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Zusammenfassung in Deutsch 

Hintergrund: In der EU wird eine von drei Frauen und einer von fünf Männern im Laufe 

ihres Lebens eine osteoporotische Fraktur erleiden. Dies entsprach 4,28 Millionen 

Fragilitätsfrakturen im Jahr 2019. Aufgrund der gestiegenen Lebenserwartung wird 

geschätzt, dass die Anzahl der Fragilitätsfrakturen bis 2034 auf 5,28 Millionen ansteigen 

wird. Die Osteosynthese von osteoporotischem Knochen stellt aufgrund von 

Veränderungen in den mechanischen, immunologischen und regenerativen 

Eigenschaften des Knochens eine besondere Herausforderung dar. Daher haben sich die 

Anforderungen an Implantatmaterialien hinsichtlich besserer Osteointegration, 

Osteokonduktivität und Osteoinduktivität geändert. Biologisch abbaubare Magnesium 

(Mg)-basierte Implantate, wie ZX00, zeigten vielversprechende Ergebnisse in 

Tierversuchen und ersten klinischen Anwendungen. Eine Studie an osteoporotischen 

Ratten zeigte jedoch eine beschleunigte Degradation des ZX00-Implantats. Daher war 

das Ziel dieser Studie, die systemischen osteoimmunmodulatorischen Veränderungen 

während der Osteoporoseentwicklung und die osteogenen Eigenschaften von ZX00 in 

einem Rattenmodell zu untersuchen. Wir analysierten in der ersten Phase der Studie die 

systemische immunmodulatorische Reaktion und die morphologischen Veränderungen 

des Knochens beim Auftreten von Osteoporose und in der zweiten Phase die systemische 

Immunantwort auf ZX00 unter osteoporotischen und gesunden Bedingungen, sowie das 

Degradationsverhalten von ZX00. 

Methoden: Im ersten Teil wurden SD-Ratten ovariektomiert (OVX) und in Gruppen von 

je 5 Tieren zu den Zeitpunkten 4, 8 und 12 Wochen getötet. Das gleiche Verfahren wurde 

bei nicht ovariektomierten Kontrollgruppen angewendet. Blut-, Lymphknoten- und 

Milzproben wurden entnommen und eine quantitative FACS-Analyse der 

Immunzellpopulation durchgeführt. Die Tibiae wurden herausgeschnitten und ex vivo 

hochauflösende µCT-Aufnahmen erstellt. Basierend auf den µCT-Bildern wurden 3D-

Rekonstruktionen der 12-Wochen-Gruppen erstellt und knochenmorphologische Marker 

wie BV/TV, Tb.Th, Tb.N, Tb.Sp und Conn.D analysiert. Im zweiten Teil wurden 40 SD-

Ratten gleichmäßig auf die Gruppen OVX-ZX00, ZX00, OVX-sham und sham aufgeteilt. 

Zwölf Wochen nach der Ovariektomie wurden ZX00-Stifte implantiert und 

Scheinoperationen durchgeführt. Die Tiere wurden zu den Zeitpunkten 3 und 14 Tage 
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getötet. Blut-, Lymphknoten- und Milzproben wurden entnommen und eine quantitative 

FACS-Analyse der Immunzellpopulation durchgeführt. Tibiae wurden entnommen, in 

Technovit 9100 New eingebettet, und 100 µm dünne Schliffpräparate wurden nach Levai 

und Laczko gefärbt. 

Ergebnisse: Wir beobachteten trabekulären Knochenverlust mit entsprechender 

Reduktion von BV/TV, Tb.N, und Conn.D wie auch einem Antieg von Tb.Sp bei den OVX-

Ratten nach 12 Wochen. Die FACS-Analyse zeigte eine signifikant erhöhte T-Zell-

Population zugunsten der CD4+ T-Zellen. Nach der Implantation von ZX00 wurde bei den 

ovariektomierten Ratten eine verstärkte Implantatdegradation beobachtet. Die FACS-

Analyse offenbarte anfängliche Unterschiede zwischen Sham und OVX Ratten, die sich 

später angleichen, was auf einen ausgeprägteren Einfluss der Ovariektomie im Vergleich 

zur ZX00-Implantation hindeutet. 

