried out following the manufacturer’s instructions. The quantity
and quality of isolated RNA were determined with an LVis plate in a microplate

reader.

2.13.2 RNA integrity check

The integrity of isolated RNA was confirmed by agarose gel electrophoresis. RNA
(100-300 ng) was mixed with 5 x loading buffer in appropriate amounts to a total
volume of 10 yL. Samples were loaded on 1.8% agarose gels containing 0.007% (v/v)
ethidium bromide. Gels were run at 90 V for 45 min and RNA was visualized using an

INTAS gels doc system.



Materials and methods -44 -

2.13.3 Complementary DNA synthesis

Complementary DNA (cDNA) was synthesized using the RevertAid First-Strand cDNA
Synthesis Kit following the manufacturer’s instructions. Synthesized cDNA was diluted
to a final concentration of 10 ng/uL. Successful synthesis was confirmed by PCR for
18S ribosomal RNA (rRNA) as described below.

2.13.4 Reverse transcription polymerase chain reaction

Reverse transcription polymerase chain reaction (RT-PCR) was performed using
standard PCR in a total volume of 15 pL containing 7.5 yL Red HS master mix, 0.75 yL
each of the forward and reverse primers, 1—-6 uL of template cDNA, and RNase/DNase
free water. The primer details, as well as exact cycling conditions, are listed Table 6 6.

Table 6: Primer details reverse transcription—polymerase chain reaction and thermal
cycling conditions.

Fragment
Target and
Length | Tan? Mcpna’
accession Primer sequence (5'—3’)’ Ncyc®
(base | (°C) (ng)
number
pairs)
18S F GGACAGGATTGACAGATTGAT 111 56 25 10
NR_003286 |R| GGACAGGATTGACAGATTGAT (35)
ALP F ACGTGGCTAAGAATGTCATC
476 53 | 40 | 20
NM_000478.4 |R CTGGTAGGCGATGTCCTTA
ANGPT1 F CGATGGCAACTGTCGTGAGA
232 60 | 35 | 20
NM_001146.5 |R CGATGGCAACTGTCGTGAGA
ANGPT2 F CTTGGAACACTCCCTCTCGAC 195 60 32 | 20
NM_001147.3 |R| GCTTGTCTTCCATAGCTAGCAC (40) | (10)
BMP2 F CCCCCTACATGCTAGACCTGT
150 60 | 35 | 20
NM_001200.3 |R| CACTCGTTTCTGGTAGTTCTTCC
BMP4 F TGGTCTTGAGTATCCTGAGCG
130 60 | 40 | 20
NM_130851.2 |R| GCTGAGGTTAAAGAGGAAACGA
CCL2 F CCTTCATTCCCCAAGGGCTC
236 60 | 35 | 20
NM_002982.3 |R CCTTCATTCCCCAAGGGCTC
CD31 F GATAGCCCCGGTGGATGA
726 60 | 28 | 20
NM_000442.4 |R GTTCCATCAAGGGAGCCTTC
EFi1a F CCCCGACACAGTAGCATTTG 08 56 25 | 20
NM_001402.5 |R TGACTTTCCATCCCTTGAACC (37)| (10)
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Fragment
Target and
Length | Tan? Mcpna’
accession Primer sequence (5'—3’)’ Ncyc®
(base | (°C) (ng)
number
pairs)
GMCSF F| GAGACACTGCTGCTGAGATGA
180 64 | 35 | 20
NM_000758.3 |R GAGGGCAGTGCTGCTTGTA
IL6 F| AACCTGAACCTTCCAAAGATGG 159 58 30 | 20
NM_000600.4 |R TCTGGCTTGTTCCTCACTACT (40) | (10)
MMP9 F ATGAGCCTCTGGCAGCCCCT
527 60 | 35 | 20
NM_004994.3 |R CCGTGCTCCGCGACACCAAA
NOGGIN F CAGCGACAACCTGCCCCTGG
250 59 | 33 | 20
NM_005450.4 |R GATCTCGCTCGGCATGGCCC
PDGFBB F| CCAGGTGAGAAAGATCGAGATTG
238 60 | 35 | 20
NM_002608 |R ATGCGTGTGCTTGAATTTCCG
RUNX2 F CTGTGGTTACTGTCATGGCG
170 60 | 35 | 20
NM_001024630.4|R| GGGAGGATTTGTGAAGACGGT
SOX9 F GAAGGACCACCCGGATTACA
120 60 | 35 | 20
NM_000346.3 |R GCCTTGAAGATGGCGTTGG
TIE2 (TEK) F| GGTCAAGCAACCCAGCCTTTTC 121 64 40 | 20
NM_000459.5 |R| CAGGTCATTCCAGCAGAGCCAA (37)| (10)
TNFa F| ATGAGCACTGAAAGCATGATCC
217 59 | 35 | 20
NM_000594.3 |R| GAGGGCTGATTAGAGAGAGGTC
VEGFA F CTACCTCCACCATGCCAAGT 109 50 30 | 20
NM_001204384.1|R GCAGTAGCTGCGCTGATAGA (40) | (10)
VEGFR1 F | TCTCACACATCGACAAACCAATACA 106 62 | 35 | 20
NM_001160030.1| R |GGTAGCAGTACAATTGAGGACAAGA
VEGFR2 F CAGGGGACAGAGGGACTTG o1 60 35 | 20
NM_002253.2 |R GAGGCCATCGCTGCACTCA (40) | (10)

The conditions shown are for in vitro fracture hematomas. Different conditions for HUVEC gene

expression analysis are shown in brackets.

F: forward, R: reverse

2Tan: annealing temperature

% Neyoies: NUMber of cycles

4 mcona: amount of complementary DNA

PCR was always carried out using the following thermal cycling program: initial

denaturation (95 °C, 2 min); several cycles of denaturation (95 °C, 15 s), primer
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annealing (54-64 °C, 15 s), and elongation (72 °C, 30 sec); and a final elongation step
(72 °C, 10 min). The PCR products were applied twice to 1.8% agarose gels containing
0.007% (v/v) ethidium bromide and separated at 90 V for 50 min. The gels were
visualized using IntasGelDoc, and the captured images were analyzed using ImageJ
Gel analysis tool. Data was normalized to housekeeping gene elongation factor 1-
alpha (EF1a) or 18S rRNA as indicated.

2.14 Enzyme-linked immunosorbent assay

Secretion of the cytokines TNF-a, IL-6, CCL2, and IL-18 was determined using
PeproTech enzyme-linked immunosorbent assay (ELISA) kits according to the
manufacturer’s instructions. For each biological replicate, cytokine secretion was

determined in two or three technical replicates as indicated.

2.15 Western blot

Intracellular protein levels were determined by western blotting. To obtain a single-cell
suspension, 30 in vitro fracture hematomas per condition were homogenized by
pressing though a 70 pm cell strainer. The erythrocytes were lysed with an erythrocyte
lysis buffer and incubated while shaking at room temperature for 10 min. The remaining
cells were pelleted (10 min at 600 g and 4 °C), and the supernatant was removed. After
washing with PBS once, the cell pellet was lysed in 30 pL of radio-immunoprecipitation
assay buffer (RIPA) and incubated for 15 min on ice. The samples were then
centrifuged for 10 min at 14,000 g and 4 °C, and the supernatant was transferred to
new reaction vessels and stored at —80 °C. For loading, samples were mixed with 1x

Lammli buffer and denatured for 10 min at 98 °C.

Denatured protein was separated via sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) with a 12% separating and 3% stacking gels. Regardless
of the protein content, 20 uL of denatured protein was loaded per sample because the
remaining hemoglobin made the measurement of total protein unreliable. Acrylamide
gels were run with a constant voltage of 125 V for approximately 1.5 h. Proteins were
transferred to nitrocellulose membranes by wet blot technique with a constant current
of 100 mA for 3 h. The membranes were blocked with 5% bovine serum albumin (BSA)
for 1 hour followed by incubation with primary antibody overnight at 4 °C. After washing
3—4 times with Tris-buffered saline with Tween-20 (TBS-T), the membranes were
incubated with secondary antibody for 2 h at room temperature. Antibody details and

dilutions are listed in Table 7. Finally, after an additional washing step, the membranes
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were developed with an enhanced chemiluminescence (ECL) solution using an INTAS
gel doc system. The band intensities were evaluated using Imaged. Protein levels were
normalized to the housekeeping protein hypoxanthine-guanine phosphoribosyl
transferase (HPRT).

Table 7: Antibodies used in western blot

Target Protein Isotype Manufacturer Product Dilution
size number

HPRT 23 kDa Mouse | Santa Cruz Biotech | sc-376938 1:500

pNRF2 68.9 kDa | Rabbit Abcam ab76026 1:500
HO-1 21 kDa Mouse Abcam ab13248 1:1,000
Catalase 64 kDa Mouse | Santa Cruz Biotech | sc-271803 1:1,000
Nitrotyrosine varies Mouse | Santa Cruz Biotech sc-32757 1:1,000
Mouse 1gG Horse | Santa Cruz Biotech 7076 1:10,000
Rabbit IgG Goat Santa Cruz Biotech sc-2004 1:10,000

2.16 Statistics

The exact sample sizes and the number of biological (N) and technical (n) replicates
for each experiment are indicated in the respective figure legends. Due to small sample
sizes, statistical analysis was mainly performed using non-parametric tests. The
Mann-Whitney test was used to compare two experimental groups. The Kruskal—
Wallis test followed by Dunn’s multiple comparison test was used to compare more
than two experimental groups, usually only comparing to the control condition.
Grouped data were analyzed using two-way analysis of variance (ANOVA) followed by
Sidak’s multiple comparison test. The level of significance is indicated with asterisks: *
p <0.05, *™ p<0.01, *** p<0.001, and **** p < 0.0001. If the p-value is between 0.1
and 0.05, then the calculated value is shown. Unless stated otherwise, gene and
protein expression data are shown as bar graphs displaying mean * standard deviation
(SD). Other data are either shown as Tukey blots, with outliers shown as small black
dots or as line graphs for grouped data. When several time points are shown on one
graph, statistical comparison was performed for each time point separately unless

indicated otherwise. Graph Pad Prism 8 was used for statistical analysis.
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3 Results

3.1 Induction of hypoxia in in vitro fracture hematomas

To model early fracture repair realistically, in vitro fracture hematomas need to be
cultivated in a low oxygen environment — hypoxia — similarly to the situation after
fracturing of the bone. Initially, three easy-to-use methods were compared: chemical
stabilization of HIF-1a by CoClz, an increase in medium height, and the use of the
enzymatic GOX/CAT system, with the latter two methods expected to be associated
with a decrease in pericellular oxygen tensions. The three methods were tested
primarily because they are easy to set up and require no additional equipment. Some
of the presented data have been published (Rinderknecht et al., 2021).

In vitro fracture hematomas were cultured under the normoxic control condition (Ctrl),
with an increased medium height of 7.5 mm, with CoCl2, or with the enzymatic
GOX/CAT system for 48 h. The viability of the in vitro fracture hematomas was
assessed via resazurin conversion after incubation for 48 h. To verify the induction of
hypoxia, the expression of the HIF-1a-inducible VEGFA and RUNXZ2 genes was

analyzed.

As shown in Figure 10, increasing the medium height increased mitochondrial activity
and reduced RUNXZ2 and VEGFA expression after incubation for 48 h. In contrast,
chemical stabilization of HIF-1a with CoCl2 and enzymatically induced hypoxia did not
influence the mitochondrial activity of the in vitro fracture hematomas and increased
VEGFA and RUNX2 expression after incubation for 24 h. Interestingly, control in vitro
fracture hematomas also showed increased VEGFA and RUNX2 expression, although

the increase was delayed by 24 h.

The efficacy of hypoxia induction with all three methods would ideally be determined
by evaluating HIF-1a protein levels, as all three methods are associated with stabilizing
the protein. Despite several attempts, including collecting samples at different time
points and with different protein isolation methods, it was not possible to detect HIF-1a
in protein lysates obtained from the in vitro fracture hematomas. However, upon
stimulation of SCP-1 cells with the three different stimuli, HIF-1a stabilization was
detected in CoCl2- and GOX/CAT-stimulated cells (data not shown).
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Figure 10: Comparison of the hypoxia induction methods. /n vitro fracture hematomas
were incubated under the usual aerobic conditions (Ctrl), with an increased medium height
(MH) of 7.5 mm, with 0.4 mM CoCl;, or with the enzymatic GOX/CAT (G/C) system. A:
Mitochondrial activity of the in vitro fracture hematomas after 48 h. B VEGFA and RUNX2
MRNA expression after 24 and 48 h (N = 3 and n = 3). The Kruskal-Wallis test followed by
Dunn’s multiple comparison test was used for statistical comparison separately for each time
point and only to the Ctrl condition. Levels of significance were defined as * p < 0.05, ** p <
0.01, *** p < 0.001. If the p-value is between 0.1 and 0.05, then the calculated value is shown.

3.1.1 Induction of hypoxia using the enzymatic glucose oxidase/catalase

system

As the enzymatic system induced the expression of HIF-1a-regulated genes most
efficiently, it was used to analyze the influence of low oxygen concentrations on early
in vitro fracture repair. As displayed in Figure 11A and B, compared with the aerobic
culture conditions, the in vitro fracture hematomas cultivated with the enzymatic
system for up to 96 h showed a reduction in mitochondrial activity alongside increased
LDH release. Nevertheless, the clot diameters were similar (Figure 11C). Based on
the ratio of blood cells to SCP-1 cells in the in vitro fracture hematomas, there was a

decrease in SCP-1 cell proliferation after incubation for 96 h (Figure 11D).
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Figure 11: Cellular viability of the in vitro fracture hematomas with enzymatically
induced hypoxia. /n vitro fracture hematomas were incubated under aerobic conditions (Ctrl)
or with the enzymatic GOX/CAT system (G/C) for up to 96 h. A: Mitochondrial activity. B: LDH
release. C: In vitro fracture hematoma diameter. All data in A—C are shown as the area under
the curve (AUC) (N = 3 and n = 3). D: The ratio of SCP-1 cells to blood cells in the in vitro
fracture hematomas determined after incubation for 4, 48, and 96 h (N = 3 and n = 2). The
Mann-Whitney test was used for statistical comparison. Levels of significance were defined
as * p<0.05,** p<0.01, ** p<0.001, and **** p < 0.0001.

Analysis of the inflammatory status of the in vitro fracture hematomas is shown in
Figure 12. Enzymatically induced hypoxia increased TNF-a secretion significantly
after incubation for 24 and 48 h. This increase secretion was confirmed by gene
expression analysis: TNFa expression increased after incubation for 4 and 48 h. CCL2
secretion was generally elevated when using the enzymatic system, but its gene

expression did not change.

Enzymatically induced hypoxia increased ALP activity after incubation for 48 and 96 h
as can be seen in Figure 13A. ALP and RUNXZ2 gene expression increased
significantly after incubation for 48 h with the GOX/CAT system, indicating a greater
osteogenic differentiation potential (Figure 13B). The chondrogenic differentiation
potential determined by SOX9 gene expression was induced slightly after incubation

for 96 h, but this change was not significant (Figure 13B). Regarding the angiogenic
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potential, there was elevated VEGFA expression in the in vitro fracture hematomas

cultured with the GOX/CAT system for 48 and 96 h (Figure 13B).

A B
204 7\ Ctl A GIC 104 = Ctrl =1 GIC
c
_ g % 5 * kK K
o 1.5+ o7
g4 e g T
[&] 2 ) :: -
BEi04 % 55 1
g2 S 23 + )
£ 054 x &% ] —
PR 3R g
0.0-1— i?’? , o1 = lI__I ==Np= =
4h 24h 48h 96h 4h 48 h 96 h
10o 7\ Ctl A GIC 904 =1 Ctrl =1 GIC
S
c 8 a
S o o 1.5
= [¢e}
52 67 P IT TITT
o £ < © 1.0
(/2] N
N E 4 % %3 I J— LIrC
Q A E X o5
(@) 2 é‘__, . % 0.5
O
0 T T T T 0.0 T
4h 24h 48h 9 h 4h 48 h 96 h

Figure 12: The inflammatory status of the in vitro fracture hematomas with
enzymatically induced hypoxia. /n vitro fracture hematomas were incubated under aerobic
conditions (Ctrl) or with the enzymatic GOX/CAT system (G/C) for up to 96 h. A: TNF-a (top
left) and CCL2 (bottom left) secretion after incubation for 4, 24, 48, 72, and 96 h (N = 3 and n
= 2). B: TNFa (top right) and CCL2 (bottom right) mRNA expression determined after
incubation for 4, 24, and 48 h (N = 3 and n = 4). The Mann-Whitney test was used for statistical
comparison at each time point. Levels of significance were defined as * p < 0.05, ** p < 0.01,
*** p <0.001, and **** p < 0.0001. If the p-value is between 0.1 and 0.05, then the calculated

value is shown.

These results showed that the enzymatic system provided a good model of the early
phases of fracture repair in vitro, with an initial inflammatory phase followed by early
initiation of differentiation and angiogenesis. However, the enzymatic system could not
be used to generate a pathological model of smoking because nicotine inhibits CAT
(Aspera-Werz et al., 2018). Thus, the combined use of the enzymatic system and CSE

could promote uncontrolled ROS accumulation. Therefore, hypoxia had to be induced

differently in the in vitro fracture hematomas.
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Figure 13: The osteogenic, chondrogenic, and angiogenic potential of the in vitro
fracture hematomas with enzymatically induced hypoxia. A: ALP activity of the in vitro
fracture hematomas after incubation for 48 and 96 h (N = 3 and n = 3). B: ALP, SOX9, and
VEGFA mRNA expression after incubation for 48 and 96 h, and RUNX2 mRNA expression
after incubation for 24 and 48 h (N = 3 and n = 4). The Mann-Whitney test was used for
statistical comparison at each time point. Levels of significance were defined as * p < 0.05, **

p <0.01, *** p < 0.001.

3.1.2 Induction of hypoxia using the hypoxia incubator chamber

The most obvious way to induce hypoxia in cell cultures is to perform the culture in a
low-oxygen environment. However, this approach requires special technical
equipment, such as a CO:2 incubator with variable oxygen control. In the experiments
presented here, low oxygen concentrations in the cell cultures were achieved by using

a hypoxia incubator chamber filled with a hypoxic gas mixture containing only 1% O2.
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First, low oxygen concentrations in the hypoxia incubator chamber were verified by
using the HypoxialT dye, which develops green fluorescence at oxygen concentrations
of < 5%. As shown in Figure 14, the in vitro fracture hematomas pre-stained with
HypoxialT developed a distinct green fluorescence after cultivation for 24 h in the
hypoxia incubator chamber, while the in vitro fracture hematomas cultured under

aerobic conditions (21% O2) only developed a faint green fluorescence.

Ctrl (21% O,) H(~1%0,) &5 3%

v

High pO, [JE—— Low pO,

Figure 14: Determination of actual pO; in the in vitro fracture hematomas cultured in the
hypoxia incubator chamber. Representative micrographs of the in vitro fracture hematomas
cultured under normal aerobic conditions (Ctrl) and in the hypoxia incubator chamber (H) for
24 h pre-stained with Hypoxia IT dye (green). Nuclei were counterstained with Hoechst 33342
(blue). The micrographs are 20x magnification. The scale bars indicate 200 pm.

The initial experiments in the hypoxia incubator chamber were performed with an
incubation time of up to 96 h. However, the in vitro fracture hematomas cultured in ~1%
O2 for 96 h were partially unable to maintain their viability. As shown in Figure 15,
several in vitro fracture hematomas did not show any mitochondrial activity after
incubation for 96 h, and SCP-1 cells in the in vitro fracture hematomas did not
proliferate similarly to the culture under aerobic conditions. To maintain in vitro fracture
hematoma viability and to simulate in vivo conditions appropriately, an adapted
oxygenation protocol was introduced. The in vitro fracture hematomas were cultured
with 1% Oz2 for 48 h in the fully filled hypoxia incubator chamber, then for 24 h in a half-
filed hypoxia chamber incubator, and finally for 24 h under aerobic conditions in a
usual cell culture incubator. Attempts to detect the oxygen concentration in the half-full
hypoxia chamber incubator with the help of the HypoxialT dye did not provide
additional information. The in vitro fracture hematomas cultured in the half-filled
chamber showed a similar green fluorescence signal as the ones cultured in the fully
filled chamber (data not shown). Therefore, the oxygen concentration in the half-filled

chamber was estimated to be between 1% and 5%.
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Figure 15: Hypoxia induction over 96 h of culture in the hypoxia incubator chamber. /n
vitro fracture hematomas were cultured in the hypoxia incubator chamber for 96 h with full
hypoxia (H) or under aerobic conditions (Ctrl). A: Mitochondrial activity determined after
incubation for 24, 48, 72, and 96 h. The Ctrl condition is shown on the left (white) and the
hypoxia condition is shown on the right side (green) (N = 4 and n = 3). B: Representative live-
staining micrographs of the in vitro fracture hematomas after incubation for 96 h. Micrographs
were recorded at 12.5% magnification. The scale bars indicate 2 mm. The Kruskal-Wallis test
followed by Dunn’s multiple comparison test was used for statistical comparison to the 24 h
values. Levels of significance were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p
< 0.0001.

To assess the effect of hypoxia induced by culturing in the hypoxia incubator chamber,
the in vitro fracture hematomas were cultured for 96 h using the adapted oxygenation

protocol described above.

Regarding cellular viability, Figure 16A and B shows no differences in mitochondrial
activity and LDH release. The in vitro fracture hematomas cultivated in the hypoxia
incubator chamber showed a larger clot diameter and a lower ratio of SCP-1 cells to
blood cells in clots after incubation for 48 h; however, after incubation for 96 h, the
cellular ratio was similar between the conditions (Figure 16C and D). In summary,
there were no large overall differences in viability when culturing the in vitro fracture

hematomas in the hypoxia incubator chamber with the modified protocol.
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Figure 16: In vitro fracture hematomas were incubated under aerobic conditions (Ctrl)
or in the hypoxia incubator chamber (H) for up to 96 h. A: Mitochondrial activity. B: LDH
release. C: In vitro fracture hematoma diameter. The data in A—C are shown as the AUC (N =
3 and n = 3). D: The ratio of SCP-1 cells to blood cells in the in vitro fracture hematomas
determined after incubation for 4, 48, and 96 h (N = 3 and n = 2). The Mann—Whitney was used
for statistical comparison. Levels of significance were defined as * p < 0.05, ** p < 0.01, *** p
< 0.001, and *** p < 0.0001. If the p-value is between 0.1 and 0.05, then the calculated value
is shown.