Schlussfolgerung: Alle Ergebnisse stützen eine lokale und systemische Wirkung der 

Ovariektomie, was auf ein proinflammatorisches Umfeld bei ovariektomierten Ratten 

hindeutet. Zusammengefasst war der systemische Effekt vor allem mit der Ovariektomie 

verbunden, ohne signifikante Veränderungen durch die Implantation von ZX00. Allerdings 

wären lokale Änderungen der Immunzellen und ein längerer Beobachtungszeitraum 

wünschenswert. Dies würde eine Abwägung der positiven immunmodulatorischen Effekte 

von Magnesium gegenüber den potenziellen negativen Aspekten einer schnelleren 

Implantatdegradation ermöglichen. 
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Abstract in Englisch  
Background: In the EU, one out of three women and one out of five men will experience 

an osteoporotic fracture over their course of life. In 2019, 4.28 million osteoporotic-

associated fragility fractures were reported. Due to increased life expectancy, the number 

of fragility fractures is estimated to reach 5.28 million by 2034. Osteosynthesis of 

osteoporotic bone presents a particular challenge due to alterations in the mechanical, 

immunological, and regenerative properties of the bone. Therefore, the requirements of 

implant materials changed to gain a better osseointegration, osteoconductivity, and 

osteoinductivity. Biodegradable magnesium (Mg)-based implants, such as ZX00, showed 

promising results in animal studies and in a first in-men study. Recently, results in 

osteoporotic rats revealed accelerated degradation of ZX00 compared to healthy rats. 

Hence, we aimed to investigate the systemic osteoimmunomodulatory changes during 

osteoporosis development and osteogenic properties of ZX00 in a rat model. Therefore, 

we assessed in the first phase of the study the systemic immunomodulatory response and 

the bone morphologic changes to the onset of osteoporosis and in the second phase the 

local morphogenic and systemic immune response to ZX00 in osteoporotic and healthy 

conditions. 

Methods: First, SD rats were ovariectomized (OVX) and sacrificed in groups of 5 at the 

timepoints 4, 8, and 12 weeks. The same procedure was performed with the non-

ovariectomized control groups. Blood, lymph node, and spleen samples were collected 

and quantitative FACS analysis of the immune cell population was performed. The tibiae 

were excised and ex vivo high resolution μCT was performed. After 3D reconstruction, 

morphologic markers BV/TV, Tb.Th, Tb.N, Tb.Sp, and Conn.D were analysed. Next, 40 

SD rats were equally subdivided into the groups OVX-ZX00, ZX00, OVX-sham, and sham. 

Twelve weeks post ovariectomy, ZX00 pins were implanted and sham surgery was 

performed. The animals were sacrificed at the timepoints 3 and 14 days. Blood, lymph 

node, and spleen samples were collected and quantitative FACS analysis of the immune 

cell population was performed. Tibiae were excised, embedded in Technovit 9100 New 

and 100 µm thin-ground sections were stained after Levai and Laczko. 

Results: We observed trabecular bone loss, with corresponding decreases in BV/TV, 

Tb.N, and Conn.D, as well as an increase in Tb.Sp in the OVX rats after 12 weeks. FACS 

analysis showed significantly elevated T cell population in favor of CD4+ T cells. After 
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ZX00 implantation, enhanced implant degradation was observed in the OVX rats. FACS 

analysis revealed initial differences between sham and OVX rats, which later aligned, 

indicating a more pronounced influence of the ovariectomy than the ZX00 implantation. 

Conclusion: All results support a local and systemic effect upon ovariectomy indicating 

to a pro-inflammatory environment in OVX rats. Taken together, the systemic effect was 

predominantly related to ovariectomy without significant changes after ZX00 implantation. 

However, local changes in immune cells and longer observation periods would be 

desirable. This allows for a weighing of the positive immunomodulatory effects of 

magnesium against the potential negative aspects of faster implant degradation. 
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1 Introduction 
 

1.1 Osteoporosis 
 

1.1.1 Economic burden 

In the EU, one out of three women and one out of five men will experience an osteoporotic 

fracture over their course of life. In the population over 50 years of age, 22.1% of women 

and 6.6% of men are affected by osteoporosis (1). In absolute numbers, 32 million 

Europeans live with osteoporosis. The high prevalence of the disease led to a total of 4.28 

million fragility fractures in 2019 (1). Due to increased life expectancy, the number of 

fragility fractures is estimated to reach 5.28 million by 2034 (1). In addition to the high 

mortality associated with fragility fractures, costs related to therapy and disability 

contribute to a significant economic burden. In 2019 the costs associated with osteoporotic 

fractures were estimated to be a total of 56.9 billion in the EU (1). 

 

1.1.2 Osteoporosis effect on bone 

Osteoporosis is defined by reduced bone mass and compromised microarchitecture, 

which increases fragility and susceptibility to fractures. It originates from an imbalance in 

the bone remodeling. Remodeling imbalance, characterized by an impaired bone 

formation response to increased activation of bone remodeling, is an essential component 

of the pathogenesis of osteoporosis (2, 3). The most relevant type of osteoporosis is 

primary osteoporosis, though the prevalence of secondary osteoporosis (caused by 

medication or primary disease (4)) actually grows. However, primary osteoporosis is 

subdivided into postmenopausal (PMOP) and senile osteoporosis. PMOP is characterized 

by estrogen deficiency, resulting in increased osteoclastogenesis. Senile osteoporosis is 

classified by reduced osteoblastogenesis due to aging.  

The imbalance in bone remodeling is crucial in the pathogenesis of osteoporosis (2), 

mainly driven by the dysregulated RANKL/RANK/OPG axis (5).  

Estrogen deficiency influences this axis via multiple pathways. Estrogen does not only 

promote the production of OPG, but also decreases the differentiation of osteoclasts by 

suppressing interleukin (IL)-1 and tumor-necrosis factor alpha (TNF-α), thereby inhibiting 

the release of M-CSF, RANKL, and IL-6. These pro-inflammatory cytokines are released 
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by various immune cells, which are upregulated due to the chronic inflammatory condition 

of estrogen deficiency (6). 

 

1.2  Pharmacotherapy of osteoporosis 
 

Table 1: WHO criteria of osteoporosis. SD: Standard variation 

The indication for 

pharmacotherapy is established 

by multiple factors. The basis is 

the T score, a measurement of 

the bone mineral density in 

relation to the mean of a cohort of 

healthy 20 to 29-year-old 

individuals (7), ranging from -1 to -2.5 for osteopenia and ≤-2.5 for osteoporosis (Table 1) 

(8). Additionally, spinal and extraspinal fractures define the severity of the osteoporosis 

(9). The general limit value for pharmacotherapy is set at a T score of -2.5 (10). Since 

several additional factors, such as smoking, alcohol consumption, therapy with 

glucocorticoids or chronic inflammatory diseases, increase the fracture risk substantially, 

multifactorial risk calculation scores, like the Facture Risk Assessment Tool FRAX, have 

been established (11). Current concepts to pharmacologically treat osteoporosis address 

decreased bone density and structural deterioration with two mechanisms – antiresorptive 

and osteoanabolic (12). Antiresorptive drugs are bisphosphonates, Denosumab, and 

Raloxifene (13).  

However, the primary root to treat osteoporosis are bisphosphonates. Bisphosphonates 

exert their antiresorptive effect by inhibiting osteoclast activity and promoting osteoclast 

apoptosis. In case of bisphosphonate intolerance or wearing-off the monoclonal antibody, 

Denosumab is alternatively used. Denosumab acts as a decoy receptor for RANKL, 

similarly to OPG, thereby reducing osteoclast activity (13). Moreover, the second line 

therapy for postmenopausal osteoporosis is the selective estrogen receptor modulator 

(SERM) Raloxifene, which mimics estrogen’s protective actions against bone loss, while 

minimizing the risks associated with estrogen (10, 13). In cases of severe osteoporosis, 

drugs with osteoanabolic o dual-action effects are indicated. Therefore, Teriparatid or 

Romosozumab is used (10). Teriparatid acts exclusively in an osteoanabolic manner by 

Defintion T score 

Normal >-1 SD 

Osteopenia -1 to -2.5 SD 

Osteoporosis ≤-2.5 SD 

Severe osteoporosis ≤-2.5 SD plus fragility 

fractures 
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increasing calcium resorption/phosphate excretion in the kidney and stimulating vitamin 

D3 synthesis. Romosozumab is a dual-action drug: while increasing bone formation by 

promoting osteoblast differentiation and activity, bone resorption is decreased by 

osteoclast inhibition. The use of Romosozumab is highly limited due to wearing-off within 

6 months (10). Although research gained advanced understanding regarding the 

development of osteoporosis over the last few years, there is still considerable potential 

for improvement. Especially, to understand and investigate the bilateral role of the immune 

system and osteoporosis is of great interest and is mainly referred to as osteoimmunology 

(14, 15). Accordingly, pharmacotherapy improved by contributing potent inhibitors of bone 

resorption and stimulators of bone formation. Nevertheless, there are still limitations 

pertaining therapy adherence, efficacy on non-vertebral fractures, and wearing-off of 

drugs coupled with long-term adverse events (16). In pharmacotherapy, the problem of 

paired osteoblast and osteoclast function remains unsolved. Inhibition of osteoclasts 

reduces bone formation and in reverse (17). The issue of boundaries of pharmacotherapy 

is supplemented by an underdiagnosis of the disease and undertreatment. As a result, the 

incidence of osteoporosis-related fractures remains  elevated, sustaining a significant 

demand an surgical interventions (18). 