When analyzing the inflammatory status of the in vitro fracture hematomas, secretion
of CCL2 and IL-6 increased over time, plateauing after incubation for 72 h. Results can
be seen in Figure 17. Whereas CCL2 secretion was independent of the partial
pressure of oxygen, IL-6 secretion was higher when less oxygen was present. TNFa
and CCL2 gene expression was rather suppressed by hypoxia after incubation for 48 h

(Figure 17B).

In summary, the inflammatory status of the in vitro fracture hematomas was rather

unaffected by cultivation in a low-oxygen environment.
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Figure 17: The inflammatory status of the in vitro fracture hematomas cultured in the
hypoxia incubator chamber. In vitro fracture hematomas were incubated under aerobic
conditions (Ctrl) or in the hypoxia incubator chamber (H) for up to 96 h. Legend continued on
the following page.



Results -57 -

Figure 17 continued: A: TNF-a, CCL2, and IL-6 secretion was determined after incubation
for 4, 24, 48, 72, and 96 h. The data are shown for individual time points (left) as well as
summarized as the AUC (right) (N = 3 and n = 4). For each time point, the Kruskal-Wallis test
followed by Dunn’s multiple comparison test was used to compare Ctrl and H separately using
to 4 h only. B: TNFa (left) and CCL2 (right) mMRNA expression was determined after incubation
for 4, 24, and 48 h (N = 3 and n = 4). The Mann-Whitney test was used for statistical
comparison, separately for each time point. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001. If the p-value is between 0.1 and 0.05, then the calculated value is shown.

In terms of osteogenic and chondrogenic differentiation potential summarized in
Figure 18, ALP activity in the in vitro fracture hematomas was similar for the aerobic

and hypoxic culture conditions.
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Figure 18: The osteogenic and chondrogenic potential of the in vitro fracture
hematomas cultured in the hypoxia incubator chamber. Ctrl indicates culture under
standard aerobic conditions, and H indicates culture in the hypoxia incubator chamber. A: ALP
activity (left, N = 3 and n = 3) and ALP mRNA expression after incubation for 48 and 96 h. B:
RUNX2 (left) and SOX9 (right) mMRNA expression after incubation for 48 and 96 h. For the
MRNA expression data, N = 3 and n = 4. The Mann-Whitney test was used for statistical
comparison at each time point. Levels of significance were defined as * p < 0.05, ** p < 0.01,
and *** p < 0.001. If the p-value is between 0.1 and 0.05, then the calculated value is shown.

Nevertheless, hypoxia increased ALP expression after 96 h. RUNX2 gene expression
was surprisingly higher in the in vitro fracture hematomas cultured under aerobic
conditions after incubation for 48 h, but there were no differences between the culture
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conditions after 96 h. SOX9 gene expression was higher after incubation for 96 h when
cultured in the low-oxygen environment. In summary, hypoxia partially induced the
osteogenic and chondrogenic differentiation potential after incubation for 96 h, but the

effects were not that pronounced.

Culturing the in vitro fracture hematomas in low partial pressure of oxygen induced the
expression of all tested angiogenic target genes after 48 h (VEGFA and PDGFBB
significantly) and 96 h (MMP9 significantly), whereas PDGFBB gene expression was
almost completely limited to the in vitro fracture hematomas incubated in the hypoxic

culture environment. The results are shown in Figure 19A.

For further analysis of the angiogenic potential of the in vitro fracture hematomas, the
cell culture supernatants collected after incubation for 48 h were screened for pro- and
antiangiogenic factors with an angiogenesis array (Figure 19B). Most cytokines
showed a secretion profile independent of the oxygen tension. It is worth mentioning
that the array detected greater release of TNF-a under low-oxygen conditions, which
could not be measured with the ELISA. The growth factors FGF-2, EGF, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and TGF-B1 were all increased in
the cell culture supernatants of the in vitro fracture hematomas cultured in the hypoxia
incubator chamber. Concerning angiogenesis, the reported higher MMP9 gene
expression could also be translated to a higher release of MMP9 protein, which was
accompanied by a higher release of MMP1. Interestingly, tissue inhibitor of
metalloproteinases (TIMP) 1 release was also higher under low-oxygen conditions,
whereas TIMP2 release was relatively constant. In contrast to the gene expression
results, there were no differences in secretion for the pro-angiogenic factors VEGFA,
ANGPT1, ANGPT2, and angiogenin after incubation for 48 h. Secretion of VEGFD was
higher in aerobic control conditions, and VEGFR2 and 3, leptin, and type | tyrosine
kinase receptors 2 (TIE2) secretion were higher under low oxygen tensions. In
conclusion, the low oxygen environment increased the angiogenic potential of the in

vitro fracture hematomas.
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Figure 19: The angiogenic potential of the in vitro fracture hematomas cultured in the
hypoxia incubator chamber. A: VEGFA, MMP9, and PDGFBB gene expression after
incubation for 48 and 96 h (N = 3 and n = 4). B: Angiogenesis array with cell culture
supernatants collected after incubation for 48 h (N = 4 [pooled] and n = 4). The array data were
normalized to the total average. The Mann—Whitney test was used for statistical comparison,
separately for each time point. Levels of significance were defined as * p < 0.05, ** p < 0.01,
*** p <0.001, and **** p < 0.0001.

To further support osteogenic differentiation, additional attempts were made to culture
the in vitro fracture hematomas with an osteogenic differentiation medium in addition
to the low oxygen environment. Results are shown in Supplementary information Il.
Compared with the usual culture medium, the osteogenic differentiation medium
reduced mitochondrial activity after incubation for 96 h, but at the same time

significantly increased ALP activity. There were no differences regarding the
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inflammatory status of the in vitro fracture hematomas in terms of gene expression and
cytokine secretion. Moreover, the osteogenic differentiation medium did not increase
RUNX2 and ALP gene expression, associated with osteogenic differentiation, and
reduced SOX9 gene expression. In addition, gene expression of all tested
angiogenesis-regulating factors (VEGFA, MMP9, and PDGFBB) was downregulated
significantly when using the osteogenic differentiation medium. Because angiogenesis
was to be considered in more detail in the following experiments, the use of the

osteogenic differentiation medium was not pursued.

Overall, the hypoxic environment in the hypoxia incubator chamber did not induce
inflammation, osteogenic, or chondrogenic differentiation potential of the in vitro
fracture hematomas. However, it significantly promoted the angiogenic potential of the
in vitro fracture hematomas. The hypoxia incubation chamber is the most natural
system for inducing hypoxia in vitro and is compatible with potential pathological
models; therefore, it was used for all subsequent experiments that required a low-

oxygen environment.

3.2 Smoking and fracture healing in vitro

The established model was validated by using it to analyze a pathological condition.
Two pathological models regarding bone metabolism and fracture repair are well
established at the Siegfried-Weller Institute: smoking and diabetes mellitus. Because
it has been proved to be the more robust model, the simulation of cigarette smoking

was chosen for the validation of the in vitro fracture hematoma model.

3.2.1 Direct stimulation of in vitro fracture hematomas with CSE

To simulate fracture repair in smokers, in vitro fracture hematomas were initially directly
stimulated with CSE. This stimulation did not influence the viability of the in vitro
fracture hematomas determined by mitochondrial activity for concentrations of CSE up
to 10% as can be seen in Figure 20 and Supplementary information Ill. Furthermore,

stimulation with 10% CSE significantly reduced ALP activity after incubation for 96 h.
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Figure 20: Direct stimulation of the in vitro fracture hematomas with 10% CSE. /n vitro
fracture hematomas were stimulated directly with 10% CSE and cultured for up to 96 h in
aerobic conditions. A: Viability of the in vitro fracture hematomas determined by mitochondrial
activity shown as the AUC, calculated after incubation for 4, 24, 48, 72, and 96 h (N = 3 and n
= 3). B: ALP activity of the in vitro fracture hematomas after incubation for 48 and 96 h. The
Mann-Whitney test was used for statistical comparison, separately for each time point. Levels
of significance were defined as * p < 0.05 and ** p < 0.01.

CSE is widely known to induce intracellular ROS in several cell types (Chen et al.,
2019; Lin et al., 2017; Park et al., 2020; Sreekumar et al., 2018). In addition, smoking
is associated with higher levels of NO, leading to an intracellular increase in protein
nitrotyrosinylation. Because the 3D environment precluded measuring intracellular
ROS in the in vitro fracture hematomas using available methods, the NRF/ARE
antioxidant signaling pathway and nitrotyrosinylation were analyzed instead. The in
vitro fracture hematomas were directly stimulated with CSE or H202, or they were
unstimulated. CSE stimulation increased the intracellular protein levels of pPNRF2 and
the pNRF2 target genes CAT and HO-1 as can be seen in Figure 21. H202 stimulation
produced the same trends as the CSE stimulation regarding regulation of the NRF2
signaling pathway. The nitrotyrosylated protein level was higher in the in vitro fracture
hematomas stimulated with CSE than in the in vitro fracture hematomas stimulated

with H202 and in the unstimulated control (Figure 21).

Direct stimulation with CSE did produce the expected results, including the production
of intracellular ROS, an increase in nitrotyrosylated proteins, and a decrease in the
osteogenic differentiation potential. However, the method was not compatible with the
use of the hypoxia incubator chamber. Therefore, another approach had to be used to

model smoking conditions in vitro.
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Figure 21: Analysis of the intracellular protein levels in the in vitro fracture hematomas
directly stimulated with CSE. Protein levels after stimulating in vitro fracture hematomas for
24 h with 20% CSE or 0.01% H2O. or without stimulation (Ctrl). The target proteins
nitrotyrosine, pNRF2, HO-1, and CAT were analyzed. For simplification, after normalization to
HPRT, the data were further normalized to the unstimulated control (N = 3 and n = 3). The
Kruskal-Wallis test followed by Dunn’s multiple comparison test was used to compare the
stimulated groups to the Ctrl group. Levels of significance were defined as * p < 0.05, ** p <
0.01, *** p < 0.001, and **** p < 0.0001.

3.2.2 The smoker’s in vitro fracture hematoma model

The existing model was modified to study fracture repair in smokers. Based on the
previous results and due to the experimental setup and the use of the hypoxia
incubator chamber, the in vitro fracture hematomas were not stimulated directly with
CSE. A combination of pre-stimulated SCP-1 cells, representing the already-impaired
MSCs of smokers, combined with blood from smokers was used. SCP-1 cells were
pre-stimulated with 5% CSE because this concentration sustainably impairs SCP-1 cell
functions (Aspera-Werz et al., 2018; Sreekumar et al., 2018). The non-smoker’s in vitro
fracture hematomas were generated as described in the previous experiments. To
consider the influence of blood from smokers and CSE pre-stimulation of SCP-1 cells
in the model, the following control conditions were analyzed: non-smoker’s blood

combined with pre-stimulated SCP-1 cells and smoker's blood combined with
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unstimulated SCP-1 cells. For simplicity, the following section only shows the non-
smoking and smoking conditions. The control condition results are shown in
Supplementary information IV=VIIl. The results in this section have already been
published (Rinderknecht et al., 2022).

Overall, the mitochondrial activity of the in vitro fracture hematomas increased after
incubation for 4 and 24 h and decreased after 48 h as can be seen in Figure 22. The
smoker’s in vitro fracture hematomas showed slightly increased mitochondrial activities
during the entire 48 h culture period, but there was only a significant difference after
incubation for 4 h (Figure 22A). The ATP content of the in vitro fracture hematomas
decreased during the culture but similarly in the smoker’s and non-smoker’s in vitro
fracture hematomas. Similarly to the mitochondrial activity, the ATP content was higher
in the smoker’s than the non-smoker’s in vitro fracture hematomas after incubation for
4 h (Figure 22B). LDH release was higher in the smoker’s in vitro fracture hematomas
after incubation for 4 and 24 h, but not after 48 h (Figure 22C). Interestingly, the
diameter of the smoker’s in vitro fracture hematomas increased. In addition, the ratio
of SCP-1 cells to blood cells was not different between the smoker’s and non-smoker’s

in vitro fracture hematomas after incubation for 4 and 48 h (Figure 22D and E).

The control in vitro fracture hematomas, combining non-smoker’s blood with SCP-1
cells pre-stimulated with CSE or smoker’s blood with unstimulated SCP-1 cells, did not
show any differences in mitochondrial activity, cellular ratios, or the ATP content as
can be seen in Supplementary information IV. On the other hand, LDH release was
increased by pre-stimulating SCP-1 cells with CSE and using smoker’s blood. Large
in vitro fracture hematoma diameters could be associated solely with smoker’s blood,
indicating that fibrin network formation was different. In summary, the smoker’s and
non-smoker’s in vitro fracture hematomas had comparable viability and can therefore

be compared without doubts in the subsequent experiments.
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Figure 22: Viability of the smoker’s (S) and non-smoker’ (N) in vitro fracture hematomas.
A: Mitochondrial activity. B: ATP content. C: LDH release. Legend continued on the following

page.
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Figure 22 continued: The data in A-C are shown for individual time points (upper) and as
AUC (lower) graphs. D: Live-staining micrographs of in vitro fracture hematomas recorded after
48 h at 1.25x magnification. The scale bars indicate 2 mm. E: The diameter of the in vitro
fracture hematomas determined after incubation for 4 and 48 h. F: The ratio of SCP-1 cells to
blood cells in the in vitro fracture hematomas after incubation for 4 and 48 h. For these
experiments, N = 5 and n = 3, except for the cellular ratios (N = 5 and n = 2). For A and E, the
Mann—Whitney test was used for statistical comparison, separately for each time point. Levels
of significance were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The
figure was adapted from (Rinderknecht et al., 2022).

IL-6 and TNF-a secretion increased slightly but not significantly, while CCL2 secretion
increased significantly in the smoker’s in vitro fracture hematomas after incubation for
48 h. The results are displayed in Figure 23. /L6 gene expression did not vary between
the smoker’s and non-smoker’s in vitro fracture hematomas at any of the analyzed time
points. Both CCL2 and TNFa gene expression were highest in the smoker’s and non-
smoker’s in vitro fracture hematomas after incubation for 4 h. At this early time point,
gene expression was also increased in the smoker’s compared with the non-smoker’s
in vitro fracture hematomas. For both cytokines, expression decreased dramatically
after incubation for 24 h and then increased slightly at 48 h. The smoker’s in vitro
fracture hematomas showed higher TNFa expression throughout the culture. CCL2
gene expression levels were higher in the non-smoker’s in vitro fracture hematomas

than the smoker’s in vitro fracture hematomas after incubation for 48 h.

When looking at the control conditions shown in Supplementary information V, CCL2
secretion was highest when combining smoker’s blood with healthy SCP-1 cells (2.7
ng/mL after incubation for 48 h), whereas the combination with SCP-1 cells pre-
stimulated with CSE led to decreased secretion. Smoker’s blood led to greater IL-6

secretion and TNFa and CCL2 expression after incubation for 4 and 48 h.

As shown in Figure 24, ALP activity and ALP, RUNX2, BMP4, NOGGIN, and SOX9
gene expression were reduced significantly in the smoker’s compared with the non-
smoker’s in vitro fracture hematomas. Only BMP2 gene expression was not affected
by the smoking conditions. When looking at the control conditions, displayed in
Supplementary information IV and V, SOX9, BMP4, and NOGGIN gene expression
was reduced by CSE pre-stimulation and smoker’s blood; RUNX2 expression was
reduced by smoker’s blood; and ALP expression was reduced mostly by CSE pre-
stimulation. In summary, the osteogenic and chondrogenic differentiation potential of
the smoker’s in vitro fracture hematomas were greatly reduced after only 48 h of

incubation.
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Figure 23: The inflammatory status of the smoker’s (S) and non-smoker’s (N) in vitro
fracture hematomas. Cytokine secretion after incubation for 48 h (left) and mRNA expression
(right) after incubation for 4, 24, and 48 h of TNF-a (A), CCL2 (B), and IL-6 (C). Cytokine
secretion was measured in N = 5 and n = 3, and mRNA expression was measured in N =5
and n=2. The Mann-Whitney test was used for statistical comparison, separately for each time
point. Levels of significance were defined as * p < 0.05, ** p < 0.01, and *** p < 0.001, **** p <
0.0001. If the p-value is between 0.1 and 0.05, then the calculated value is shown. The figure
was adapted from (Rinderknecht et al., 2022).
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Figure 24: The osteogenic and chondrogenic differentiation potential of the smoker’s
(S) and non-smoker’s (N) in vitro fracture hematomas. A: ALP activity detected after
incubation for 48 h. The data were normalized to the non-smoking conditions (N =5 and n =
3). B1+B2: ALP, RUNX2, BMP2, BMP4, N, and SOX9 mRNA expression after incubation for
48 h (N =5 and n = 2). The Mann-Whitney test was used for statistical comparison. Levels of
significance were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The
figure was adapted from (Rinderknecht et al., 2022).

In line with previous findings, the angiogenesis array indicated a higher inflammatory
status of the smoker’s in vitro fracture hematomas, with higher levels of CCL2, CXCL5,
and TNF-a. Results are shown in Figure 25A. GM-CSF could only be detected in the
non-smoker’s in vitro fracture hematoma supernatant, whereas EGF and PDGF-BB
levels were similar. When looking at the metalloprotease system, the smoker’s in vitro
fracture hematomas showed higher TIMP1 and TIMP2 levels but lower MMP9 levels.
Further, the smoker’s in vitro fracture hematomas showed greater secretion of VEGFA,
VEGFD, and leptin, but lower VEGFR2 and VEGFRS levels. There was decreased
ANGPT1 and ANGPT2 secretion by the smoker’s in vitro fracture hematomas,

consistent with slightly lower TIE2 expression.

Gene expression of the main factors of angiogenesis PDGFBB, GMCSF, VEGFA,
MMP9, ANGPT1, and TIE2 was further examined. PDGFBB gene expression was

most prominent after 4 h and is therefore shown at this time point. The results are
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displayed in Figure 25B. Except for GMCSF and TIE2 which only showed a tendency,
the gene expression of all factors analyzed was reduced significantly in the smoker’s
in vitro fracture hematomas. The gene expression of all angiogenic factors was
diminished by both smoker’s blood and CSE pre-stimulation of SCP-1 cells as can be

seen in Supplementary information IX.
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Figure 25: The angiogenic potential of the smoker’s (S) and non-smoker’s (N) in vitro
fracture hematomas. A: The angiogenesis array results (N = 5 [pooled] and n = 4). B:
PDGFBB mRNA expression after incubation for 4 h, and VEGFA, GMCSF, MMP9, ANGPT1,
TIE2 mRNA expression after incubation for 48 h (N = 5 and n = 2). The Mann-Whitney test
was used for statistical comparison. Levels of significance were defined as * p < 0.05, ** p <
0.01, *™* p < 0.001, and **** p < 0.0001. The figure was adapted from (Rinderknecht et al.,

2022).

As secretion and expression of angiogenic factors were reduced in the smoker’s in

vitro fracture hematomas, the effect of culture supernatants on HUVECs as
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representative of the endothelium was analyzed. As shown in Figure 26A, HUVEC
proliferation, measured by mitochondrial activity and the ATP content, was reduced
drastically when stimulating cells with the smoker’s in vitro fracture hematoma

supernatant collected after incubation for 48 h.

In the tube formation assay, the smoker’s in vitro fracture hematoma supernatant was
less capable of inducing the formation of tubes than the non-smoker’s in vitro fracture
hematoma supernatant (Figure 26B). Evaluation of micrographs supported these
results, as fewer junctions and less mesh area were detected when stimulated with the
smoker’s in vitro fracture hematoma supernatant, but there were more isolated
segments (Figure 26C). HUVEC proliferation and tube formation were influenced by
both the smoker’s blood and CSE pre-stimulation of SCP-1 cells (Supplementary

information VI).
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Figure 26: Effect of the in vitro fracture hematoma supernatant on HUVECs. A: The
HUVEC proliferation assay, including mitochondrial activity and the ATP content (N =5 and n
= 3). B: Representative live-staining micrographs of the tube formation assay recorded at 10x
magnification. The scale bars represent 1000 ym. C: Quantification of the tube formation
assay, including junctions, mesh area, and isolated segments (N = 3 [pooled N = 5], n = 3).
The Mann-Whitney test was used for statistical comparison. Levels of significance were
defined as * p < 0.05, ** p < 0.01, *™* p < 0.001, and **** p < 0.0001. The figure was adapted
from (Rinderknecht et al., 2022).
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Regarding angiogenesis, the smoker’s in vitro fracture hematomas showed a drastic
reduction in the gene expression and secretion of pro-angiogenic factors. Additionally,
the smoker’s in vitro fracture hematoma cell culture supernatants reduced HUVEC

proliferation and tube formation, indicating a negative impact on angiogenesis.

Overall, the smoker’s in vitro fracture hematomas showed similar viability, an increased
inflammatory status, a decrease in osteogenic and chondrogenic differentiation
potential, and a diminished angiogenic potential. Taking all the results together, the
smoker’s in vitro fracture hematomas showed the initial signs of developing a delay in

healing.

3.3 Establishing a co-culture model to study the fracture hematoma and

early vascularization in fracture healing in vitro
As the overall aim was to establish a co-culture model that enables analyzing the
influence of the fracture hematoma on early vascularization events and vice versa, the
already existing in vitro fracture hematoma model had to be extended by including a
permanent component representing the endothelium. First, the type of ECs had to be
selected. HUVECs were chosen because they have been well established in a wide
variety of other models and are probably the most frequently used cells to study EC
functions in vitro. Parts of the presented data have been published (Rinderknecht et
al., 2023).

3.3.1 Establishing suitable culture conditions for all culture components

As the in vitro fracture hematomas and HUVECs are usually not cultured in the same
growth medium, a culture medium suitable for both culture components had to be
determined. Each co-culture component was grown in several ratios of the culture
media usually used for in vitro fracture hematomas (MEM-a) and for HUVECs (EGM2-
MV), in 25% increments. The results are summarized in Figure 27 as well as in

Supplementary information IX and X.

The mitochondrial activity, ATP content, and LDH release in vitro fracture hematomas
were not altered due to the culture with the different culture medium ratios (Figure
27A). Interestingly, 100% EGM2-MV increased RUNX2, MMP9, SOX9, and CCL2
gene expression but not VEGFA expression in the in vitro fracture hematomas
(Supplementary information IX). The change of medium was more severe for
HUVEC viability (Figure 27B). Increasing the amount of MEM-a resulted in a
significant increase in LDH release and a decrease in the ATP content starting at the
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50:50 ratio. In contrast to the ATP content and LDH release, mitochondrial activity also
showed a significant increase for HUVECs cultured with the 50:50 and 25:75 medium
ratios, indicating an increase in cellular stress rather than an increase in cell viability.
HUVEC gene expression did not change when cultured with only 75% and 50% EGM2-
MV compared with 100% EGM2-MV (Supplementary information X). Based on these
experiments, a mixture of 75% EGM2-MV and 25% MEM-a was chosen as an

appropriate co-culture medium.
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Figure 27: Determination of an appropriate co-culture medium for the in vitro fracture
hematomas (A) and HUVECs (B). The line graphs show the ATP content and mitochondrial
activity plotted on the left y-axis and LDH release on the right y-axis. All measurements were
performed after incubation for 48 h (N = 3 and n = 3). The Kruskal-Wallis test was used for
statistical comparison, separately for each assay and always to the respective basal medium
(EGM2-MV for HUVECs and MEM-a for in vitro fracture hematomas). Levels of significance
were defined as * p < 0.05, ** p<0.01, ** p < 0.001, and **** p < 0.0001. Levels of significance
are indicated with asterisks (*) for the ATP content, as hash marks (#) for LDH release, and as
small circles (°) for mitochondrial activity.

3.3.2 Establishing a three-dimensional culture environment for human

umbilical vein endothelial cells and in vitro fracture hematomas

For the co-culture, a matrix suitable for HUVECs that could be combined with the in
vitro fracture hematomas needed to be defined. Because hematomas are a fibrin
construct, the initial thought was to use a fibrin gel. HUVECs adhered and proliferated
nicely on fibrin gels; however, the in vitro fracture hematomas disintegrated the fibrin
matrices and thus the basis for the HUVEC culture (data not shown). Col | gels, on
which HUVECs also adhered and proliferated nicely, could withstand digestion by the
in vitro fracture hematomas. Therefore, Col | gels were chosen. To create a 3D culture

environment, a HUVEC sandwich culture was established. For this, 1.5 mL of Col |
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solution was used as a base as it created a flat surface on 12-well plates. When
screening different volumes of Col | lids (250-500 pL), the mitochondrial activity of
HUVECSs decreased as the Col | volume increased as can be seen in Supplementary
information XI. When the Col | solution volume was < 250 pL, it was difficult to apply
evenly. Hence, a volume of 300 pL was chosen. A detailed description of co-culture
assembly and conditions is presented in section 2.9.3. After specifying the co-culture
conditions, the effect of the co-culture on HUVECs and in vitro fracture hematomas

was determined. The results are displayed in Figure 28.
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Figure 28: The effect of co-culture on HUVECs and the in vitro fracture hematomas. A:
LDH release of monocultures and co-cultures after incubation for 48 h. The Kruskal-Wallis test
followed by Dunn’s multiple comparison test was used for statistical comparison to co-culture.
B: Mitochondrial activity and representative live-staining micrographs of HUVECs in
monoculture and co-culture after incubation for 48 h. Micrographs were recorded at 4x
magnification and stitched together afterward. The scale bars represent 1000 um. C:
Mitochondrial activity, the ATP content, and ALP activity of the in vitro fracture hematomas
after incubation for 48 h. For B and C, the Mann-Whitney test was used for statistical
comparison. Levels of significance were defined as * p < 0.05 and ** p < 0.01. For all
experiments, N =3 and n = 3.
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LDH release increased in the co-culture compared with the HUVEC and in vitro fracture
hematoma monocultures. This outcome was not surprising due to the higher number
of cells present in the co-culture. The mitochondrial activity, ATP content, and
osteogenic differentiation potential measured by ALP activity were not altered in the in
vitro fracture hematomas in co-culture (Figure 28C). HUVEC mitochondrial activity
increased in the co-culture, and microscopy revealed more HUVECs in co-culture
(Figure 28B). In summary, the co-culture did not negatively impact HUVECs and the
in vitro fracture hematomas and thus could undoubtedly be pursued further.

3.4 The effect of smoking on fracture healing and early vascularization
in vitro

The 3D co-culture model was then validated in regard to smoking conditions. The
smoker’'s and non-smoker’s in vitro fracture hematomas were produced as in the
previous experiments. The respective controls of smoker’s blood with unstimulated
SCP-1 cells and non-smoker’s blood with SCP-1 cells pre-stimulated with CSE, were
not performed in the co-culture setup. The endothelial component, HUVECs in the Col |
sandwich culture, was similar in the non-smoking and smoking conditions. The co-
cultures were incubated for up to 48 h in a low-oxygen environment in the hypoxia
incubator chamber and HUVECs and the in vitro fracture hematomas were analyzed
separately, except for cytokine release. Some of the results presented here have been
published (Rinderknecht et al., 2023)

Throughout the incubation, the in vitro fracture hematomas showed elevated
mitochondrial activity; it was significantly at all times for the smoker’s in vitro fracture
hematomas compared to the non-smokers’ in vitro fracture hematomas, as can be
seen in Figure 29A. In contrast, the ATP content decreased during the incubation and
was significantly lower in the smoker’s in vitro fracture hematomas (Figure 29B).
Analysis of the ratio of SCP-1 cells to blood cells revealed a similar distribution of cells
in the smoker’s and non-smoker’s in vitro fracture hematomas. Moreover, the diameter
of both types of the in vitro fracture hematomas did not show differences after
incubation for 4 or 48 h (Figure 29C and D).

Regarding the osteogenic and chondrogenic differentiation potential, displayed in
Figure 30, ALP activity was higher in the non-smoker’s than in the smoker’s in vitro
fracture hematomas. However, RUNX2 expression did not differ, whereas SOX9

expression showed a tendency for a reduction in the smoking conditions.
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Figure 29: Cellular viability of the non-smoker’s (N) and smoker’s (S) in vitro fracture
hematomas in co-culture with HUVECs. A: Mitochondrial activity represented for each time
point (left) and as the AUC (right). B: The ATP content for each time point (left) and as the
AUC (right). C: The DNA content of blood and SCP-1 cells in the in vitro fracture hematomas
after incubation for 48 h. D: The in vitro fracture hematoma diameter after incubation for 4 and
48 h. For all experiments, N = 5 and n=3. The Mann-Whitney test was used for statistical
comparison, separately for each time point. Levels of significance were defined as * p < 0.05,
**p<0.01, and *** p < 0.001.
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Figure 30: The osteogenic differentiation potential of the non-smoker’s (N) and
smoker’s (S) in vitro fracture hematomas in co-culture with HUVECs. A: ALP activity after
incubation for 48 h normalized to the ATP content and shown as an x-fold of N for simplification.
B: RUNX2 (48 h) and SOX9 (24 h) mRNA expression. For all experiments, N =5 and n = 2.
The Mann-Whitney test was used for statistical comparison. Levels of significance were
defined as * p < 0.05 and ** p < 0.01. If the p-value is between 0.1 and 0.05, then the calculated
value is shown.
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VEGFA and MMP9 gene expression shown in Figure 31, did not differ between the
non-smoker’'s and smoker’s in vitro fracture hematomas after incubation for 24 and

48 h of incubation. ANGPT1 and TIE2 expression were reduced in the smoker’s in vitro

fracture hematomas after incubation for 48 h.
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Figure 31: The angiogenic potential of the non-smoker’s (N) and smoker’s (S) in vitro
fracture hematomas in co-culture with HUVECs. VEGFA, MMP9, ANGPT1, and TIE2
MRNA expression after incubation for 24 and 48 h (N = 5 and n = 2). The Mann-Whitney test
was used for statistical comparison, separately for each time point. The level of significance
was defined as * p < 0.05. If the p-value is between 0.1 and 0.05, then the calculated value is

shown.

The in vitro fracture hematomas were further characterized regarding their
inflammatory status as can be seen in Figure 32. In the non-smoker’s in vitro fracture
hematomas, /L6 mMRNA expression declined after incubation for 4 h, but it remained
increased after incubation for 24 and 48 h in the smoker’s in vitro fracture hematomas.
CCL2 expression was similar between the time points and the smoking and non-
smoking conditions. TNFa expression could not be detected in the in vitro fracture
hematomas in co-culture.

Over time, the total amount of cytokines secreted by in vitro fracture hematomas and

HUVECs increased, as can be seen in Figure 33. After incubation for 24 h, the levels
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of all analyzed cytokines were higher in co-cultures with the smoking conditions. The

IL-6 levels were also significantly higher after 48 h.
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Figure 32: IL6 and CLL2 gene expression of the non-smoker’s (N) and smoker’s (S) in
vitro fracture hematomas in co-culture with HUVECs. /L6 (left) and CCL2 (right) mRNA
expression after incubation for 4, 24, and 48 h (N = 5 and n = 2). The Mann-Whitney test was
used for statistical comparison, separately for each time point. Levels of significance were
defined as * p < 0.05 and ** p < 0.01. If the p-value is between 0.1 and 0.05, then the calculated

value is shown.
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Figure 33: Secretion of IL-6, CCL2, and TNF-a in the in vitro fracture hematoma and

HUVEC co-culture. Cytokines were detected in culture supernatants collected after incubation
for 24 and 48 h (N = 5 and n = 3). The Mann-Whitney test was used statistical comparison,

separately for each time point. Levels of significance were defined as * p < 0.05 and ** p <
0.01.

The mitochondrial activity of HUVECs in the co-culture is shown in Figure 34A. While
it was similar after incubation for 4 and 24 h, after 48 h, HUVECs cultured with the

smoker’s in vitro fracture hematomas showed significantly higher mitochondrial activity
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than HUVECs cultured with the non-smoker’s in vitro fracture hematomas. This also

led to an overall increased mitochondrial activity in the smoking conditions.
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Figure 34: HUVEC viability in the co-culture with the non-smoker’s (N) and smoker’s (S)
in vitro fracture hematomas. A: Mitochondrial activity after incubation for 4, 24, and 48 h
(left) and as the AUC (right) (N = 5 and n = 3). B: Representative live-staining micrographs
after incubation for 48 h. Micrographs were recorded at 4x magnification and stitched together
afterward. The scale bars indicate 2000 ym. C: Quantification of live-staining micrographs
including the cell count, the average particle size, and the covered area. For each well, three
micrographs from identical positions were evaluated using Imaged and averaged afterward.
Three wells were evaluated per donor. For these experiments, N = 5 and n = 3. The Mann-
Whitney test was used for statistical comparison, separately for each time point. Levels of
significance were defined as ** p < 0.01 and **** p < 0.0001.

Live-staining micrographs were analyzed to determine whether the higher
mitochondrial activity of HUVECs in the smoking conditions was associated with a

higher number of cells per well or cellular stress (Figure 34B and C). The analysis
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revealed a slight trend toward a decrease in the number of HUVECs in the co-culture
with the smoker’s in vitro fracture hematomas, although this was not significant. The
average particle size and the area covered by cells were similar in both conditions.
Therefore, the higher mitochondrial activity was assumed to be associated with higher

stress levels rather than HUVEC proliferation.

The effects of increased HUVEC stress levels on their angiogenic properties were
further investigated. As shown in Figure 35A, HUVECs in the co-culture with the
smoker’s in vitro fracture hematomas showed significantly reduced mRNA expression
of the pro-inflammatory cytokines CCLZ2 and /L6 after incubation for 48 h. They also
showed no expression of the endothelial surface marker CD371 and a significant
reduction in ANGPT2 expression as well as a tendency for reduced VEGFA and TIE2
expression. Finally, VEGFR2 mRNA expression was increased significantly in the co-

culture with the smoker’s in vitro fracture hematomas (Figure 35B and C).
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Figure 35: Gene expression analysis of HUVECSs in co-culture with the in vitro fracture
hematomas. mRNA expression of CCL2 and IL6 (A); the endothelial surface marker CD31
(B); and the angiogenesis markers VEGFA, VEGFR2, ANGPT2, and TIE2 (C). Expression was
analyzed after incubation for 48 h (N = 3 [pool of N = 5] and n=2). The Mann-Whitney test was
used for statistical comparison. Levels of significance were defined as * p < 0.05 and ** p <

0.01.
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3.5 Effects of ginseng root and maqui berry extracts on three-
dimensional early in vitro fracture repair of smokers

Herbal extracts of Panax ginseng roots and maqui berries have been shown to exert
antioxidant effects and promote osteogenic differentiation (Baik et al., 2021; Chen et
al., 2019; Mao et al., 2021; Yang et al., 2020b). GEs have been shown to promote
angiogenesis (Huang et al., 2005), whereas MBEs have been shown to diminish pro-
angiogenic properties (Lamy et al., 2006). Additionally, in a previous study at the
Siegfried-Weller Institute, both extracts successfully reduced smoke-induced cell injury
in a 3D bone co-culture model (Guo et al., 2022). As reported in the previous sections,
smoking influences early fracture repair in vitro. Therefore, the effects of both herbal
extracts as a potential treatment for smokers were investigated in the 3D co-cultures.

After defining the appropriate stimulation concentrations, the effects of GE and MBE
were determined in the non-smoker and smoker co-cultures. Because this was
intended to be a treatment for smokers, the following sections only focus on the smoker
co-culture results. The non-smoker co-culture results are presented in Supplementary
information XIII-XVIIl. For a better overview, the non-smoker unstimulated control
condition (N) values are always displayed in the graphs as dotted lines. The smoker
and non-smoking control condition results are the same as presented in section 3.4,
as the experiments were conducted together. Some of the presented data have been
published (Rinderknecht et al., 2023).

3.5.1 Determination of suitable concentrations of herbal extracts for in vitro
stimulation

Initially, the toxicity of GE and MBE was analyzed separately for the in vitro fracture

hematomas and HUVECs. As shown in Figure 36 and Supplementary information

XIl, the cellular viability of the in vitro fracture hematomas was not influenced by MBE

or GE stimulation. Overall, there were no significant changes in mitochondrial activity,

LDH release, and the in vitro fracture hematoma diameter upon stimulation with various

concentrations of the two herbal extracts.

In HUVEC S, stimulation with 0.1, 10, or 50 ug/mL GE or 1 or 10 ng/mL MBE increased
mitochondrial activity, which was accompanied by a decrease in LDH release. The
increased mitochondrial activity correlated with an increase in total protein, although
the changes in the total protein levels were not significant (Supplementary

information XIlI). In summary, the tested herbal extract concentrations did not show a
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toxic effect on either culture component; hence, they were suitable for further
applications. Based on previous experimental work, 10 and 50 ug/mL GE and 1 pg/mL

MBE were chosen for the subsequent experiments (Guo et al., 2022; Zhu et al., 2021).
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Figure 36: The toxicity of GE and MBE to the in vitro fracture hematomas (A) and
HUVECSs (B). Mitochondrial activity and LDH release were determined after incubation for 48 h
without (w/o) or with 0.1, 1, 10, 50, or 100 ug/mL GE or MBE (N = 4 and n = 3). For
simplification, the data were normalized to the w/o condition. The Kruskal-Wallis test followed
by Dunn’s multiple comparison test was used for statistical comparison to the w/o condition.
Levels of significance were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
The levels of significance are indicated as asterisks (*) for LDH release and as hash marks (#)
for mitochondrial activity.

3.5.2 Ginseng extract

GE was added to the cultures at two different concentrations: 10 pg/mL (10GE) and
50 ug/mL (50GE). As shown in Figure 37, mitochondrial activity, the ATP content, and
the cellular ratio of the smoker’s in vitro fracture hematomas were not altered by
stimulation with either GE concentration. However, GE increased the in vitro fracture
hematoma diameters after incubation for 48 h (Figure 37C). In addition, cellular
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viability and the non-smoker’s in vitro fracture hematoma diameter in co-culture did not

change in response to GE stimulation (Supplementary information XIllI).
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Figure 37: Viability of the smoker’s in vitro fracture hematomas in co-culture with
HUVECSs and stimulated with GE. S: smoking conditions, S + 10GE: smoking conditions +
10 yg/mL GE, S + 50GE: smoking conditions + 50 ug/mL GE. A: The AUC of mitochondrial
activity. B: The AUC of the ATP content. The AUCs were calculated for 4, 24, and 48 h. C: The
in vitro fracture hematoma diameter after incubation for 48 h. For A-C, N=5and n=3. D: The
ratio of SCP-1 to blood cells detected after incubation for 48 h (N = 5 and n = 2). All graphs
also show the mean of the unstimulated non-smoker’s in vitro fracture hematomas (N) as a
dotted line. The Kruskal-Wallis test followed by Dunn’s multiple comparison test was used for
statistical comparison to S only. The level of significance was defined as * p < 0.05. If the p-
value is between 0.1 and 0.05, then the calculated value is shown.

GE did not alter /L6 gene expression in the smoker’s in vitro fracture hematomas or
overall secretion of IL-6 in the smoker co-cultures at the analyzed time points as can
be seen in Figure 38 and Supplementary information XIV. However, GE stimulation
increased CCL2 mRNA expression in the smoker’s in vitro fracture hematomas after
incubation for 24 h in a concentration-dependent manner, whereas CCLZ2 expression
remained rather constant at the other time points (Figure 38). In contrast, the non-

smoker’s in vitro fracture hematomas stimulated especially with 50 ug/mL GE showed
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a reduction in CCL2 and IL6 gene expression after incubation for 4 h; however,
expression after 24 and 48 h was low and similar to the unstimulated controls
(Supplementary information XIV). GE did not affect total CLL2 secretion in any of
the cultures. In summary, GE was not able to reduce the inflammation in the smoker

co-culture.
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Figure 38: The inflammatory status of the smoker’s in vitro fracture hematomas in co-
culture with HUVECs (A) and of whole co-culture supernatants (B) and stimulated with
GE. S: smoking condition, S + 10GE: smoking condition + 10 ug/mL GE, S + 50GE: smoking
condition + 50 pg/mL GE. A: IL6 and CCL2 mRNA expression in the smoker’s in vitro fracture
hematomas after incubation for 4, 24, and 48 h (N = 5 and n = 2). B: IL-6 and CCL2 secretion
in whole co-culture supernatants after incubation for 48 h (N = 5 and n = 3). The dotted lines
show the mean value of the resepctive measure in the unstimulated non-smoker co-culture (N)
at 4, 24, and 48 h. The Kruskal-Wallis test followed by Dunn’s multiple comparison test was
used for statistical comparison to S only at each time point. Levels of significance were defined
as *p <0.05,**p<0.01,and *** p < 0.001.

ALP activity or RUNX2 and SOX9 gene expression in the smoker’s in vitro fracture
hematomas were not affected by GE. Results are shown in Figure 39. In the non-

smoker’s in vitro fracture hematomas, 10 yg/mL GE induced SOX9 expression

(Supplementary information XV).
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Figure 39: The osteogenic and chondrogenic differentiation potential of the smoker’s in
vitro fracture hematomas in co-culture with HUVECs and stimulated with GE. S: smoking
condition, S + 10GE: smoking condition + 10 pg/mL GE, S + 50GE: smoking condition + 50
pMg/mL GE. A: ALP activity (N =5 and n = 3). B: RUNX2 and SOX9 mRNA expression (N =5,
n = 2). For A and B, the data are from incubation for 48 h. The dotted lines show the mean
value of the resepctive measure in the unstimulated non-smoker co-culture (N). The Kruskal-
Wallis test followed by Dunn’s multiple comparison test was used for statistical comparison to
S only at each time point.

Regarding angiogenesis, stimulation of the smoker’s in vitro fracture hematomas with
10 pg/mL GE significantly reduced VEGFA gene expression after incubation for 48 h
and MMP9 after 24 h. The results are shown in Figure 40. In addition, GE diminished
TIE2 gene expression in a concentration-dependent manner after incubation for 24 h
in the smoker’'s and non-smoker’s in vitro fracture hematomas (Figure 40 and
Supplementary information XVI). By contrast, stimulation with GE showed a trend to
induce ANGPT1 gene expression after incubation for 48 h in the smoker’s in vitro
fracture hematomas only. GE did not affect the gene expression of VEGFA, MMP9, or
ANGPT1 of the non-smoker’s in vitro fracture hematomas (Supplementary

information XVI).
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Figure 40: The angiogenic potential of the smoker’s in vitro fracture hematomas in co-

culture with HUVECs and stimulated with GE. S: smoking condition, S + 10GE: smoking

condition + 10 pyg/mL GE, S + 50GE: smoking condition + 50 yg/mL GE. VEGFA, ANGPT1,

MMP9, and TIE2 mRNA expression after incubation for 24 and 48 h. The dotted lines show

the mean value of the resepctive measure in the unstimulated non-smoker co-culture (N). For

all experiments, N = 5 and n = 2. The Kruskal-Wallis test followed by Dunn’s multiple

comparison test was used for statistical comparison to S only at each time point. The level of

significance was defined as * p < 0.05.
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As can be seen in Figure 41, the increased mitochondrial activity of HUVECs in the
smoker co-culture remained high when they were treated with GE; this effect was
independent of the concentration. Meanwhile, evaluation of live-staining microgrpahs
reveled that the number of cells per image and the average cell size were not affected
by the treatments in the smoker and non-smoker co-cultures (Figure 41B and

Supplementary information XVII).
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Figure 41: HUVEC viability in the co-culture with the smoker’s in vitro fracture
hematomas and stimulated with GE. S: smoking condition, S + 10GE: smoking condition +
10 pyg/mL GE, S + 50GE: smoking condition + 50 ug/mL GE. A: The AUC of mitochondrial
activity after incubation for 4, 24, and 48 h. B: The number of cells per image and the average
particle size. The dotted lines show the mean value of the resepctive measure in the
unstimulated non-smoker co-culture (N). For all experiments, N = 5 and n = 3. The Kruskal—
Wallis test followed by Dunn’s multiple comparison test was used for statistical comparison to
S only at each time point.