 

1.3 Osteosynthesis 

The two central principles of osteosynthesis are interfragmentary compression and 

adaption of the fractured bone segments. The application of these principles is achieved 

by extramedullary and intramedullary implants (19). Depending on the technique, 

commonly used implants include plates, screws, intramedullary nails, and wires (20). By 

reducing physiological load or transferring it to the surgically introduced load-bearing 

device, compressive, bending, or torsional forces acting on the central primary fragment 

are transmitted to the peripheral fragment across the fracture gap. In cases of large 

substance defects, the use of bone substitute materials may be necessary. 

Osteosynthesis’ materials should remain in place for at least one year to ensure load-

bearing stability of the fractured bone. This applies to devices, such as plates or 

intramedullary locking nails. In principle, modern implants can remain in the body for a 

lifetime. However, patients often experience discomfort, which may necessitate removal 

of the implant (20-22). 
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1.3.1 Standard materials  
In modern osteosynthesis procedures, the use of temporarily implanted devices has 

become indispensable. The demands for high biocompatibility and load-bearing property 

limit the choice of implant material to metals and alloys (20). Major aspects of 

biocompatibility are osteobiologic properties, such as osteogenicity, osteoconduction, and 

osteoinduction (23). 

Commonly used metals include iron, nickel, cobalt, titanium (Ti), molybdenum, and 

zirconium. Various alloys of these metals can meet different requirements for strength, 

elastic modulus, and corrosion resistance (24). Currently, stainless steel, Ti-based alloys, 

and cobalt-based alloys are the predominantly used materials for implant devices (25). 

Stainless steel possesses several favorable properties, such as high wear resistance, 

good fatigue resistance, and low costs. It is also non-toxic and biocompatible, as it does 

not elicit any adverse reactions from surrounding tissues. Although, in rare cases, patients 

show allergies to chromium or nickel. Moreover, stainless steel tends to crevice and pitting 

corrosion and stress shielding (26-28). Stainless steel implant devices dominated the 

market due to low costs. However, the proportion of mainly Co/Cr/Mo and Ti alloys 

continuously grows. Co-Cr-based alloys offer high corrosion resistance, excellent wear 

resistance, biocompatibility, and superior load-bearing properties. This is counterbalanced 

by an increased risk of early implant loosening (26, 29). The use implant devices made of 

Ti and its alloys became more popular due to favorable mechanical properties, low weight 

, biocompatibility, and resistance to wear and corrosion. These materials have the 

disadvantage of partially low shear strength, unfavorable tribological properties, and 

particularly high costs (26, 30, 31). In general, traditional metal implants lack certain 

properties, because of non-degradability and necessity for removal surgery (32). Stress 

shielding and bone loss over time that is caused by mechanical shunting might occur due 

to the use of standard metal implants (33, 34). Furthermore, standard metal implants have 

substantial limitations in the management of osteoporotic fractures, femoral head 

necrosis, and large bone defects (35).  
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1.3.2 Synthetic polymers 

Synthetic polymers are subdivided into biodegradable and non-degradable (36). In 

particular, degradable synthetic polymers are of interest in orthopedic trauma surgery, as 

they can help to avoid the need for a second operation (37).  As an alternative to traditional 

orthopedic metal implants, synthetic polymers, including Poly-lactide-co-glycolide 

(PLGA), polylactic acid (PLA), polyglycolic acid (PGA), and polycaprolactone (PCL), have 

been increasingly used in orthopedic procedures (38). These synthetic polymers have 

favorable biocompatibility compared to conventional metal implants. Nonetheless, 

synthetic polymers have several limitations, such as the presence of toxic residual 

monomers, low wear resistance, and accumulation of acidic degradation intermediates, 

causing pathological bone resorption. Additionally, their suboptimal mechanical properties 

restrict their broader clinical application. In osteoporotic fractures, the performance of 

synthetic polymers is as limited as those of standard metals (35, 39). 

 

1.3.3 Magnesium-based implants  
The first reported use of magnesium (Mg) in a surgical context was by E.C. Huse in 1878. 

Huse used Mg-based ligatures and observed its degradable properties (40). Around 1900, 

the surgeon Erwin Payr from Graz recognized the versatile applications of biodegradable 

Mg in surgery. His work inspired many researchers and physicians to further explore this 

material (41, 42). The use and research of Mg in osteosynthesis on a broader scale were 

reported by Lambotte in 1932 (43). In the 2000s, the Helmholtz-Zentrum Geesthacht in 

Germany and the Chinese Academy of Sciences Institute of Metal Research in China 

became particularly prominent in the research of Mg-based implants for osteosynthesis. 