When looking at the angiogenic properties of HUVECs, shown in Figure 42, especially
10 pg/mL GE increased CCL2 and IL6 gene expression in HUVECs in the smoker co-
culture, but its expression was still lower than in the non-smoker co-culture. Stimulation
of the non-smoker co-culture with 10 yg/mL GE decreased CCL2 gene expression,
although GE repressed /L6 gene expression in a concentration-dependent manner
(Supplementary information XVIII). Stimulation with 10 ug/mL GE could only partially
restore CD31 expression. GE reduced VEGFA gene expression in a concentration-
dependent manner in HUVECS from the smoker co-culture, but the change was not
significant. This same treatment significantly reduced VEGFRZ2 expression. ANGPT2
gene expression increased significantly upon stimulation with GE in smoker co-culture,
whereas TIE2 expression was unaffected by stimulation (Figure 42). In the non-

smoker co-culture, GE stimulation did not alter VEGFR2 and ANGPT2 gene
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expression in HUVECS. Nevertheless, in these cultures, 10 ug/mL GE significantly

induced VEGFA and TIE2 gene expression (Supplementary information XVIII).
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culture with the smoker’s in vitro fracture

hematomas and stimulated with GE. S: smoking condition, S + 10GE: smoking condition +

Figure 42: mRNA expression of HUVECs in co

CD31, VEGFA,

VEGFR2, ANGPT2, and TIE2 mRNA expression after incubation for 48 h. The dotted lines

show the mean value of the resepctive measure in the unstimulated non-

(N). For all experiments, N

IL6,

10 yg/mL GE, S + 50GE: smoking condition + 50 ug/mL GE. CCL2

smoker co-culture

5) and n = 2. The Kruskal-Wallis test followed by

3 (pool of N =

Dunn’s multiple comparison test was used for statistical comparison to S only at each time

point. Levels of significance were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and ****p

< 0.0001.
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In summary, stimulation with GE had only a small influence on fracture repair of
smokers in vitro. The osteogenic and chondrogenic differentiation potential of the
smoker’s in vitro fracture hematomas were not altered, whereas the inflammatory
status of HUVECs and the smoker’s in vitro fracture hematomas was rather elevated.
GE exerted its greatest influence on angiogenesis in the smoker co-culture: It reduced
VEGFA and VEGFRZ2 gene expression in the smoker’s in vitro fracture hematomas
and HUVECs. However, GE increased ANGPT1 expression in the smoker’s in vitro

fracture hematomas and ANGPTZ2 in HUVECs from smoking co-cultures.

3.5.3 Maqui berry extract

The viability of the smoker’s and non-smoker’s in vitro fracture hematomas determined
by mitochondrial activity, the ATP content, and cellular ratios, did not change in
response to stimulation with MBE as displayed in Figure 43 and Supplementary
information XllIl. Nevertheless, the smoker’s in vitro fracture hematoma diameter

increased when stimulated with 1 ug/mL MBE for 48 h.
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Figure 43: Viability of the smoker’s in vitro fracture hematomas in co-culture with
HUVECSs and stimulated with MBE. S: smoking condition, S + MBE: smoking condition + 1
pMg/mL MBE. A: The AUC of mitochondrial activity. B: The AUC of the ATP content. The AUCs
were calculated for 4, 24, and 48 h. C: The in vitro fracture hematoma diameter after incubation
for 48 h. For A—C, N = 5 and n = 3. D: The ratio of SCP-1 cells to blood cells after incubation
for 48 h (N = 5 and n = 2). All graphs also show the mean value of the unstimulated non-
smoker’s co-cultures (N) as a dotted line. The Mann—-Whitney test was used for statistical
comparison. Levels of significance were defined as * p < 0.05 and ** p < 0.01.

MBE did not alter /L6 and CLL2 gene expression in the smoker’s in vitro fracture
hematomas, but it did drastically increase the expression of these genes in the non-
smoker’s in vitro fracture hematomas after incubation for 24 h. However, it should be

noted that the basal expression in the smoker’s in vitro fracture hematomas was still
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higher. Results are displayed in Figure 44A and Supplementary information XIV.
Overall secretion of IL-6 and CCL2 did not change significantly in response to MBE
stimulation in the smoker and non-smoker co-cultures. There was only a slight trend

for an increase in the secretion of proinflammatory cytokines in the smoker co-culture

(Figure 44B).
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Figure 44: The inflammatory status of the smoker’s in vitro fracture hematomas in co-
culture with HUVECs (A) and whole co-culture supernatants (B) and stimulated with
MBE. S: smoking condition, S + MBE: smoking condition + 1 yg/mL MBE. A: IL6 and CCL2
MRNA expression in the smoker’s in vitro fracture hematomas after incubation for 4, 24, and
48 h (N =5 and n = 2). B: IL-6 and CCL2 secretion in the cell culture supernatant after
incubation for 48 h (N = 5 and n = 3). The dotted lines show the mean value of the resepctive
measure in the unstimulated non-smoker co-culture (N) at 4, 24, and 48 h. The Mann-Whitney
test was used for statistical comparison at each time point.

As can be seen in Figure 45A, MBE did not influence the ALP activity of the smoker’s
in vitro fracture hematomas, but it did increase this activity in the non-smoker’s in vitro
fracture hematomas (Supplementary information XV). RUNX2 and SOX9 gene
expression did not change significantly with MBE stimulation, although there was a
slight trend toward an increase in both the smoker’s and non-smoker’s in vitro fracture

hematomas upon stimulation (Figure 45B and Supplementary information XV).
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Figure 45: The osteogenic and chondrogenic differentiation potential of the smoker’s in
vitro fracture hematomas in co-culture with HUVECs and stimulated with MBE. S:
smoking condition, S + MBE: smoking condition + 1 pg/mL MBE. A: ALP activity after
incubation for 48 h (N =5 and n = 3). B: RUNX2 and SOX9 mRNA expression after incubation
for 28 h (N =5 and n = 2). The dotted lines show the mean value of the resepctive measure in
the unstimulated non-smoker co-culture (N). The Mann-Whitney test was used for statistical
comparison.

MBE stimulation of the smoker’s in vitro fracture hematomas reduced VEGFA gene
expression after incubation for 48 h. Further, MBE significantly reduced TIE2
expression in the smoker's and non-smoker’s in vitro fracture hematomas after
incubation for 24 h, but increased expression in smoker’s in vitro fracture hematomas
after 48 h (Figure 46 and Supplementary information XVI). On the contrary, MBE
stimulation increased ANGPT1 gene expression in the smoker’'s in vitro fracture
hematomas after incubation for 48 h. MMP9 gene expression in the smoker’s in vitro
fracture hematomas, as well as VEGFA, MMP9, and ANGPT1 gene expression in the
non-smoker’s in vitro fracture hematomas, were not changed by MBE.

As shown in Figure 47, the increased mitochondrial activity in the smoker co-culture
remained high even after stimulation with MBE. Further, the number of cells and the
average size per cell did not change in response to MBE. The viability of HUVECs was
also unaffected in the non-smoker co-culture upon MBE stimulation (Supplementary

information XVII).
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Figure 46: The angiogenic potential of the smoker’s in vitro fracture hematomas in co-
culture with HUVECs and stimulated with MBE. S: smoking condition, S + MBE: smoking
condition + 1 ug/mL MBE. VEGFA, ANGPT1, MMP9, and TIE2 mRNA expression after
incubation for 24 and 48 h (N = 5 and n = 2). The dotted lines show the mean value of the
resepctive measure in the unstimulated non-smoker co-culture (N). The Mann-Whitney test
was used for statistical comparison at each time point. Levels of significance were defined as
*p <0.05, ** p<0.01, and *** p < 0.001. If the p-value is between 0.1 and 0.05, then the

calculated value is shown.
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Figure 47: HUVEC viability in the co-culture with the smoker’s in vitro fracture
hematomas and stimulated with MBE. S: smoking condition, S + MBE: smoking condition +
1 ug/mL MBE. A: The AUC of mitochondrial activity after incubation for 4, 24, and 48 h. B: The
number of cells per image and the average particles size. For all experiments, N=5and n =
3. The dotted lines show the mean value of the resepctive measure in the unstimulated non-
smoker co-culture (N). The Mann-Whitney test was used for statistical comparison.



Results -91-

When looking at HUVEC angiogenic properties, shown in Figure 48, stimulation with
MBE increased CCL2 and IL6 gene expression in the smoker co-culture. Nevertheless,
gene expression was still lower than in the non-smoker co-culture. In contrast, MBE
simulation decreased /L6 gene expression in non-smoker HUVECs, whereas CCL2
gene expression stayed constant (Supplementary information XVIIl). MBE further
increased VEGFA, ANGPT2, and TIE2 expression in the smoker HUVECs. Meanwhile,
VEGFR?2 expression was not influenced by MBE. CD37 gene expression could not be
detected in MBE-stimulated HUVECs (data not shown). In the non-smoker co-culture,
VEGFA, VEGFR2, ANGPT2, and TIE2 gene expression in HUVECs was not affected
by MBE (Supplementary information XVIII).
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Figure 48: HUVEC mRNA expression in co-culture with the smoker’s in vitro fracture
hematomas and stimulated with MBE. S: smoking condition, S + MBE: smoking condition +
1 yg/mL MBE. CCL2, IL6, VEGFA, VEGFR2, ANGPT2, and TIE2 mRNA expression after
incubation for 48 h. The dotted lines show the mean value of the resepctive measure in the
unstimulated non-smoker co-culture (N). For all experiments, N = 3 (pool of N = 5) and n=2.
The Mann-Whitney test was used for statistical comparison. Levels of significance were
defined as * p < 0.05 and ** p < 0.01. If the p-value is between 0.1 and 0.05, then the calculated
value is shown.

In summary, treatment with MBE did not influence the viability of the two components

of the co-culture system, and its impact on the inflammatory status was rather small.
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However, MBE slightly increased the osteogenic differentiation potential of the
smoker’s and non-smoker’s in vitro fracture hematomas. Further, in the smoker co-
culture, MBE could partially influence the angiogenic potential of the in vitro fracture

hematomas and HUVECs in vitro.
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4 Discussion

The importance of angiogenesis in fracture repair has gained more and more attention
in recent years as a failure in healing is often accompanied by improper
revascularization of the newly formed bone tissue (Bishop et al., 2012; Gomez-Barrena
et al., 2015). One of the main risk factors for developing a delay in fracture healing is
smoking cigarettes, which is also associated with a greater fracture risk (Hernigou et
al., 2019). Delayed fracture repair is often related to the patient’s inflammatory status,
which in smokers is described as both hyperinflammatory due to higher basal levels of
inflammation and immunosuppressed, mainly due to impaired immune cell function
(Elisia et al., 2020). To date, most research on fracture repair has been conducted in
animal models, unquestionably the most physiological approach (Haffner-Luntzer et
al., 2019). Yet, interspecies differences and ethical concerns, particularly for large-
scale testing, require the development of more complex in vitro systems to reduce
animal testing. Therefore, a 3D co-culture model was established to analyze early
fracture healing in smokers in vitro with respect to the fracture hematoma and its
interplay with the surrounding vasculature. First, the in vitro fracture hematoma model
was optimized and extended to better model early fracture repair by introducing a
hypoxic culture environment. The in vitro fracture hematoma model was then analyzed
concerning early fracture healing events in smokers, focusing especially on
angiogenesis. In addition, a component mimicking the endothelium was defined and
analyzed, and a 3D co-culture of ECs and in vitro fracture hematomas was established.
Finally, fracture healing events in smokers were analyzed once more in the newly
established co-culture system, and GE and MBE were investigated as possible

treatment options for impaired healing in smokers.

4.1 Hypoxia induction in vitro

Oxygen is indispensable for cell growth and differentiation, and oxygen levels have a
decisive influence on cell functions and behavior. Only rarely, however, are oxygen
tensions in cell cultures considered and questioned in experimental setups. Cell
cultures are usually grown under aerobic conditions, where due to the humidified
atmosphere and CO2 enrichment, the pericellular oxygen concentrations reach
approximately 18.6% (141 mmHg) (Wenger et al., 2015). Physiological oxygen
concentrations depend on the oxygen supply as well as in vivo diffusion rates. In
healthy tissue, they usually vary between 2% and 9% (3—70 mmHg) (Jones, 1986). In

bone, oxygen tensions vary depending on the location from 1.8% (13 mmHg) in the



Discussion -94 -

extravascular bone marrow to 7% (50 mmHg) in the periosteum (Johnson et al., 2017,
Spencer et al., 2014). The influence of oxygen on cell function and behavior is evident.
For example, in the niches of bone stem cells, low oxygen tensions have been shown
to reduce the doubling rate of MSCs, thus increasing their lifespan and preserving their
stemness (Fehrer et al., 2007). Bone marrow monocyte populations are also reported
to change with just a shift in the oxygen concentration from 5% to 2%. At 2% pOa,
monocyte populations evolve into bone macrophages, which are important for the
maintenance of bone homeostasis and bone regeneration and are characterized by
higher expression of the surface markers CD169 and CD206 (Liu et al., 2021; Narazaki
et al., 2022). Therefore, for most cell types, especially bone cells, standard cell culture
is hyperoxic. Given the oxygen sensitivity of most cells, experimental results may be
considerably biased (Stuart et al., 2018).

The term hypoxia simply describes a drop in tissue oxygen concentrations compared
with physiological levels (physioxia) at which adequate homeostasis cannot be
maintained (Bhutta et al., 2023). However, oxygen tensions below 2% are often
referred to as hypoxia in the literature (Ast et al., 2019; Bertout et al., 2008). In fracture
healing both definitions apply, as the abrupt occlusion of the blood supply leads to a
rapid drop in oxygen tension as well as oxygen concentrations below 2% in the fracture
hematoma (Marsell et al., 2011). Hypoxia is one of the key drivers of early fracture
repair: It favors inflammation, angiogenesis, and osteogenesis, and therefore is

indispensable for the in vitro fracture hematoma model (Kolar et al., 2011).

4.1.1 Alternative hypoxia induction methods

To create a hypoxic culture environment, three different easy-to-use methods that do
not require additional equipment were tested: chemical stabilization of HIF-1a by
CoClz, the enzymatic GOX/CAT system, and increasing the medium height. Hypoxia
induction was validated by induction of HIF-1a signaling via gene expression of VEGFA

and RUNX2, important regulators of early fracture repair (Marsell et al., 2011).

Attempts to induce a HIF-1a response in the in vitro fracture hematomas by increasing
the medium height failed, a phenomenon that was also observed in osteogenic and
monocytic cells (Rinderknecht et al., 2021). The slow reduction in pericellular oxygen
tensions by increasing the medium height might not have been sufficient to trigger a
HIF-1a response, as it is known that the signaling is more likely to be initiated by a fast
drop in oxygen tension rather than low oxygen concentrations per se (Millonig et al.,
2009). Hence, adjusting the medium height is not suitable for modeling early fracture
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repair in vitro, but this approach may be useful for adjusting pericellular oxygen
concentration in other cell culture systems to generate more physioxic cell cultures
(Camp et al., 2007).

Chemical HIF-1a stabilization with CoCl2 as well as stimulating the in vitro fracture
hematomas with the oxygen-consuming enzymatic GOX/CAT system showed the
expected increase in RUNX2 and VEGFA gene expression. However, attempts to
determine HIF-1a protein levels in the in vitro fracture hematomas were unsuccessful.
Nevertheless, there was stabilization of the HIF-1a protein in SCP-1 cells,
osteoprogenitors, and monocytic cells upon both stimulations in an identical
experimental setup as well as in various other cell culture systems (Lv et al., 2021,
Mueller et al., 2009; Rinderknecht et al., 2021).

Mechanistically, hypoxia mimetics like CoClz increase HIF-1a stability by inhibiting
PHDs, initiating HIF-1a signaling within 2 hours of stimulation. Chemical stabilization
of HIF-1a — for example, by CoCl2 — can mimic several aspects of low oxygen tension,
but it also has several limitations that must be considered (Munoz-Sanchez et al.,
2019). Constant activation of HIF-1a is not physiological as HIF-1a stabilization is
known to be transient in response to decrements in oxygen tension (Millonig et al.,
2009). Treatment with CoCl2 also induced the expression of distinct genes not affected
by low oxygen tensions and only partially mimicked hypoxia-related gene expression
exhibited by hepatocellular carcinoma cell lines (Vengellur et al., 2005) or in the overall
analysis of microarray data of the NCBI gene expression omnibus regarding cancer
(Lendahl et al., 2009). Accordingly, CoCl2 induced glycine, serine, and threonine
metabolic pathways, among others, in a renal cancer cell line. A possible explanation
for the observed activation might be the binding of Co?* ions to oxidoreductases, thus
altering their function (Zhigalova et al., 2015). Nevertheless, hypoxia mimetics can be
used successfully in combination with other hypoxia induction methods to increase the
hypoxic response. A study at the Siegfried-Weller Institute demonstrated that CoClz
alone did not promote cytokine expression in osteogenic and monocytic cells, but
CoCl2 combined with an increased medium height did (Rinderknecht et al., 2021).
Additionally, in a similar setup of the in vitro fracture hematomas, culture in a low-
oxygen environment was coupled to initial HIF-1a stabilization with the chemical PHD
inhibitor deferoxamine (DFO) (Pfeiffenberger et al., 2020). Although hypoxia mimetics
may not be ideal to mimic hypoxia in vitro, HIF-1a stabilization has been reported to

accelerate in vivo fracture healing processes (Mamalis et al., 2011). In a rat tibia
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fracture model, CoCl2 in combination with leptin increased bone volume; mineral
density; bone apposition; and Alp, Runx2, Bmp2, and Vegfa gene expression at 2, 4,
and 6 weeks post-injury (Liu et al., 2016). Lang et al. showed that DFO alone, but also
in combination with macrophage migration inhibitory factor (MIF), increased
macrophage recruitment, endochondral ossification, and angiogenesis in a delayed-
healing osteotomy model in mice, and improved the overall fracture healing outcome
(Lang et al., 2022).

4.1.1.1 Hypoxia induction with the enzymatic glucose oxidase/catalase system

In contrast to chemical HIF-1a stabilization, the GOX/CAT system induced a transient
increase in HIF-1a. While oxygen levels reached 2% after 30 min and could be
sustained for 24 h, HIF-1a protein was stabilized only from 2 to 8 h post-treatment
(Millonig et al., 2009). The system has been used successfully in other in vitro studies,
such as a tumor hypoxia model using the HNP-t24 cell line, where it induced
expression of hypoxia-related genes, including VEGF, to a similar extent as a hypoxia

incubator chamber (Askoxylakis et al., 2011).

Analysis of the enzymatically induced hypoxia on the in vitro fracture hematoma model
showed induction of the genes characteristic for early phases of fracture healing. An
initial inflammatory phase, mainly characterized by an increase in TNF-a, was followed
by an increase in the osteogenic differentiation potential (higher ALP activity and
increased RUNXZ2 and ALP gene expression) as well as the angiogenic potential
(VEGFA gene expression). The in vitro fracture hematomas were viable for 96 h,
although the enzymatic system decreased overall mitochondrial activity and increased
LDH release. However, hypoxic conditions are known to decrease MSC proliferation
rates and are not favorable for the survival of all cell types (Fehrer et al., 2007). It is
also noteworthy that in vitro fracture hematomas showed a peak in CCL2 secretion
after incubation for 48 h, independently of the oxygen tension, which correlates with a
study that reported increased macrophage recruitment 2-3 days post-fracture
(Mccauley et al., 2020).

However, the enzymatic system also has limitations that need to be considered. Most
important is its influence on glucose metabolism, as it consumes glucose in the cell
culture system. Millonig et al. reported that 24 h of hypoxia with the enzymatic system
led to a 10% decrease in culture medium glucose concentrations (Millonig et al., 2009).
Hypoglycemia is often associated with an acute inflammatory response. In healthy
patients, hypoglycemia increases serum levels of TNF-a, IL-6, and CCL2 as well as of
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granulocytes, monocytes, and lymphocytes (Ali et al., 2023; Dotson et al., 2008;
Drummond et al., 2018; Igbal et al., 2019; Joy et al., 2016). With each cycle, the
enzymatic system produces D-gluconolactone, which gradually acidifies the cell
culture environment. During the experiments, there was no acidification of the in vitro
fracture hematoma cell culture medium. Nevertheless, due to the low buffering
capacity of the EC culture media and the resulting generation of a strongly acidic
environment, there is death of HUVECs when cultured with the GOX/CAT system
(Askoxylakis et al., 2011). To counteract glucose deficiency and acidification of the
culture environment, either the culture medium should be replaced or the amount of

medium increased when working with the enzymatic system for more than 24 h.

A special feature of the enzymatic system is that it can also be used to generate H202
(Mueller et al., 2009). In this experimental setup, high CAT concentrations were used
to avoid H202 accumulation, and oxidative stress did not develop in the system during
the establishment (data not shown). Nonetheless, the oxidative stress effects of the
enzymatic system specifically on in vitro fracture hematomas have not been studied.
H202 is a known inducer of TNF-a, as reported for several cell lines including ECs
(Valen et al., 1999), mouse hepatocytes (Han et al., 2006), and murine macrophages
(Nakao et al., 2008). Increased TNF-a levels in the in vitro fracture hematomas with
the enzymatic system could also be associated with increased oxidative stress related
to H202 formation. However, there is a lack of experimental proof as ROS could not be
detected with the established assays in the in vitro fracture hematomas. On the other
hand, Owegi et al. reported that macrophages cultured simultaneously in low-oxygen
environments and with elevated H202 concentrations stimulated by the enzymatic
system show decreased HIF-1a stability and a decrease in the release and expression
of proinflammatory cytokines compared with the low oxygen concentration alone. This
phenomenon is quite surprising as oxidative stress and hypoxia have been shown to
increase HIF-1a stability independently (Kobayashi et al., 2021; Owegi et al., 2010).

In conclusion, the enzymatic system is a very effective and easy-to-use tool that
potently induced hypoxia in the in vitro fracture hematoma model. Nevertheless,
several factors limited its use in the following experimental setups. First, it is not
compatible with ECs and their respective culture medium and therfore the planned co-
culture system (Askoxylakis et al., 2011). Second, due to the use of CAT, the
enzymatic system is not compatible with the smoking model system because it relies

on the higher oxidative stress of smokers. Additionally, nicotine inhibits CAT activity
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(Aspera-Werz et al., 2018). Thus, the combined use of the enzymatic system and CSE
would most likely lead to uncontrollable accumulation or degradation of ROS. For this
reasons, the ability of a hypoxia incubator chamber to induce hypoxia induction was

investigated as a compatible alternative.

4.1.2 Induction of Hypoxia with the hypoxia incubator chamber

Induction of hypoxia with the hypoxia incubator chamber led to pericellular oxygen
tensions below 2% O2. Nevertheless, sustained hypoxia for 96 h led to partial
hematoma dissolution. MSCs have lower growth rates when cultured in low-oxygen
environments in vitro (Fehrer et al., 2007), a phenomenon that could also be observed
in the in vitro fracture hematomas. Additionally, within the presented model, as well as
an equine in vitro fracture hematoma model, immune and blood cell counts decreased
drastically after incubation for 48 h (Pfeiffenberger et al., 2019). Therefore, it is
reasonable to assume that the in vitro fracture hematomas were not stable after 96 h
of full hypoxia simply because of a lack of cells. This is also supported by the
observation that when hypoxia was reduced after incubation for 72 and 96 h, there was
an increase in MSC proliferation, which may have led to a stabilization of the blood

clots.

Hypoxia induced with the hypoxia incubator chamber showed no prominent effects on
inflammation or the osteogenic and chondrogenic differentiation potential of the in vitro
fracture hematomas compared with the aerobic conditions, but there was a strong
increase in the angiogenic properties. Moreover, there was a general increase in pro-
inflammatory cytokines over time, which could not be further increased due to the lack
of oxygen. In a similar human model, the researchers also did not observe differences
in the secretion of pro-inflammatory cytokines when applying a hypoxic environment
(Pfeiffenberger et al., 2020). The most prominent difference between enzymatically
induced and hypoxia incubator chamber-induced hypoxia was TNF-a expression and
secretion. As discussed previously, these high TNF-a levels in chemically induced
hypoxia could also be promoted by H202-induced oxidative stress or hypoglycemia.

Although hypoxia incubator chamber-induced hypoxia did not greatly alter the
osteogenic and chondrogenic differentiation potential after 48 h, the hypoxic
environment seemed to be necessary to sustain the osteogenic and chondrogenic
differentiation potential of the in vitro fracture hematomas. Similarly to the inflammatory
response, both aerobia and hypoxia increased the osteogenic and chondrogenic
differentiation potential in the in vitro fracture hematomas over time. This finding is
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consistent with the work by Pfeiffenberger et al. in an equine fracture hematoma model.
The researchers showed that RUNX2 and VEGFA gene expression was increased
similarly under normoxia and hypoxia, but high levels could only be sustained when
cultured in a hypoxic environment (Pfeiffenberger et al., 2019). Regarding
angiogenesis, low oxygen tensions in the hypoxia incubator chamber resulted in a
marked increase in the angiogenic potential of the in vitro fracture hematomas, as
expected due to oxygen deprivation. The results are also in line with additional in vitro
and in vivo data. Fracture hematomas collected from patients 6—72 h post-fracture
showed higher VEGFA, RUNX2, IL6, and IL8 expression, then hematomas collected
after total hip replacement and in peripheral blood. The authors traced these changes
back to the hypoxic conditions at the site of fracture. However, the expression levels
did not vary between the surrounding bone marrow and fracture hematomas (Kolar et
al., 2011). Schmidt-Bleek et al. reported an increase in IL6 (24 h), TNFa (4 and 24 h),
and M-CSF (4 h) gene expression after fracture in a sheep tibial osteotomy model.
Hematomas also showed increased expression of VEGF between 24 and 36 h after
osteotomy and of vIWF at 36 and 48 h, which was used as a marker for the presence
of ECs (Schmidt-Bleek et al., 2014).

The slow onset of hypoxia within the hypoxia chamber is potentially the major limitation
of the system, as it is reported to take more than 3 h to fully decrease the pericellular
oxygen tensions (Allen et al., 2001). The drop in oxygen tension discussed before
could be mimicked by initial supplementation with a hypoxia mimetic (e.g., CoCl2), as
used by Pfeiffenberger et al. The researchers showed that this treatment promotes
hypoxic responses (Pfeiffenberger et al., 2020). In this thesis, additional stimulation
with a hypoxia mimetic was not applied because the in vitro fracture hematomas

already provided a good mimic of the early events of fracture healing.

In the subsequent experiments, hypoxia was induced with the hypoxia incubator
chamber, as it is appears to be the most physiological and best-known alternative. Due
to the restricted lifespan of the in vitro fracture hematomas, the incubation was limited
to 48 h.

4.2 Smoking and early fracture repair
The effect of smoking on early fracture repair was analyzed in the in vitro fracture

hematoma monocultures and in co-culture with HUVECs. Given the more detailed
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analysis of the in vitro fracture hematoma monocultures, they will be discussed first,

and these results will then be compared with the co-culture results.

The smoker’s in vitro fracture hematomas showed similar viability to the non-smoker’s
in vitro fracture hematomas. Higher mitochondrial activity and LDH release can be
traced back to oxidative damage previously shown in human MSCs and also in
smoker’s blood due to greater tissue damage in smokers (Aspera-Werz et al., 2018).
The smoker’s in vitro fracture hematomas were also larger than the non-smoker’s
fracture hematomas, indicating aberrant clotting and a divergent fibrin clot structure. It
has long been known that smoker’s blood is more likely to clot, for example, due to
higher levels of fibrinogen or faster platelet aggregation, which also explains the
increased risk that smokers have of developing acute atherosclerosis or thrombosis
(Belch et al., 1984; Hung et al., 1995). Several studies have also shown an altered
fibrin clot structure in the context of smoking. In an ex vivo investigation by Barua et
al., blood clots from smoker’s blood showed higher clot strengths. In these clots, the
fibrin fibers were significantly thinner but had a greater number per square micrometer
(Barua et al., 2010). In another in vitro study, fibrin clots from smokers showed an
irregular network with areas of plaque formation (Pretorius et al., 2010). The structure
of the fibrin network within the in vitro fracture hematomas is unknown, as this would

require further investigation.

The smoker’s in vitro fracture hematomas showed a prolonged inflammatory phase of
healing with higher release and/or expression of cytokines CCL2 and TNF-a.
Interestingly, the more inflammatory state can be attributed mostly to the smoker’s
blood as pre-stimulation of SCP-1 cells rarely had an effect. The higher inflammatory
state of smoker’s blood is consistent with the current literature reporting higher levels
of inflammatory cytokines such as CCL2, IL-6, IL-8, and carcinoembryonic antigen
(CEA), and more blood immune cells (Elisia et al., 2020; Jayasuriya et al., 2020;
Komiyama et al., 2018). Smokers experience constant tissue hypoxia due to high
levels of carbon monoxide (CO) in the smoke, which displaces oxygen in erythrocytes.
In non-hypoxic conditions, Daijo et al. showed that in lung epithelial cells, CSE induced
transient HIF-1a stability through ROS, accompanied by higher expression of HIF-1a-
regulated genes (Daijo et al., 2016). Direct stimulation of the in vitro fracture
hematomas with CSE increased protein levels of the antioxidant response, indicating
an increase in intracellular ROS similar to that observed with H202 stimulation.

Induction of intracellular ROS by CSE is a widely known phenomenon in various cell
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types including osteoprogenitors, macrophages, and the endothelium (Aspera-Werz et
al., 2019; Cyprus et al., 2018; Park et al., 2016b). Hypoxia and the subsequent
oxidative stress are some of the main drivers of inflammation in early fracture repair;
they induce an inflammatory response even in non-smokers. Undoubtedly, the initial
inflammatory reactions are crucial for fracture repair. For example, TNF-a increased
the migration, proliferation, and survival of MSCs via the NF-kB pathway in a vein graft
model (Bai et al., 2017). However, increased amounts of pro-inflammatory cytokines
and prolonged inflammation have also been attributed to delayed fracture repair. In an
osteotomy model in the tibia of successful and, due to insufficient stabilization,
impaired fracture repair, Schmidt-Bleek et al. reported increased gene expression of
all investigated cytokines, including IL18, TNFa, M-CSF, IL6, and IL10, and as well of
TGF-B in fracture hematomas (Schmidt-Bleek et al., 2014). In a similar model, the
same group analyzed the rates of immune cells in fracture hematomas. Except for
cytotoxic T cells, which were enlarged 60 h post-osteotomy in the fracture hematoma
and the surrounding bone marrow, there were no notable differences in immune cell
populations including leukocytes, monocytes, B cells, and T helper cells (Schmidt-
Bleek et al., 2012). Excessive inflammation later in the bone healing process can lead
to an imbalance in the osteoblast to osteoclast ratio. Hyperinflammation due to
increased TNF-a as well as CSE has been reported to increase osteoclast formation,
thereby prompting osteoporosis and delaying fracture repair (Kobayashi et al., 2000;
Lu et al., 2021; Nanes, 2003). Interestingly smokers showed lower peripheral serum
levels of IL-6 and TNF-a but higher levels of CCL2 following total joint arthroplasty,

indicating divergent regulation of systemic and local inflammation (Ehnert et al., 2019).

The smoker’s in vitro fracture hematomas showed a drastic decrease in the osteogenic
and chondrogenic differentiation potential. The effects on differentiation were
dependent on both pre-stimulation of SCP-1 cells and the smoker’s blood. These
results are in line with previous results obtained at the Siegfried-Weller Institute:
Researchers have reported that CSE diminishes the osteogenic differentiation ability
of MSCs though intracellular ROS formation (Aspera-Werz et al., 2019; Aspera-Werz
et al., 2018; Guo et al., 2022; Sreekumar et al., 2018). Increased inflammation and
high intracellular ROS in smokers have also been described by others to negatively
influence osteogenesis and chondrogenesis. In a mouse model, smoking increased
inflammation and NF-kB activation, which diminished bone remodeling (Lu et al.,

2021). MSCs exposed to high ROS levels show a shift toward the adipogenic lineage
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mainly guided by SIRT1 (Lin et al., 2018). In addition, the decreased gene expression
of BMPs and NOGGIN in the smoker’s in vitro fracture hematomas is consistent with
early signs of delayed fracture healing. Researchers have reported reduced availability
of BMPs as well as their inhibitor noggin in fracture calluses of patients with fracture
non-union have (Kloen et al., 2002; Kwong et al., 2009).

There were similar trends when analyzing the in vitro fracture hematoma and HUVEC
co-culture regarding in vitro fracture hematoma viability, the inflammatory status, and
the osteogenic differentiation potential. There was greater and prolonged inflammation
in the smoker co-culture, although expression of the anti-inflammatory cytokine /L6
expression was also upregulated in the smoker’s in vitro fracture hematomas. While
there was an increased secretion of all the examined proinflammatory cytokines, it
should be noted that the measured levels in the co-culture also include secretion from
HUVECs. The smoker co-culture also showed a decreased osteogenic and
chondrogenic differentiation potential, although the decrease was not as marked as in
the in vitro fracture hematomas cultured alone. It should be noted that the cell culture
medium used in the co-culture favored osteogenic differentiation of the in vitro fracture
hematomas and possibly attenuated the negative effects observed in the monocultures
(see 4.4.1 and Supplementary information IX).

The results obtained from the smoker’s in vitro fracture hematomas cultured alone and
in co-culture with HUVECs reflect well what was also found in a study analyzing
hematomas from smoking mice collected 6 and 24 h after femoral osteotomy. Hao et
al. demonstrated an overall increase in most inflammatory markers of fracture
hematomas, including TNF-a, CCL2, and IL-6 at 6 and 24 h, accompanied by an
increase in inflammatory cells post-fracture in the mice exposed to smoke. In addition,
VEGF-A and G-CSF protein levels decreased due to smoking, although the changes
were not very pronounced. Regarding osteogenesis and chondrogenesis, mice
exposed to smoke showed reduced recruitment and proliferation of skeletal stem cells,
impaired callus formation, and chondrogenesis leading to delayed callus remodeling
and poor fracture healing outcomes (Hao et al., 2021). Overall, that study provided
similar results to our in vitro experiments regarding inflammation and differentiation,
however the authors did not investigate angiogenesis in greater detail. Hence,
although the in vitro model is not able to mimic the healing outcomes, in vitro modeling

provides a very interesting alternative to analyze the early events of fracture healing.
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4.2.1 Angiogenesis in early fracture repair of smokers in vitro

Delayed fracture repair is often accompanied by poor revascularization of the newly
formed tissue (Bishop et al., 2012; Gomez-Barrena et al., 2015; Trueta, 1974). During
bone formation, osteogenesis and angiogenesis are highly coupled. Nevertheless,

information about early angiogenic events in fracture repair is still limited.

Angiogenesis in early fracture repair of smokers was analyzed based on the
angiogenic potential of the in vitro fracture hematomas as well as their indirect and
direct effects on HUVECSs. There was impaired angiogenesis, as assessed by HUVEC
function, in both systems: There was a reduced ability of the in vitro fracture hematoma
monoculture supernatants to induce HUVEC tube formation and proliferation, and
increased oxidative stress and altered gene expression in HUVECs in the co-culture
with smoker’s in vitro fracture hematomas. The angiogenic potential of the in vitro
fracture hematomas was reduced in response to smoking regardless of the culture
system, but, as with other measurements, the effect was not as pronounced in the co-

culture.

VEGFs are by far the most prominent and important growth factors in angiogenesis.
VEGF signaling is induced via the binding of the growth factors to VEGFRs (receptor
tyrosine kinases) on cell surfaces. VEGFR2 is the major signaling VEGFR in ECs; its
main ligand is VEGFA. Once activated, VEGFR2 signaling can activate various
signaling pathways including the phosphoinositide 3-kinase (PI3K)-AKT-mammalian
target of rapamycin (mTOR) pathway, phospholipase Cy (PLCy)-extracellular signal-
regulated kinase (ERK) 1/2 pathway, and SRC and small GTPases (Simons et al.,
2016). VEGFR2 signaling in ECs initiates cell survival, proliferation, and migration, and
increases vascular permeability thereby mainly promoting vessel sprouting and early
angiogenesis (Cebe-Suarez et al., 2006; Peng et al., 2020). VEGFR1 is mainly
described as a negative regulator of endothelial biology. For example, upon binding of
primarily VEGFB and PIGF, it forms a heterodimer with VEGFR2 that blocks VEGFA-
induced ERK1/2 activation (Cudmore et al., 2012; Simons et al., 2016). VGEFRS3 binds
mainly to VEGFC and VEGFD, but also VEGFA. Its signaling triggers angiogenic
sprouting in a heterodimer with VEGFR2 (Nilsson et al., 2010; Simons et al., 2016).

Even though VEGFRs are mainly expressed on ECs, they can also be expressed by
monocytes, macrophages, hematopoietic stem cells, and MSCs, explaining their
presence in the in vitro fracture hematomas. In MSCs, VEGFR1 and VEGFR2
expression can be induced under hypoxic conditions and has been associated with
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osteoblastic differentiation (Mayer et al., 2005). VEGFD in the growth plate can bind to
VEGFR3 on osteoblasts supporting intramembranous ossification (Orlandini et al.,
2006). Thus, the reported decreased expression of VEGFRs in the smoker’s in vitro
fracture hematomas is potentially more related to a reduction in the osteogenic
differentiation potential rather than the angiogenic potential.

VEGF is an essential growth factor during fracture repair; it is mainly secreted by
chondro- and osteoprogenitors in the fracture gap. VEGF also plays an important role
in communication with the bone endothelium by stimulating ECs, which in turn secrete
osteogenic stimuli like BMPs in a positive feedback loop (Duan et al., 2015; Wang et
al., 2007). Complete inhibition of VEGF led to atrophic non-unions in a closed femoral
fracture model in rats (Hausman et al., 2001). VEGFA gene expression was slightly
reduced in the smoker’s in vitro fracture hematomas and co-cultures. Nevertheless,
secretion of VEGFD and VEGFA was higher in the smoker's in vitro fracture
hematomas and was promoted due to pre-stimulation of SCP-1 cells with CSE
(Supplementary information V). VEGF levels have been described as both increased
and decreased in impaired fracture repair. In a delayed fracture healing model in
sheep, VEGF expression was delayed between 4 and 42 h after surgery (Lienau et al.,
2009). Chang et al. reported no differences in VEGF protein levels in fracture calluses
1 week post-injury, but a reduction after 2 and 4 weeks accompanied by an increased
non-union rate in a femoral osteotomy model of smoking and non-smoking mice
(Chang et al., 2020). In contrast, in a tibia fracture mouse arthritis model, VEGFA
secretion was increased under inflammatory conditions, but the animals still showed
impaired vasculature in fracture calluses (Wang et al., 2021). VEGF levels have also
been described as both increased and decreased in smoker’'s serum. Ugur et al.
reported higher levels of VEGF and IL-6 in smoker’s blood, and their levels correlated
with each other (Ugur ef al., 2018). In contrast, Kottstrofer et al. showed decreased
levels of VEGFA in smoker’s blood post-fracture (Kottstorfer et al., 2013).

Previous findings highlight that ECs increase VEGF and VEGFRZ2 expression in
response to inflammatory stimuli, which means their expression could be quite high in
early fracture repair in smokers. Within the co-culture system, HUVECs in the smoker
co-culture expressed similar rates of VEGF and higher rates of VEGFR2. This also
matches with previous findings from Lienau et al. showed that insufficient vasculature
upregulated VEGFR?2 in fracture calluses of sheep with delayed fracture healing

(Lienau et al., 2009). Without any doubt, VEGF is essential during early fracture repair.
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However, it is difficult to distinguish accurately between necessary and pathological
amounts of this growth factor. Increased VEGF production has also been associated
with immature vessel formation, increased bone resorption, and tumor development
(Lugano et al., 2020; Yang et al., 2008). Nevertheless, because VEGF concentrations
were comparable in cultures from smokers and non-smokers, VEGF does not appear
to be responsible for the lower angiogenic capacity of fracture repair in smokers in

vitro.

Besides VEGF, ANGPT1 and ANGPT2 are essential for proper vascular development.
ANGPT signaling is mainly conducted via TIE2, a receptor tyrosine kinase that
activates downstream signaling via the p85 subunit of PI3K, endothelial nitric oxide
synthase (eNOS), growth factor receptor-bound protein 2 (GRB2), downstream of
tyrosine kinase-related protein (DOKR), and SH2 domain-containing phosphatase
(SHP2) (Jones, 1986; Jones et al., 2003; Jones et al., 1998; Jones et al., 1999). In
addition, active TIE2 signaling can recruit the A20-binding inhibitor of NF-kB activation
2 (ABIN2), which, as its name implies, inhibits NF-kB activation and downstream

signaling (Hughes et al., 2003).

ANGPT1 is mainly described to be important for microvascular maturation and
stabilization and also reduces vessel permeability. Angpt1 knockout mouse embryos
exhibit decreased vascular remodeling. The formed vessels are less branched and
dilated and unable to form a complex vasculature. Additional recruitment of pericytes
to the newly formed vasculature is completely abolished (Suri et al., 1996). Whereas
ANGPT1 gene expression is described as rather constant, ANGPTZ2 gene expression
in ECs is induced by inflammatory stimuli including thrombin or hypoxia (Huang et al.,
2002b; Kelly et al., 2003). Angpt2 overexpression in transgenic mice showed a similar
phenotype to Angpt1 knockout; therefore, it is often considered an ANGPT1 antagonist
(Maisonpierre et al., 1997). ANGPT2 can act synergistically with VEGF to promote
angiogenesis and vascular sprouting and to increase vascular permeability (Lobov et
al., 2002).

In general, TIE2 signaling seems to be regulated by the ANGPT1 to ANGPT2 ratio;
however, both growth factors can be co-expressed with VEGFA in growing bone
(Horner et al., 2001). In terms of fracture healing, both exogenous ANGPT1 and
ANGPT2 have been described to promote vascularization, osteogenesis, and overall
repair (Choi et al., 2015; Yin et al., 2018). In their sheep delayed fracture healing
model, Lienau et al. showed early strong upregulation of ANGPT2 and steadily
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increased ANGPT1 gene expression in standard fracture healing over the whole
fracture repair process of 42 days. The authors further showed an overall
downregulation of ANGPT1, ANGPT2, and TIE2 in delayed fracture healing (Lienau et
al., 2009). The results match with the observation that ANGPT1/2 and TIE2 expression
and secretion were downregulated in the smoker’s in vitro fracture hematoma
monocultures and the co-culture with HUVECs. ANGPT2 gene expression was further
downregulated in HUVECs in the smoker co-culture. Overall, dysregulation of the
ANGPT-TIE2 system seems likely to be part of the reduced angiogenic potential of

fracture repair in smokers in vitro.

MMPs assist in vessel ingrowth and callus remodeling and increase the bioavailability
of growth factors like VEGF stored in the ECM, thereby promoting angiogenesis
(Colnot et al., 2003). Early fracture healing of smokers in vitro showed an diverging
capacity for matrix remodeling, as MMP expression and secretion were reduced while
TIMP secretion was increased in the smoker cultures. There were also higher TIMP1
levels in a delayed fracture healing model in sheep (Lienau et al., 2009). By contrast,
patients with non-union have lower serum TIMP1 and TIMP2 levels, but similar MMP9
levels (Henle et al., 2005). In addition, ECs exposed to CSE showed increased MMP1
but not MMP9 protein levels and decreased TIMP3 protein levels (Lemaitre et al., 2011;
Nordskog et al., 2003).

Endothelial secretion of proinflammatory cytokines is critical in early inflammatory
responses. It enables the recruitment of additional immune cells to the injury site by,
among other processes, increasing vascular permeability (Mohr et al., 2017). VEGF
has also been shown to induce gene expression of pro-inflammatory cytokines like
CCL2, IL6, and IL8 in ECs (Mako et al., 2010; Reinders et al., 2003). Thus, it was quite
surprising that HUVECs in the smoker co-culture showed lower CCL2 and IL6 gene
expression, although the environment was even more inflamed. Interestingly, ANGPT2
gene and protein expression has also been shown to be upregulated in HUVECs in
response to oxidative stress (Mofarrahi et al., 2011). Moreover, ANGPT2 is
pathologically upregulated in several inflammatory diseases like rheumatic arthritis and
several cancers (Huang et al., 2010; Parmar et al., 2021; Westra et al., 2011; Yang et
al., 2022). However, the more inflammatory environment and oxidative stress in early
fracture repair of smokers in vitro suppressed the gene expression of pro-inflammatory

cytokines and ANGPTZ2 in HUVECSs, indicating improper cell function.
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The HUVECs in the smoker co-culture showed no CD371 gene expression, which
contributed to their impaired status. Type H vessels, which have high CD31 and Emcn
expression, are usually located near centers of bone formation. They are crucial in
coupling angiogenesis and osteogenesis in growing bone by secreting growth factors
like BMPs, FGF, and PDGF-BB (Kusumbe et al., 2014; Ramasamy et al., 2014). CD31-
positive endothelium-inducing type H vessels have also been described in fracture
environments (Li et al., 2022b; Liu et al., 2020c). In vitro, Yang et al. reported that
HUVECs, primed with ophiopogonin D to express high CD31 and Emcn levels, showed
greater proliferation, migration, and tube formation (Yang et al., 2020a). In a diabetes-
induced inflammatory fracture environment, CD31-expressing vasculature was
reduced. Nevertheless, inhibition of TNF-a attenuated diabetes-induced damage and
in turn also increased vascularization in general, including CD31-expressing ECs (Lim
et al., 2017). In addition, the overall increase in inflammation in mice due to the
inhibition of omentin-1, an adipokine with anti-inflammatory properties, reduced type H
vessel formation accompanied by a general impairment in all fracture healing-
associated processes (Feng et al.,, 2021). Therefore, increased inflammation in
smokers could be a possible reason for the reduction in CD37 gene expression of
HUVECs in the co-culture model and is another sign of the dysregulation of ECs in
early fracture repair of smokers in vitro and the development of a delay in the healing

process.

4.2.2 Risks of smoking alternatives

In recent years, alternative smoking products such as electronic cigarettes (e-
cigarettes) and tobacco heating systems have entered the market; they are usually
advertised as less harmful than conventional cigarettes. The consumption of
alternative smoking products has been associated with acute detrimental effects on
the antioxidant reserve, platelet function, oxidative stress, and endothelial function
(Biondi-Zoccai et al., 2019; Mohammadi et al., 2022). E-cigarette vaping reduced the
osteoblastic differentiation of SaOS-2 cells and altered the bone architecture of mice,
leading to microfractures (Reumann et al., 2020; Rouabhia et al., 2019). Nishino et al.
analyzed the effects of heated tobacco products and conventional cigarettes on bone
fracture healing in mice and reported that smoking of both reduced bone formation
similarly after fracture (Nishino et al., 2021). Concerning general bone homeostasis,
tobacco heating systems have been described as both less and similarly toxic (Aspera-
Werz et al., 2020; Hashizume et al., 2023; Weng et al., 2023). More studies are



Discussion -108 -

necessary to assess the risk factors of tobacco heating systems and e-cigarettes in
the future. In their meta-analysis, Liu et al., provides a small glimmer of hope for
smokers: Preoperative smoke cessation could significantly induce postoperative

wound healing problems (Liu et al., 2022).

4.3 Effect of herbal extracts on early fracture repair of smokers in vitro

There are numerous reports that GB and MBE exert a positive influence on bone
health. Whereas research on MBE is still relatively rare in the context of fracture repair,
GE and ginsenosides have been shown to improve fracture repair in rodents (Ding et
al., 2022; Gu et al., 2016). In a study at the Siegfried-Weller Institute, CSE-induced cell
damage in a 3D co-culture model of osteogenic and osteoclastic precursors could be
reversed by treatment with GE and MEB extract (Guo et al., 2022). Based on the
previously shown hyperinflammatory state during early fracture repair of smokers in
vitro, the two herbal extracts were investigated primarily for their widely reported
antioxidant and anti-inflammatory properties. In the pre-experiments, GB and MBE did
not show any effects on the viability of the in vitro fracture hematomas, and both
showed positive effects on HUVEC viability. Based on the literature and these pre-
experiments, two concentrations of GE (10 and 50 pg/mL) and one concentration of
MBE (1 pg/mL) were chosen for further analysis (Guo et al., 2022; Zhu et al., 2021).
The effects were analyzed exclusively in the co-culture model for early fracture healing

in smokers and non-smokers.

4.3.1 Viability and clot structure

As noted during establishment, the extracts did not have a major effect on the viability
of the in vitro fracture hematomas, even in smokers. Stimulation with MBE and GE did
increase in vitro fracture hematoma sizes, indicating alterations in the clot structure.
Extracts and phytochemicals from both ginseng roots and maqui berries are commonly
described as cardioprotective and are thought to prevent cardiovascular diseases such
as atherosclerosis by reducing platelet activation and thus thrombus formation (Lee et
al., 2022; Thompson et al., 2017). The ginsenosides Rg1 and Rg2 have been shown
to increase the clotting time of human blood (Li et al., 2013). Mechanistically, Rg2 and
Rg3 inhibit coagulation factor Xa (Xiong et al., 2017). Another study reported that Rp-
1 restrains platelet activation by inhibiting , amongst others, calcium ion recruitment,
granule secretion, and integrin allbB3 (Endale et al., 2012). Rodriguez et al. reported
reduced platelet aggregation by MBE and maqui leaf extract due to diminished ROS

production in platelets and identified the phenolic and anthocyanin compounds
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responsible for these effects (Rodriguez et al., 2021). A more detailed investigation of
the effects of delphinidin-3-glucoside (Dp-3-g) on platelet aggregation revealed that
platelets significantly inhibited cell surface expression of P-selectin, CD63, and CD40L,
and blocked fibrinogen binding after stimulation. However, the mechanisms are still
unclear (Yang et al.,, 2012). Interestingly, the aforementioned increased platelet
aggregation in smokers and decreased platelet aggregation due to stimulation with
herbal extracts both increased in vitro fracture hematoma diameters in our
experiments, separately and in combination. One reason could be the formation of a
generally altered fibrin network, leading to lower clot strength. However, a more

detailed analysis is necessary before drawing conclusions.

4.3.2 Inflammation

MBE and GE are mostly known for their antioxidant and anti-inflammatory properties.
Ginseng extracts inhibited the production of several pro-inflammatory cytokines
including TNF-a, IL-1B, IL-6, and IFNy; increased the phagocytotic activity of
macrophages; and inhibited NF-kB in Staphylococcus aureus-infected mice (Ahn et
al., 2006). Maqui berry juice and phenolic fractions could protect HUVECs from H202-
induced oxidative stress (Miranda-Rottmann et al., 2002). Further, stimulation with
MBE or GE could reduce overall NO levels as well as cyclooxygenase (COX)-2,
inducible nitric oxide synthase (iNOS), and IL-6 protein expression in
lipopolysaccharide (LPS)-primed macrophages, thereby reducing their pro-
inflammatory response (Cespedes et al., 2017; Kim et al., 2013; Zhou et al., 2019).
Consistently, extracts or phytochemicals from both plants have been reported to
promote macrophage polarization from M1 to M2, thereby accelerating the resolution
of inflammation. For example, in mice Rg3 favored M2 macrophage polarization by
increasing the expression of arginase-1 in LPS-treated animals peritoneal
macrophages (Kang et al., 2018). On the other hand, MBE induced M2 macrophage
polarization in the acute inflammatory phase of Crohn’s disease (Ortiz et al., 2020).

In the context of smoking, the focus of the available literature is mainly on inflammation
of the airway epithelium. In one study, MBE normalized H202 and IL-6 concentrations
in breath condensates of smokers (Vergara et al., 2015). In another study, GE orally
administered 1 h before 7 days of CSE exposure reduced airway epithelium
inflammation by inhibiting the release of the pro-inflammatory cytokines TNF-a, IL-6,
and CCL2 and the recruitment of immune cells (Kim et al., 2022). In osteoblasts and

the previously mentioned co-culture model of osteoblast and osteoclast precursors,
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CSE-induced oxidative damage could be counteracted by MBE and GE (Guo et al.,
2022; Zhu et al., 2021). Therefore, it was rather surprising that in the presented model,
neither GE nor MBE reduced inflammation in the smoker’s in vitro fracture hematomas
or HUVECs. GE did decrease IL6 gene expression in the non-smoker co-culture,
although MBE increased /L6 and CCLZ2 expression also in the non-smoker’s in vitro
fracture hematomas (Supplementary information XVI). In the in vitro model of early
fracture repair, it can therefore be assumed that the inflammation-reducing ability of
GE was not strong enough to reduce smoke-induced inflammation; in contrast, MBE
exerted pro-inflammatory effects at least in the non-smoking conditions. Several
antioxidants have been associated with pro-oxidative and pro-inflammatory effects
influenced by the redox potential and concentration of antioxidants and the presence
of metal ions (Sotler et al., 2019). Transitional metal ions such as Fe® and Cu?*
strongly induce pro-oxidative properties of several antioxidants including L-ascorbic
acid as well as polyphenols, including anthocyanins (Eghbaliferiz et al., 2016; Urbanski
et al., 2000). For example, the stimulation of peripheral lymphocytes with delphinidin
led to increased cellular recruitment of copper ions followed by increased H20:2
production and oxidative DNA degradation (Hanif et al., 2008). Using blood in the in
vitro system likely increased the iron ion concentration. However, during the lifetime of
erythrocytes, only 1-3% of hemoglobin is oxidized from Fe?* to the non-functional
bound Fe3* form (Tsuruga et al., 1997). Moreover, smoking influences iron metabolism:
Younger smokers have higher ferritin and iron serum levels and smoking promotes the
release of iron ions from ferritin (Ghio et al., 2017; Lee et al., 2016; Moreno et al.,
1992). Nevertheless, the pro-oxidative effects of antioxidants and polyphenols must be
interpreted with caution. Due to their complex chemical composition, plant extracts can
also promote symbiotic counter-reactions compared with individual phytochemicals.
For example, compared with the substances alone, a combination of polyphenols and
L-ascorbic acid showed reduced H202 production in the presence of Fe3* (Wee et al.,
2003).

4.3.3 Osteogenic and chondrogenic potential

In the available studies, there is little information regarding the effects of MBE and GE
on osteogenic differentiation of MSCs in inflammatory environments or environments
with increased oxidative stress. A previous study from the Siegfried-Weller-Institute
demonstrated that in a bone co-culture system of osteoblast and osteoclast precursors,

GE and MBE could reverse the CSE-induced reduction of RUNX2 gene expression
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(Guo et al., 2022). Neither GB nor MBE promoted the osteogenic or chondrogenic
differentiation potential of the smoker’s in vitro fracture hematomas, although MBE

increased ALP activity in the non-smoker’s in vitro fracture hematomas.

In the literature, several ginsenosides and GEs have been described to induce
osteogenic differentiation of MSCs in vitro and in vivo. In one study, 0.1, 1, and
10 pg/mL Rb1 or 50 uM of Re increased osteogenic differentiation of MSCs, including
increased RUNX2 and ALP gene expression, after 7 days of culture with MSCs or
MC3T3-E1 osteoprogenitor cells, respectively (Gu et al., 2016; Kim et al., 2016).
Nagaoka et al. showed that Delphinol®, a delphinidin-enriched MBE, had a
concentration-dependent effect on the osteogenic differentiation of MC3T3-E1 cells.
Whereas the highest concentration of 25 ug/mL led to a peak in Runx2, Sp7, and Bmp4
gene expression as well as ALP activity after 4 days of culture and a later increase in
Bmp2 gene expression, lower concentrations of the extract did not show effects on
gene expression and a delayed increase of ALP activity (Nagaoka et al., 2019). The
effects of MBE and GE on SOX9 expression have not yet been studied, but other
anthocyanin-rich plant extracts such as pomegranate fruit extract induce
chondrogenesis and SOX9 expression (Teimourinejad et al., 2020). Given that an
initial increase in RUNX2 levels has been detected in fracture healing at 48 and 72 h
post-fracture at the earliest, 48 h is a rather early time point to analyze the
differentiation potential. Longer incubation times are necessary to make more definitive
statements about osteogenesis and the osteogenic potential in fracture repair. In the
above-mentioned studies, higher concentrations of both MBE and GE were necessary
to stimulate osteogenic differentiation, which raises the question of the in vivo
bioavailability and physiologically relevant concentrations of the extracts (see section
4.3.5). Both herbal extracts improve bone homeostasis by inhibiting osteoclast
formation and, therefore, reducing bone resorption. Hence, GE has proved to be a
possible treatment strategy for diseases like osteoporosis in animal models (Yang et
al., 2020Db).

4.3.4 Angiogenesis

The effects of GE and MBE extracts on angiogenesis have been studied, although
most of the investigations have not focused on angiogenesis in wound or fracture
healing. MBE and anthocyanins are mostly anti-angiogenic and have mainly been
investigated as a prospective cancer treatment (Keravis et al., 2015; Khoo et al., 2017).

The anthocyanin delphinidin (10 uM) restrained HUVEC tube formation by inhibiting
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phosphorylation of VEGFR2, thereby inhibiting its downstream signaling (Lamy et al.,
2006). In vascular smooth muscle cells, delphinidin reduced PDGF-B-induced VEGF
release by inhibiting PDGF-B-induced ROS formation (Oak et al., 2006). In a
hyperglycemic diabetes mouse model, anthocyanin-rich purple corn extract reduced
CD31, an endothelial proliferation marker, endothelial expression of VEGF and
ANGPT2, and TIE2 phosphorylation, thereby reducing angiogenesis in glomeruli
(Kang et al., 2013). On the other hand, anthocyanins have also been described to be
pro-angiogenic. Anthocyanin from black soybeans increased CD31 and VEGF protein
levels at the wound site and increased wound healing in mice (Xu et al., 2013). MBE
stimulation did not have any effects on angiogenesis in fracture repair of non-smokers
in vitro. On the other hand, MBE stimulation reduced VEGFA gene expression in the
smoker’s in vitro fracture hematomas and increased T/IE2 and ANGPTZ2 gene
expression in the smoker's HUVECs. Because dysregulation of angiogenesis via the
ANGPT-TIE2 axis was suspected in the smoker cultures, MBE could at least partially
correct this imbalance. However, information on the influence of MBE or delphinidin on
the ANGPT-TIE2 system is not available.

GEs and ginsenosides are usually described to be pro-angiogenic. They have been
associated with increased Vegfa gene expression from rat bone marrow MSCs
(rBMSCs) (Zheng et al., 2013), increased HUVEC proliferation and tube formation in
vitro, and vascularization in a zebrafish model (Hong et al., 2009). The effects of GE
on angiogenesis may also depend on the location of administration. For example,
female obese mice treated with GE for 13 weeks had less adipose tissue. The authors
suggested that inhibition of angiogenesis by GE, leading to lower VEGFA protein levels
and vessel density in visceral adipose tissue, was the main reason for their
observations (Lee et al., 2014). In the smoker co-culture, stimulation with GE showed
a trend to reduce angiogenesis based on the VEGF-VEGFR2 axis and promoting the
ANGPT-TIE2 pathway. GE almost completely restored the reduced ANGPT2 gene
expression of the HUVECs in the smoker co-culture, but it had no effect on ANGPT2
expression in the HUVECs from the non-smoker co-culture. GE promoted VEGFA
gene expression in the HUVECs from the non-smoker co-culture, but it reduced the
expression of this gene in the smoker’s in vitro fracture hematomas. In contrast to MBE,
the effects of ginsenosides and GEs on the ANGPT-TIE2 system have been studied
and are in line with the presented results. Zhong et al. showed that stimulation of

HUVECs with 100 uM notoginseng R1 (NR1) promoted tube formation, migration, and
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vessel sprouting; these positive effects were related to increased autocrine ANGPT2
and activation of the TIE2 signaling (Zhong et al., 2020). Extracts from different ginseng
roots and ginsenosides including Panax quinquefolium saponin (PQS, from American
ginseng), saponin ophiogonin D, and Rg1 have also been associated with type H
vessel formation, and with the coupling of angiogenesis and osteogenesis in bone.
Studies have demonstrated that the extracts increase endothelial tube formation as
well as the levels of type H vessels characteristic CD31 and Emcn positive endothelial
cells in vitro. These observations support findings from in vivo rodent models (hindlimb
model, trabecular ablation, and diabetes model) showing increased formation of type
H vessels and increased bone formation after treatment (Chen et al., 2022; Liang et
al., 2021; Yang et al., 2020a). In the present in vitro model, neither GE nor with MBE
could restore CD31 gene expression in the HUVECs from the smoker co-culture, and
both reduced CD31 gene expression in the non-smoking conditions, which is not
explainable for GE based on the available literature. Meanwhile, in line with the
presented results, anthocyanins have been reported to repress CD31 surface
expression in platelets as well as in tumor environments (Pal et al., 2013; Thompson
et al., 2017).

4.3.5 Dosage, bioavailability, and composition

In conclusion, MBE and GE did not strongly support early fracture repair of smokers in
the in vitro model. Also, comparative literature especially concerning MBE is rare.
Compared with other in vitro studies, the MBE and GE doses used for the co-culture
were rather low, which could explain their limited impact. The in vitro dosages were
chosen based on previous in vitro experiments including the mentioned bone co-
culture system, were similar doses of herbal extracts were sufficient to counteract
smoke-induced damage (Guo et al., 2022; Zhu et al., 2021).

Comparing in vitro results to in vivo results, especially regarding dosage, is more
complex. GE and MBE are poorly resorbed; the oral bioavailability is < 10% for
ginsenosides and only around 1% for anthocyanins (Fernandes et al., 2014; Won et
al., 2019). Ginsenosides are further metabolized mainly in the gastrointestinal tract but
also in the liver by deglycosylation and oxidation (Tawab et al., 2003). Most common
metabolites in the circulation vary depending on the administration method as well as
the type of ginsenoside supplementation. Furthermore, the deglycosylation cascade
initially leads to the formation of other ginsenosides (Li et al., 2022a). In rodents,

ginsenosides usually reach their maximal plasma concentrations after < 2 h and are



Discussion -114 -

eliminated with a half-life of < 24 h (Qi et al., 2011). In humans, the Rb1 plasma
concentration reached its peak after 10 h with a peak concentration of approximately
4 ng/mL after oral administration of 9 g GE containing 45.81 mg Rb1. The main
metabolite, compound K, reached a maximal concentration of approximately 8.5 ng/mL
after 10—15 h (Kim, 2013). Anthocyanins can be resorbed in their original form but, of
course, are bio-transformed during gastrointestinal digestion mostly to chemical
compounds like anthocyanin glucuronides, phenolic acids, and aldehydes. MBE
bioavailability studies have shown that plasma concentrations of anthocyanins
generally range from 1 to 1000 nM, are reached within 1—-4 h of intake, and are
eliminated after approximately 8 h (Prior et al., 2006; Schon et al., 2018). Our dosage
of 1 pyg/mL extract with an approximate anthocyanin concentration of approximately
35%, is when calculating only with the molecular mass of delphinidin (3,3',4',5,5',7-
Hexahydroxyflavylium, is 303.24 g/mol) with 1.157 nM on the lower edge of this range.
Surely in further experiments it would also be interesting to assess the effects of higher
herbal extract concentrations. Nevertheless, the tested concentrations are similar to
the levels that would be obtained after oral administration in vivo. Further, the
metabolization of the extracts cannot be represented in the current model.

In general, comparison of different studies using extracts from the same plants is very
difficult because there is no defined formulation. Components in herbal extracts vary
depending on several factors including the preparation method, storage conditions,
and the plants themselves. Tan et al. compared the effects of total saponins and an
ethanolic extract of Panax notoginseng. Both extracts could reduce obesity in mice,
but the ethanolic extract showed better potential to regulate lipid metabolism (Tan et
al., 2022). Further, different species of ginseng contain different phytochemical
concentrations. For example, the saponin content of P. notoginseng is about three
times that of P. ginseng. Although extracts from both roots have been used for many
years in traditional medicines, it is not clear whether the differences attributed to the
two plants are due to generally higher saponin contents or to specific phytochemicals
(Liu et al., 2020a). Studies focusing on only one specific ginsenoside or anthocyanin

would be more specific and easier to conduct and compare.

Herb—drug interactions must also be considered regarding prospective treatment
options. No significant herb-drug interaction has been established for GE or MBE

(Ramanathan et al., 2017). Additionally, for fracture management, the effects of



Discussion -115 -

extracts given prior to surgery could be analyzed, as that potentially could reduce

systemic inflammation in smokers and promote the healing outcome.

4.3.6 Summary

In summary, MBE and GE did not strongly support early fracture repair events of
smokers in the in vitro system used in this study. GE did show a tendency to support
angiogenesis via the ANGPT-TIEZ2 axis, which was dysregulated during early fracture
repair of smokers in vitro. Even though GE and MBE did not produce prominent
benefits for the smoking and non-smoking conditions, the extracts had no negative
effects (e.g., there was not total suppression of the initial inflammatory reactions).
Compared with the current literature, herbal extracts may support later steps of fracture
repair also in bone remodeling of smokers by reducing smoke-induced osteoclast
formation or by inducing angiogenesis (Guo et al., 2022). Nevertheless, given their lack
of harmful effects on early fracture repair of smokers and non-smokers, GE and MBE
may represent a relatively mild treatment that could support fracture repair.

4.4 Modeling early fracture repair in vitro

In general, fracture repair has mostly been studied in rodents and sometimes in larger
animals like sheep. Similarly to our model, other in vitro fracture hematoma models
have been published, including an equine and a human fracture hematoma model
(Pfeiffenberger et al., 2019; Pfeiffenberger et al., 2020). However, this study is the first
time an early fracture model has been combined with analysis of early angiogenic

events by an endothelial-mimicking component as well as smoking conditions.

4.4.1 A co-culture model of in vitro fracture hematomas and endothelial cells

4.4.1.1 Culture medium

The basis for the growth and well-being of cells is, as for every living organism, their
environmental conditions, as well as their nutrient supply. In cell culture, most of those
factors are controlled by culture medium, which can also have a marked influence on

experimental results.

During the establishment experiments, an osteogenic differentiation medium abolished
all angiogenic properties of the in vitro fracture hematomas (Supplementary
information IlI). As the angiogenic potential was the focus of the subsequent
experiments, an osteogenic medium was not perused. To induce osteogenic
differentiation, the culture medium is usually supplemented with dexamethasone, L-
ascorbic acid, and B-glycerophosphate. The former two have been shown to induce
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RUNX?2 transcription, and B-glycerophosphate serves as a phosphate source and can
also increase the expression of osteogenic genes (Langenbach et al., 2013). In the
medium used for the in vitro fracture hematomas, dexamethasone was replaced with
cholecalciferol (vitamin D3) because the glucocorticoid medication suppresses
inflammatory reactions necessary during early fracture repair and is itself known as a
risk factor for impairing fracture repair (Hernandez et al., 2012). Vitamin D3 supports
the osteogenic differentiation of MSCs via the upregulation of several osteogenesis-
related genes including RUNXZ2 and Col | (Lou et al., 2017; Posa et al., 2018). In mice,
vitamin D3 (1,25-dihydroxyvitamin D3) supplementation during early fracture repair
had a negative impact on the healing process: It suppressed M1 macrophages and
supported M2 macrophage differentiation, accompanied by a reduction in the callus
size of around 40% and a delay in healing. Importantly, these effects were not seen
when 1,25(0OH)2D3 was administered after the inflammatory phase (Wasnik et al.,
2018). Therefore, even though broadly used in in vitro bone research osteogenic

differentiation medium was not suitable to analyze early fracture repair in vitro.

During the establishment of appropriate culture medium conditions for the in vitro
fracture hematoma and HUVEC co-culture, HUVECs were dependent on their original
culture conditions and medium. Hence, a mix of 756% EGM2-MV and 25% of in vitro
fracture hematoma medium MEM-a was used. While not altering HUVEC function, the
co-culture medium had a striking impact on the gene expression of the in vitro fracture
hematomas: It increased MMP9, CCL2, RUNX2, and SOX9, the main factors analyzed
during the study (Supplementary information IX). Endothelial culture media are
supplemented with growth factors such as VEGFA, FGF-2, IGF-R3, and EGF. Some
of the growth factors have been associated with an increased angiogenic potential and
osteogenic differentiation of MSCs as well as macrophage recruitment, which could
explain the increase in gene expression (Crane et al., 2013; Hu et al., 2016; Murakami
et al., 2017; Tamama et al., 2010). Medium-induced gene expression of the analyzed
factors, including RUNX2 or SOX9, is also a potential reason for the differences in
early fracture repair between smokers and non-smokers were not that prominent in the

co-culture.

In summary, the choice of cell culture medium, especially for complex cell culture
systems comprising several cell types, is not trivial: It can have a major impact on cell

function and therefore experimental results. The medium conditions have to be
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selected carefully, and the effects of changing the conditions should always be

considered and analyzed.

4.4.1.2 In vitro mimicking of endothelium

When establishing the co-culture, first the endothelium-mimicking component including
an appropriate cell type (or types) and a growth matrix had to be defined. HUVECs
were used to mimic ECs because they are the most widely studied and utilized EC line
in in vitro cell cultures. HUVECs are mature ECs that express multiple endothelial
markers and signaling molecules important for vascular homeostasis and can adapt to
various physiological or pathological stimuli. The cells are easily isolated or
commercially available, and the results obtained from their use are highly comparable
due to their broad use (Kocherova et al., 2019). Other possible EC types include EPCs
and blood outgrowth endothelial cells (BOECs), which can be both isolated from
peripheral blood. EPCs lack phenotypic specificity and can be differentiated in vitro.
Nevertheless, populations can be rather heterogeneous and there is no consensus on
their exact phenotypic and functional definition, which makes their use rather
challenging (Sandhu et al., 2018). On the contrary, BOECs are described as EPCs that
have been differentiated into a mature endothelial phenotype (Martin-Ramirez et al.,
2012). BOECs exhibit classical endothelial characteristics like a cobblestone
morphology; express the surface markers VE-cadherin, CD31, and VEGFR2; can
migrate and form tubes; and adapt to fluid shear stress in a vessel chip similarly to
HUVECs (Mathur et al., 2021b). BOECs have been used to study the interplay between
osteoprogenitors and the vasculature and have also been discussed for the pre-
vascularization of tissue engineering scaffolds (Fuchs et al., 2007; Li et al., 2014; Ma
et al., 2020). Their major advantage is that they can be isolated from different donors
and therefore may also feature disease-related characteristics of the vascular system
(Mathur et al., 2021a). Nevertheless, the BOEC isolation process is rather long, their
isolation efficiency is very donor-specific, and the number of circulating BOECs is
particularly low in smokers (Martin-Ramirez et al., 2012; Puls et al., 2011). In addition,
there is still a need for a more detailed characterization of these cells, especially when
considering disease models. During this thesis, BOECs were isolated, but the
populations were heterogenous and could not be completely characterized. Hence,

well-studied HUVECs were chosen to establish the co-culture system.

Basement matrixes are required to mimic angiogenesis in vitro. Therefore, HUVECs

were seeded in a Col | sandwich culture to provide them with a 3D environment that
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should also allow their polarization. The polarization of ECs is dependent on flow and
shear stress. In a chip system, HUVECs were shown to develop a different orientation
after 3 h of shear stress (Kwon et al., 2016; Sonmez et al., 2020). Polarization and
directed migration of HUVECs in response to VEGF are directed by filopodia formed
at sites of high VEGF concentrations (Shamloo et al., 2008). Time restriction as well
as missing shear stress may be potential reasons why HUVECs in the co-culture

system showed no polarization.

In an advanced setup, the formation of a 3D tubular endothelial network could provide
more insights into the impact of the fracture hematoma on the vasculature. Formation
of vascular networks from HUVECs usually in combination with supporting pericytes
or fibroblasts in fibrin or collagen gels has been described several times (Andree et al.,
2019; Campisi et al., 2018; Narayan et al., 2018). In the pre-experiments, attempts
were made to form microvascular fragments. However, these experiments failed to
form genuine vascular structures with HUVECs on their own, underscoring the
necessity of a supportive cell type. Most similar to the used approach is the recently
published generation of a 3D vascular-like network in a Col | sandwich culture.
HUVECs, spatially separated from supporting fibroblasts with a trans-well system,
were cultured in a Col | sandwich culture. The HUVECs developed a proper vascular
network and the spatial separation additionally prevented an overgrowth of fibroblast
(Yavvari et al., 2022). Another source of endothelial networks could be microvascular
fragments, which can be isolated from adipose tissue. The fragments contain natural
vascular segments of venous, arteriolar, and capillary sources. After embedding in
collagen gels they can rapidly form microvascular networks, which can be used to
analyze vessel formation. The use of microvascular fragments would also allow their
isolation from smoking donors (Frueh et al., 2017; Laschke et al., 2021). For an
advanced 3D in vitro model of early fracture healing, pre-made endothelial networks
could be injured by cutting out a piece of the network, which would enable the

visualization of the growth of new blood vessels.

4.4.2 Modeling of smoker’s early fracture repair in vitro

Smoking has often been modeled in vitro by stimulating cells with CSE, produced by
guiding cigarette smoke through a culture medium, allowing it to absorb chemicals in
the smoke (Aspera-Werz et al., 2019; Gellner et al., 2016). In addition, researchers
have focused on the main addictive component of smoke, nicotine, and its main

metabolite, cotinine. However, there are thousands of compounds in smoke, and thus
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the complexity of smoke is greatly understated. Although CSE is still widely used, it
also bears several limitations. Most tissues, except for the oral cavity, the lungs, and
the outer skin, do not come into direct contact with smoke, but rather with the
components absorbed by biological fluids such as blood. In addition, the components
of the smoke are metabolized rapidly. Around 80% of nicotine is metabolized to
cotinine within a few hours post-consumption (Murphy, 2021). As extracts are filtered
to achieve sterility in cell culture, particles in the smoke larger than 20 upm are usually
removed. However, this is not as decisive when it comes to the effects on the bone
system, as studies evaluating the absorption of inhaled therapeutics have shown that
particles that reach the alveolar region are usually between 1 and 5 ym in size and are

also phagocytosed by alveolar macrophages (Murgia et al., 2014).

A combined approach was chosen to establish the smoker's in vitro fracture
hematomas. Given that MSCs are impaired in smokers, SCP-1 cells were pre-
stimulated with CSE and combined with blood from healthy male smokers. Further,
fracture healing of smokers was modeled for moderate smokers only, but it is important
to note that health risks increase as the smoking status increases. For example, a
previous study at the Siegfried-Weller-Institute revealed significantly higher
complication rates for heavy smokers (= 20 pack-years) compared with moderate
smokers (< 20 pack-years) (Ehnert et al., 2019). In addition, white blood cell counts as
well as the blood IL-6 and CRP levels increase as the smoking habit increases — from
non-smokers to moderate smokers (< 10 cigarettes daily) to heavy smokers (> 25
cigarettes daily) — and the reduced glutathione content in peripheral blood
mononuclear cells (PBMCs) and the plasma decrease as the smoking status
decreases (Garbin et al., 2009). Surprisingly, the same study reported that the NRF2
response is not dependent on the smoking habit. NRF2 and HO-1 protein levels were
highly induced in moderate smokers compared with non-smokers, but markedly
reduced in heavy smokers. The results suggest that the PBMCs of heavy smokers are
unable to respond to intracellular oxidative stress, facilitating a pathological situation
in which there is an imbalance between the oxidative and antioxidant systems (Garbin
et al., 2009). Even though only moderate smokers were analyzed in the study, smoking
had a great negative impact on early fracture repair in vitro, and the prognosis for heavy

smokers is most likely even worse given current literature.

Although ECs from smokers are impaired, the endothelial component of the co-culture

model was not adapted to smoking conditions (Barua et al., 2002; Michaud et al.,
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2006). HUVECs were not pre-stimulated as they have been shown to have a very
strong reaction to CSE per se, and a setup comparable to the in vitro fracture
hematoma monoculture should be generated. At the Siegfried-Weller Institute, a CSE
concentration as low as 3% could significantly disrupt the tube formation of HUVECs
(Lu et al., 2022). Yang et. al reported that 2.5% CSE completely abolished the tube
formation ability of HUVECs, and cells treated with 5%—-20% CSE showed a
concentration-dependent increase in the apoptotic rate (Yang et al., 2004). Pre-
stimulation of HUVECs has been shown to promote inflammation by increasing the
expression of the adhesion molecules E-selectin, vascular cell adhesion molecule 1
(VCAM-1), and intracellular adhesion molecule 1 (ICAM-1) (Chen et al., 2009; Poussin
et al., 2014). In an advanced co-culture model, HUVECs could be replaced by the
previously mentioned BOECs or microvascular networks isolated from smokers.
Nevertheless, isolation of BOECs is rather challenging, and circulating BOECs have
been shown to be low in numbers, especially in smokers (Puls et al., 2011).
Additionally, before use a detailed characterization and phenotypic analysis of the cells

from smokers and non-smokers would be necessary.

4.4.3 Comparability of the two culture systems

Regarding smoking and angiogenesis, the effects seen in the co-culture were generally
less pronounced than in the respective monocultures. The differences could be due to
the different culture methods, including the previously discussed culture medium
composition, the medium volume, and the hypoxic environment used for HUVECs in
co-culture. Hypoxia affects HUVECs in vitro. Indeed, the pre-experiments
(Supplementary information VIII) confirmed that HUVECs subjected to hypoxia
showed reduced proliferation as well as increased gene and protein expression of pro-
angiogenic factors like VEGF and ANGPT2 (Namiki et al., 1995; Pichiule et al., 2004).
Hypoxia also reduces the ability of HUVECs to form tubes and to migrate because
ROS disrupts microtubular structures and increases their permeability (Cao et al.,
2019; Mendes et al., 2018). When cultured alone, HUVECs were stimulated under
aerobic conditions with the in vitro fracture hematoma culture supernatant. This
approach may replicate the effects on intact vasculature surrounding the site of the
fracture, whereas in the co-culture direct effects of disrupted vasculature in the hypoxic
environment can be studied. Although not truly comparable and with different
consequences, there was impairment of angiogenesis by smoking in both culture

systems.
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In general, 3D cultures are easier to translate to in vivo studies because they enable
studying the synergistic reactions and interdependence between different cells in
tissues. For example, a 3D environment is necessary to model diabetic conditions in
vitro (Haussling et al., 2021). Tumor spheroids have altered sensitivity and resistance
to cytotoxic agents compared with 2D cultures. Increased resistance could be
explained by increased secretion of growth factors, production of ECM proteins, and
the expression of resistance markers, but it could also be associated with insufficient
distribution of a drug to the hypoxic cells in the spheroid core (Hickman et al., 2014;
Ravi et al., 2015). Concerning tumor development, decreased sensitivity to external
stimulation, especially concerning treatments, is undesirable. However, during early
fracture repair in smokers, the reduced sensitivity in the co-culture system is a small
relief for the smokers, as the interplay between the different cell types seems to be
able to compensate for at least some very negative impacts seen in the in vitro fracture

hematomas alone.

4.5 Limitations and outlook
The following section summarizes the main limitations of the experiments; note that

some of them have already been discussed in the previous sections.

The most striking limitation of the in vitro fracture hematoma system is probably the
relatively short lifespan, which limited the overall observation time to 48 h. This is quite
suitable for detecting inflammatory responses as well as the initial angiogenic and
osteogenic potential, but most osteogenic differentiation as well as angiogenesis
happens after the initial inflammation, which starts to decrease 24—48 h after a fracture
(Einhorn et al., 2015). A culture period of up to 1 week would be preferable to observe
early fracture repair, but this was not possible with the presented system because the

in vitro fracture hematomas dissolved.

Furthermore, early fracture repair is largely dependent on the coordinated recruitment
of various cell types to the fracture site (Hoff et al., 2016; Schmidt-Bleek et al., 2009).
Even though from the beginning the in vitro fracture hematomas contain a variety of
cells, the model does not allow the recruitment of additional inflammatory/immune cells
as well as MSCs. Considering their immunomodulatory effects, early inflammatory
responses could be influenced by the initial high levels of MSCs (Ehnert et al., 2021).
Lower initial MSC concentrations and additional cell recruitment would describe the
fracture situation more precisely. Modeling orchestrated recruitment of different cell
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types to the site of fracture is still an ambitious project for the future. Interaction with
other cell types such as macrophages could be introduced in the system by a transwell
migration assay, which allows the migration of macrophages from the insert to the
lower compartment. Ideally, this approach would also allow the evaluation of
macrophage polarization as a key feature in the decline of inflammation (Fernandez et
al., 2019; Nagao et al., 2007).

The vasculature in the presented 3D in vitro model was modeled by a HUVEC
monolayer in a Col | sandwich culture. Within an advanced co-culture system,
microvascular networks or fragments could be used instead (Laschke et al., 2021;
Yavvari et al., 2022). The vascular component could also be injured by stamping out
or by other means. The removed gel part could be refilled and the formation of new
vessels in the newly formed gel could be observed. For the development of
vasculature, the introduction of perfusion into the system might be preferable to allow

EC polarization and vascular network formation.

In terms of modeling fracture repair of smokers in vitro, stimulation with CSE currently
represents the best available approach, but does not fully resemble the in vivo situation
(see section 4.4.2). A very clean alternative way would be to use only primary material:
blood as well as MSCs and ECs from smokers and non-smokers. However, this
approach could markedly increase experimental variability and reduce reproducibility
due to donor variance. Moreover, it would be quite challenging to realize from a variety

of perspectives—for example, in terms of ethics and donor recruitment.

Given that protein isolation from in vitro fracture hematomas and HUVECs from Col |
gels required a large amount of sample, the study was mainly based on gene
expression data. However, an increase in gene expression does not always lead to an
increase in protein levels. In addition, especially activation of certain signaling
pathways can only be evaluated precisely at the protein level. For example, analysis
of angiogenic downstream signaling due to activation of TIE2 or VEGFR2 by receptor
phosphorylation could provide more robust evidence of the pathways that are
differentially regulated in smokers or upon herbal extract stimulation. Zhong et al.
showed that ginsenoside NR1 stimulation did not alter T/IE2 gene expression but did
increase TIE2 phosphorylation, thereby activating the downstream signaling (Zhong et
al., 2020).
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Even though herbal extracts can also be resorbed without metabolization, drug
administration in cell culture should always consider their metabolism. Therefore, the
effect of the main metabolites present at the site of action can be tested. Alternatively,
chip systems with upstream metabolizing cultures that represent the gastrointestinal
tract could be introduced in the culture. However, this addition would increase the
complexity of the culture process and thus introduce additional challenges. Further,
pure and defined components, component mixes, or a defined formula of herbal

extracts would increase comparability and the power of the research.

Since the established model reproduces well the in vivo results, it could be used in the
future to study impaired fracture healing in smokers at a more detailed molecular level.
A possible start could be the Notch signaling pathway. Notch signaling is critical for
early fracture healing as it induces proliferation of osteoprogenitors and ECs (Lee et
al., 2021) and is essential for the coupling of angiogenesis and osteogenesis in the
growth of long bones (Kusumbe et al., 2014; Ramasamy et al., 2014). However,
sustained Notch activation has been associated with inflammation and NF-kB
activation, making this pathway of interest also with respect to smoking (Zhang et al.,
2014).
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5 Abstract

Delayed fracture healing is a burden for patients as well as the health care system.
Moreover, 5-10% of all fractures show a delay in healing or even result in non-unions.
One of the major risk factors for developing a delay is smoking cigarettes. Fracture
healing begins with the formation of a fracture hematoma in the fracture gap, which
lays the foundation for appropriate healing. After an initial inflammatory phase, the
bone can be rebuilt by invading osteoprogenitors as well as adjacent cells. During
fracture repair osteogenesis and angiogenesis are tightly coupled, and a delay in
healing is not only associated with impaired osteogenesis but also angiogenesis. This
work aimed to develop an in vitro model enabling the analysis of early fracture repair
of smokers and non-smokers, with a special focus on the interplay between the fracture

hematoma and the vascular system.

As a first step, the in vitro fracture hematomas were exposed to hypoxia with an
enzymatic system as well as the hypoxia incubator chamber; the latter proved to be
more compatible with the chosen disease model. As suspected, the in vitro fracture
hematomas showed an early inflammatory reaction, followed by an increase in their
osteogenic and angiogenic potential. The in vitro fracture hematomas were analyzed
regarding early fracture repair in smokers. Compared with non-smokers, the smoker’s
in vitro fracture hematomas showed a more robust inflammatory status as well as a
decreased osteogenic differentiation potential. Further, they showed a general
downregulation in gene expression of angiogenic factors, and their supernatant
reduced human umbilical cord vein endothelial cell (HUVEC) tube formation and
proliferation. Interestingly, the gene expression and secretion of the main angiogenic
growth factor vascular endothelial growth factor (VEGF) was not altered in the
smoker’s early fracture repair in vitro, but there was dysregulation of the angiopoietin
(ANGPT)-type | tyrosine kinase receptors 2 (TIE2) axis. This dysregulation could
impair early angiogenic events. In conclusion, the smoker’s in vitro fracture hematomas

showed initial signs of developing a delay in healing.

In the next step, a co-culture model comprising in vitro fracture hematomas as well as
an angiogenic component was established successfully. The results from the smoker’s
and non-smoker’s in vitro fracture hematoma monocultures were confirmed in the co-
cultures, but the effects were not that prominent. Additionally, HUVECs in the smoker
co-culture showed increased stress levels accompanied by a decrease in inflammatory

cytokine and ANGPTZ2 gene expression. As a possible treatment for impaired healing
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in smokers, herbal extracts of ginseng roots and maqui berries were tested. Both
extracts had only minimal effects on early fracture repair of smokers in vitro. However,

the ginseng extract showed a trend to restore the impaired ANGPT-TIE2 signaling.

A 3D in vitro model of early fracture repair in smokers and non-smokers including the
fracture hematoma as well as the vasculature could be successfully established. Being
aware of its limitations, the 3D culture proved suitable for in vitro screening purposes,
as the effects of ginseng and maqui berry extracts could be evaluated. Nevertheless,
there is room for further improvements to increase the validity of the system or even to

allow transfer to other disease models such as diabetes mellitus.

Taken together, in vitro systems mimicking early fracture repair are not yet able to fully
replace animal models, as they still lack the full in vivo complexity, making it difficult to
analyze complex tissues or organs as well as cell-organ interactions. Nevertheless,
they are still very important tools with great development potential and should be used
more often as pre-screening devices to reduce unnecessary animal experiments in the

future.
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6 Zusammenfassung

Eine verzogerte Frakturheilung ist sowohl fur die betroffenen Patienten als auch fur
das Gesundheitssystem eine Belastung. Trotzdem heilen immer noch 5-10 % aller
Frakturen verzdgert oder resultieren sogar in einer Non-union. Einer der
Hauptrisikofaktoren fir eine verzdgerte Frakturheilung ist das Rauchen von Zigaretten.
Die Frakturheilung beginnt mit der Bildung eines Frakturhamatoms im Frakturspalt,
welches den Grundstein fur eine erfolgreiche Frakturheilung legt. Nach der initialen
Entzindungsphase kann der Knochen durch infiltrierende und benachbarte
Osteoprogenitorzellen wiederaufgebaut werden. Bei der Heilung sind Osteogenese
und Angiogenese eng miteinander verbunden. Eine verzogerte Frakturheilung ist
daher meist nicht nur mit einer gestorten Knochenbildung, sondern auch mit einer

gestorten Angiogenese verbunden.

Das Ziel dieser Arbeit war die Entwicklung eines In-vitro-Modells zur Analyse der
frihen Frakturheilung bei Rauchern und Nichtrauchern. Besonderes Augenmerk sollte
auf die Interaktion zwischen dem Frakturhamatom und dem Gefaldsystem gelegt

werden.

In einem ersten Schritt wurden die In-vitro-Frakturhamatome einer Hypoxie
ausgesetzt, wobei sowohl ein enzymatisches System als auch die Hypoxie-
Inkubationskammer verwendet wurden. Jedoch erwies sich die letztere als besser mit
dem gewahlten Krankheitsmodell vereinbar. Wie erwartet, zeigten die In-vitro-
Frakturhamatome eine frihe Entzindungsphase, gefolgt von einer Zunahme des
osteogenen und angiogenen Potenzials. Die In-vitro-Frakturhdmatome wurden dann
im Hinblick auf die frihe Frakturheilung bei Rauchern analysiert. In-vitro-
Frakturhamatome von Rauchern wiesen sowohl einen hdheren inflammatorischen
Status als auch ein verringertes osteogenes Potential auf. Darlber hinaus zeigten sie
eine allgemeine Herabregulierung der Genexpression angiogener Faktoren, und ihre
Ubersténde verringerten die Tube-Bildung und Proliferation von Endothelzellen
(HUVECs [human umbilical cord vein cells]). Interessanterweise war die Sekretion und
Genexpression des wichtigsten angiogenen Wachstumsfaktors Vaskularer
endothelialer Wachstumsfaktor (VEGF) bei Rauchern nicht verandert, aber es konnte
eine Dysregulation der Angiopoietin (ANGPT)- Typ | Tyrosinekinase Rezeptor 2
(TIE2)-Achse beobachtet werden. Zusammenfassend lasst sich sagen, dass die frihe
Frakturheilung in Rauchern in vitro Anzeichen flr eine Verzégerung der Heilung

zeigten.
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Im Weiteren konnten ein Co-Kulturmodell aus In-vitro-Frakturhamatomen und einer
endothelialen Komponente erfolgreich etabliert werden. Im Co-Kulturmodell,
bestehend aus In-vitro-Frakturhamatomen und HUVECs konnten die vorherigen
Ergebnisse der jeweiligen Mono-Kulturen bestatigt werden, Allerdings waren die
beobachteten Auswirkungen nicht so ausgepragt. HUVECs in Co-Kultur mit /n-vitro-
Frakturhamatomen von Rauchern wiesen ein erhdhtes Stressniveau auf, das mit
einem Ruckgang der Genexpression von inflammatorischen Zytokinen und ANGPT2
einher ging. Als eine mdglich Behandlungsoption fur ein beeintrachtige Heilung in
Rauchern wurden Krauterextrakte aus Ginsengwurzeln und Maquibeeren getestet.
Beide Extrakte hatten nur minimale Auswirkungen auf die frihe Frakturheilung von
Rauchern in vitro. Das Ginsengextrakt zeigte jedoch eine Tendenz, den ANGPT-TIE2

-Signalweg zu verstarken.

Ein 3D-In-vitro-Modell zur Analyse der fruhen Frakturheilung bei Rauchern und
Nichtrauchern einschlieBlich des Frakturhamatoms und des Gefaldsystems wurde
erfolgreich etabliert. Im Bewusstein ihrere Grenzen erwies sich die 3D-Kultur als
geeignet flr In-vitro-Screening-Zwecke, da die Wirkungen von Ginseng- und Maqui-
Beeren-Extrakten erfolgreich untersucht werden konnten. Dennoch gibt es noch Raum
fur weitere Verbesserungen, um die Validitat des Systems zu erh6hen oder sogar eine
Ubertragung auf andere Krankheitsmodelle wie Diabetes mellitus zu ermdglichen.

In-vitro-Systeme, die die frUhe Frakturreparatur nachahmen, werden zumindest in
naher Zukunft nicht in der Lage sein, Tiermodelle vollstandig zu ersetzen. Es mangelt
ihnen noch an Komplexitat, was insbesondere die Analyse komplexer Gewebe oder
Organe sowie von Zell- und Organinteraktionen erschwert. Dennoch sind sie sehr
wichtige Instrumente mit groRem Entwicklungspotenzial und sollten um unnétige

Tierversuche zu vermeiden in Zukunft haufiger fir Screenings eingesetzt werden.
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10 Supplementary information

Supplementary information I: Representative standard curves to determine cellular
ratios. Standard curves for human UGT1A6 and human SRY real-time PCR. Standard curves
were prepared with DNA from the THP-1 cell line (derived from a human male). The
experiments were performed with N = 3 and n = 3. These specific standard curves were used
to determine cellular ratios in the experiments with the enzymatic system (Figure 11).
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Supplementary information Il: Effect of osteogenic differentiation medium on the in vitro
fracture hematomas. /n vitro fracture hematomas were cultured in the hypoxia incubator
chamber (H) and with osteogenic differentiation medium (OM+H). A: Mitochondrial activity
determined after incubation for 4, 24, 48, 72, and 96 h (N = 3 and n = 3). B: ALP activity
normalized to resazurin conversion after incubation for 48, 72, and 96 h (N =3 and n = 3). C:
Secretion of cytokines TNF-a, CCL2, and IL-6 shown as the AUC (N = 3 and n = 4). D: TNFa
and CCL2 (after 4, 48, and 96 h), and ALP, RUNX2, SOX9, VEGFA, MMP9, and PDGFBB
(after 48 and 96 h) mRNA expression. The Mann-Whitney test was used for statistical
comparison at each time point. Levels of significance were defined as * p < 0.05, ** p < 0.01,

*** p <0.001, and **** p < 0.0001.

A B
= A
1%10%+ = 157 A H
s, e ¥V OM+H
S 8x1034 TF
o = ‘,,-i * © O ]
5 o ex10i R g™ X
= 3 E ¥, o< /
22 . R T A £%
sk 4x103 . kk Eo 5- EETT T
C — ~. =) o
2 2x10{ A H ¥ % PTI.
N OM+H ®
0 T ] T T T Ej 0_
4h 24h 48h 72h 96h < 48h 72h 96h
C
£ . 8004 . 2.5%103
© © £
5" ¥ §_ 2x10°-
S S % 6001 S %
s 8 < g < B 1.5x10°1
= 8 2 8 400 S 8
o=} 53 S 5 1x103
L s S5
3 = o — 200+ % = 2
o 3 © 5%102+
£ & =
o——T 0O —TF—7
RN RN
& o
D O H 0 H o H O H
< 47 1.5+ c 157 2.0
S 41 OM+H s 4] OM+H 2 4 OM+H § 41 OM+H
2~ > @ 2
2 334 g3 53 0 3 1.59
£5 &L 1.0 sw 109 T -
Y . oo | Ot < o < %= i
<2(02- 5, %:o on éo > o 1.04 ke
3 ' o kel [re]
TS | b 2205 E2 05- ES | g
EE&1— o i a & >2<2<, X 0.5
2 o I 2 3
01— . r 0.0l4— 0.0l4— 0.0-!
4h 48h 96h 48h 96h 48h 96h 48h 96h
o H o H o H m
. 207 o 257 . 20 s 8
5 4 OM+H S o owH 5 4 OMH g 4 OM+H
[T (7, . . = o -
§ 5157 225 3isl. & 8EY
5k Shs{ I 5h |p 5t |T
< 5 1.0 o .- 5 0.~ <5 1.0 o= Zzs541 -
$510 g 25 0] W BT roeeem EED4
% § ..... [ S 1.0 c o [| ..... -.] s S
N % 0.5 | Q X 0.5 @x24 0.0«
8 g " S 9 -
>
0.0- 0.0- 0.0- N !

-1 T L L
4h 48h 96h 48h 96h 48h 96h 48h 96h



Supplementary information -162 -

Supplementary information Ill: CSE toxicity in the in vitro fracture hematomas. /n vitro
fracture hematomas were cultured in aerobic conditions with 0%, 0.1%, 1%, 5%, 10%, or
20% CSE for up to 96 h. Mitochondrial activity was determined at 4, 24, 48, 72, and 96 h (N
=3 and n=3).
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Supplementary information IV: Viability and ALP activity of the smoker’s in vitro fracture
hematomas in all conditions. N1: non-smoker’s blood with unstimulated SCP-1 cells; N2:
non-smoker’s blood with SCP-1 cells pre-stimulated with CSE; S1: smoker’s blood with
unstimulated SCP-1 cells, S2: smoker’s blood with SCP-1 cells pre-stimulated with CSE. A:
Mitochondrial activity, the ATP content, LDH release, and ALP activity. All measures are
presented as the AUC and normalized to N1 for simplification. B: The SCP-1 cell to blood cell
ratio. C: The in vitro fracture hematoma diameter after incubation 4 and 48 h. For A-C, N =5
and n = 3. The data are presented as the mean only. The Kruskal-Wallis test followed by
Dunn’s multiple comparison test was used for statistical comparison to N1 only. Levels of
significance were defined as * p < 0.05, ** p < 0.01, and *** p < 0.001. If the p-value is between
0.1 and 0.05, then the calculated value is shown. The figure was adapted from (Rinderknecht
et al., 2022).
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Supplementary information V: Cytokine secretion and gene expression analysis of the
smoker’s in vitro fracture hematomas in all conditions. N1: non-smoker’s blood with
unstimulated SCP-1 cells; N2: non-smoker’s blood with SCP-1 cells pre-stimulated with CSE;
S1: smoker’s blood with unstimulated SCP-1 cells, S2: smoker’s blood with SCP-1 cells pre-
stimulated with CSE. A: Secretion of CCL2, TNF-a, and IL-6 after incubation for 48 h (N =5
and n = 3). B: Gene expression analysis (N = 5 and n = 2). The data are shown as the mean
only. The Kruskal-Wallis test followed by Dunn’s multiple comparison test was used for
statistical comparison to N1 only. Levels of significance were defined as * p < 0.05, ** p < 0.01,
*** p <0.001, and **** p < 0.0001. If the p-value is between 0.1 and 0.05, then the calculated
value is shown. The figure was adapted from (Rinderknecht et al., 2022).
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Supplementary information VI: HUVEC proliferation and tube formation assays of the
smoker’s in vitro fracture hematomas in all conditions. N1: non-smoker’s blood with
unstimulated SCP-1 cells; N2: non-smoker’s blood with SCP-1 cells pre-stimulated with CSE;
S1: smoker’s blood with unstimulated SCP-1 cells, S2: smoker’s blood with SCP-1 cells pre-
stimulated with CSE. A: The proliferation assay. For simplification, the data were normalized
to N1 (N =5and n = 3). B: The tube formation assay, with representative micrographs recorded
at 10x magnification. The scale bars indicate 1000 um. Image evaluations. Junctions and mesh
area were normalized to N1 for simplification. Isolated segments are represented as a number
(N =3 and n = 3). The data are shown as the mean only. The Kruskal-Wallis test followed by
Dunn’s multiple comparison test was used for statistical comparison to N1 only. * p < 0.05, **
p <0.01, "™ p <0.001, and **** p < 0.0001. If the p-value is between 0.1 and 0.05, then the
calculated value is shown. The figure was adapted from (Rinderknecht et al., 2022).
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Supplementary information VII: Angiogenesis array of the smoker’s in vitro fracture
hematomas in all conditions. N1: non-smoker’s blood with unstimulated SCP-1 cells; N2:
non-smoker’s blood with SCP-1 cells pre-stimulated with CSE; S1: smoker’s blood with
unstimulated SCP-1 cells, S2: smoker’s blood with SCP-1 cells pre-stimulated with CSE. The
data are shown as an x-fold of the mean (N = 5 [pooled] and n = 4). The figure was adapted
from (Rinderknecht et al., 2022).
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Supplementary information VIII: Effect of hypoxia on HUVECs. HUVECs were cultured in
co-culture medium under aerobic (Ctrl) and hypoxic (H) conditions in the hypoxia incubator
chamber for 48 h. A: Viability of HUVECs measured by mitochondrial activity, the ATP content,
and LDH release (N = 3 and n = 3). B: VEGFA, VEGFR2, ANGPT1, ANGPT2, and CD31
MRNA expression (N = 3 and n = 2). The data are shown as the mean + SD. The Mann-
Whitney test was used for statistical comparison. Levels of significance were defined as * p <
0.05, ** p<0.01, ** p <0.001, and **** p < 0.0001.
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Supplementary information IX: Gene expression analysis of the in vitro fracture
hematomas for co-culture medium establishment. mRNA expression of CCL2 and VEGFA
after incubation for 24 h, and MMP9, RUNX2, and SOX9 after incubation for 48 h with several
EGM2-MV:MEM-a ratios (%) (N = 3 and n = 2). The Kruskal-Wallis test followed by Dunn’s
multiple comparison test was used for statistical comparison to 0:100 only. Levels of
significance were defined as * p < 0.05 and ** p < 0.01. If the p-value is between 0.1 and 0.05,
then the calculated value is shown.
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Supplementary information X: Gene expression analysis of HUVECs for co-culture
medium establishment. mRNA expression of VEGFA, VEGFR2, ANGPT2, and CD31 after
incubation for 48 h in several EGM2-MV:MEM-a (%) ratios (N = 3 and n = 2). The Kruskal-
Wallis test followed by Dunn’s multiple comparison test was used for statistical comparison to
100:0 only.
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Supplementary information Xl: Effect of Col I lid on the viability of HUVECs. HUVECs
were cultured in a Col | sandwich culture with different volumes of the Col | lid in low-oxygen
conditions (~1% O32). The mitochondrial activity of HUVECs was determined after incubation
for 48 h (N =4 and n = 3). The Kruskal-Wallis test followed by Dunn’s multiple comparison test
was used for statistical comparison. Levels of significance were defined as * p < 0.05, ** p <
0.01, *** p < 0.001, and **** p < 0.0001.
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Supplementary information Xll: Toxicity of GE and MBE to HUVECs and the in vitro
fracture hematomas. A: The total protein content of HUVECs determined after incubation for
48 h with several concentrations of GE (left) or MBE (right). B: The diameter of the in vitro
fracture hematomas determined after incubation for 48 h with several concentrations of GE
(left) or MBE (right). For all experiments, N = 4 and n = 3. For simplification, the data were
normalized to the condition without stimulation (w/o). The Kruskal-Wallis test followed Dunn’s
multiple comparison test was used for statistical comparison to the w/o condition.

A
1.5 2.0
el = * * &
© T [ o = 154
gﬁw%%%@ﬁmzﬁ =
3 “>J_g S 4y R % fos R ST I i -wlo
5253 2253
s % 0.5+ g x
S = il ~ 0.5
0~° T T T T T 00 T T T T T
014 1 10 50 100 014 1 10 50 100
B GE (ug/mL) MBE (ug/mL)
£ ¥ =
Q 1.5 @ 1.5+
8 ol
[} jo}
£~ g~ .
82 10—-'é%-%~;.wlo SS 1.0 B~ wio
g3 1 33 W o
35 g5
82 S %
- ey © o
g% 0.57 £% 05
Q ~ [0}
= £
e g
i 00 T T T T T Z 0'0 I 1 1 1 1
= 04 1 10 50 100 = 04 1 10 50 100

GE (pg/mL) MBE (pg/mL)



Supplementary information -170 -

Supplementary information Xlll: Viability of the non-smoker’s in vitro fracture
hematomas in co-culture with HUVECs and stimulated with GE (upper) or MBE (lower).
N: non-smoker’s in vitro fracture hematomas; N + 10/50GE: non-smoker’s in vitro fracture
hematomas stimulated with 10 or 50 pg/mL GE; N + MBE: non-smoker’s in vitro fracture
hematomas stimulated with 1 uyg/mL MBE. A: The AUC of mitochondrial activity measured after
4,24, and 48 h. B: The AUC of the ATP content measured after 4, 24, and 48 h. C: The in vitro
fracture hematoma diameter after incubation for 48 h. D: The SCP-1 cell to blood cell ratio after
incubation for 48 h. For all experiments, N = 5 and n = 3. For GE, the Kruskal-Wallis test
followed by Dunn’s multiple comparison test was used for statistical comparison to the
unstimulated control (N) only. For MBE, the Mann—-Whitney test was used for statistical
comparison. The level of significance was defined as * p < 0.05.
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Supplementary information XIV: The inflammatory status of the non-smoker’s in vitro
fracture hematomas in co-culture with HUVECs and stimulated with GE and MBE. N:
non-smoker’s in vitro fracture hematomas; N + 10/50GE: non-smoker’'s in vitro fracture
hematomas stimulated with 10 or 50 pg/mL GE; N + MBE: non-smoker’s in vitro fracture
hematomas stimulated with 1 uyg/mL MBE. A: /L6 and CCL2 mRNA expression determined
after incubation for 4, 24, and 48 h (N = 5 and n = 2). B: Secretion of IL-6 and CCL2 in cell
culture supernatants after incubation for 48 h (N = 5 and n = 3). Statistical comparison was
performed separately for each time point. For GE, the Kruskal-Wallis test followed by Dunn’s
multiple comparison test was used for statistical comparison to the unstimulated control (N)
only. For MBE, the Mann-Whitney test was used for statistical comparison. Levels of
significance were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Supplementary information XV: The osteogenic and chondrogenic potential of the non-
smoker’s in vitro fracture hematomas in co-culture with HUVECs stimulated with GE
and MBE. With N: non-smoker’s in vitro fracture hematomas; N + 10/50GE: non-smoker’s in
vitro fracture hematomas stimulated with 10 or 50 pyg/mL GE; N + MBE: non-smoker’s in vitro
fracture hematomas stimulated with 1 ug/mL MBE. A: ALP activity (N =5 and n = 3). B: RUNX2
and SOX9 mRNA expression (N = 5 and n = 2). The levels were determined after incubation
for 48 h. For GE, the Kruskal-Wallis test followed by Dunn’s multiple comparison test was used
for statistical comparison to the unstimulated control (N) only. For MBE, the Mann-Whitney test
was used for statistical comparison. If the p-value is between 0.1 and 0.05, then the calculated
value is shown.
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Supplementary information XVI: The angiogenic potential of the non-smoker’s in vitro
fracture hematomas in co-culture with HUVECs stimulated with GE and MBE. N: non-
smoker’s in vitro fracture hematomas; N + 10/50GE: non-smoker’s in vitro fracture hematomas
stimulated with 10 or 50 pyg/mL GE; N + MBE: non-smoker’s in vitro fracture hematomas
stimulated with 1 yg/mL MBE. VEGFA, MMP9, ANGPT1, and TIE2 mRNA expression was
determined after incubation for 24 and 48 h (N = 5 and n = 2). Statistical comparison was
performed separately for each time point. For GE, the Kruskal-Wallis test followed by Dunn’s
multiple comparison test was used for statistical comparison to the unstimulated control (N)
only. For MBE, the Mann—Whitney test was used for statistical comparison. If the p-value is
between 0.1 and 0.05, then the calculated value is shown.
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Supplementary information XVII: HUVEC viability in co-culture with the non-smoker’s in
vitro fracture hematomas and stimulated with GE and MBE. N: non-smoker’s in vitro
fracture hematomas; N + 10/50GE: non-smoker’s in vitro fracture hematomas stimulated with
10 or 50 pyg/mL GE; N + MBE: non-smoker’s in vitro fracture hematomas stimulated with 1
pMg/mL MBE. A: The AUC of mitochondrial activity determined after incubation for 4, 24, and
48 h. B: Analysis of live-staining micrographs of HUVECs with the determination of
particles/image and the area covered after incubation for 48 h. For GE, the Kruskal-Wallis test
followed by Dunn’s multiple comparison test was used for statistical comparison to the
unstimulated control (N) only. For MBE, the Mann-Whitney test was used for statistical
comparison.

A B
3 sx100q | 1%103- 5x102-
3 <
(@) . © -
2 6x10%- s a0 3 e :
> E N s N
g o . 9, 6%x102 2 % 3x1021
B 5 4x10% £ 2 8 =
- B 5 £ 4x102 o & 2x102-
2= T g
B2 ©  2x1074 g 1x107
=] <
[8]
£ o—T—T— O——T—— O
= S & e & S ¥
x \Q )("Q x \Q x‘)Q x \Q X"Q
SR\ SR\ SR
T 8x104q | 1x103- 5102
5 c
2 e 2
2 _ 6x10% = 8x10 3 4x10
- E ~ N
£ § O 6x102- ® < 3x102+ .
2 3 4%104- & T 0
o £ ax02 o & 2x10? %
=3 2 &=
g 210 O 2x102- S 1x102-
g z
% 0 T T 0— 0o——
S &L A 2 A 2
x®0 XQQ x&
AN S AN



Supplementary information -175 -

Supplementary information XVIIl: Gene expression of HUVECs in co-culture with the
non-smoker’s in vitro fracture hematomas and stimulated with GE and MBE. N: non-
smoker’s in vitro fracture hematomas; N + 10/50GE: non-smoker’s in vitro fracture hematomas
stimulated with 10 or 50 pyg/mL GE; N + MBE: non-smoker’s in vitro fracture hematomas
stimulated with 1 yg/mL MBE. CCL2, IL6, VEGFA, VEGFR2, ANGPT2, TIE2, and CD31 mRNA
expression after incubation for 48 h. The dotted lines indicated the mean of the non-smoker’s
in vitro fracture hematoma condition (N). For all experiments, N = 3 (pool of N = 5) and n = 2.
For GE, the Kruskal-Wallis test followed by Dunn’s multiple comparison test was used for
statistical comparison to the unstimulated control (N) only. For MBE, the Mann-Whitney test
was used for statistical comparison. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
If the p-value is between 0.1 and 0.05, then the calculated value is shown.
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