These research groups focused on the development of Mg alloys with enhanced corrosion 

resistance and biocompatibility to enable their clinical application (28, 44). Biodegradable 

Mg displays high biocompatibility and the e-modulus is close to human bone (45, 46), 

which reduces the risk of stress shielding (47, 48). Nevertheless, Mg implants exhibit fast 

degradation rates and the release of large amounts of hydrogen gas during the 

degradation (49-51).  To slow down the degradation rate,  chemical elements, such as 

Aluminium, Manganese, Zinc, Calcium, Lithium, Zirconium, and Rare Earth Elements (e.g. 

Yttrium- Y or Gadolinium- Gd) are industrially used to influence the mechanical and 

physical properties of Mg alloys (47). For instance, alloying with Gd showed promising 
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results in in vitro immersions tests regarding slow degradation rates (52-54). However, an 

accumulation of Gd was observed in several organs of Sprague Dawley  rats (55). The Y-

containing alloy WZ21 showed a slow degradation (56). The study also investigated ZX50, 

a Zn-containing alloy. ZX50 displayed a high degradation rate, and temporarily, a massive 

gas formation (56) that might  reduce bone formation (57). In contrast, the chemical 

elements, Mg, Ca, and Zn, contained in ZX alloys are essential minerals of the human 

body, and thus, degradation particles pose no toxicity concern (58). The comparison of 

ZX10 and ZX20 demonstrated that adjusting the Zn content is a suitable method to modify 

the degradation rate (59). In a large animal study by Holweg et al., a lean alloy Mg‒

0.45Zn‒0.45Ca in wt% (ZX00) displayed suitable properties regarding mechanical 

strength and degradation rate without interfering with fracture consolidation (60). The first 

applications in humans demonstrated promising mid-term results regarding patient-

reported outcome measures (PROMs), functional outcomes, and implant degradation as 

observed in radiographic imaging (61, 62). During the degradation process, Mg2+ ions are 

released. Mg2+ ions are non-toxic and actually enhance bone regeneration by promoting 

the differentiation of various osteogenic cells and suppressing osteoclasts activity (63, 64). 

This was also demonstrated by elevated bone mineral apposition rates surrounding 

degrading Mg-based implants, along with an increase in bone mass (65).  The beneficial 

effect of Mg2+ is dose-depended; low to medium concentrations promote bone formation 

by enhancing osteogenesis of BMSCs (66, 67), whereas high concentrations appear to 

inhibit mineralization (68, 69). Furthermore, several in vivo studies indica ted enhanced 

angiogenesis in bone regeneration (70, 71). Mg2+ ions induced macrophage phenotype 

transformation in favor for anti-inflammatory M2 macrophages and promoted the release 

of anti-inflammatory cytokines by inhibiting the TLR-NF-κB signaling pathway (67, 68, 72-

75). Moreover, Mg enhances T cell activation (76), particularly Th1 and Th2 (77). 

 

1.4 Immune system 

The immune systems consist of an innate (non-specific) and an adaptive (specific) part. 

Both operate in an interplay of cellular and humoral components, which are predominantly 

distinct from each other.  
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1.4.1 Innate immune system 

Monocytes/macrophages, mast cells, natural killer cells, and granulocytes subdivided into 

neutrophils, eosinophils, and basophils constitute the cellular component of the innate 

immune system. Lysozyme, acute-phase proteins, cytokines, and the complement system 

constitute the humoral component.  

The innate non-specific defense is effective against various microorganisms and shows 

species differences against different pathogens. Under certain circumstances, such as 

trauma or chronic inflammatory conditions, the innate immune system also aims for 

endogenous cells (78, 79). The ability to differentiate between foreign and endogenous 

cells is created by toll-like receptors, which detect specific surface structures on bacteria 

and viruses (79). Once bacteria or foreign bodies have entered the body, elimination takes 

place by phagocytizing cells including polymorphonuclear, neutrophilic granulocytes of the 

blood and the mononuclear phagocytes found in blood and tissues (79). If pathogenic 

germs have penetrated body tissue during an injury, leukocytes migrate out of the 

bloodstream (extravasation) to enter the site of tissue damage. The extravasation is 

initiated by the secretion of inflammatory mediators from tissue-resident macrophages in 

the affected site. This results in leukocyte-endothelial interaction and the adhesion of 

leukocytes to the endothelia (78). The adhered leukocytes migrate chemotactically 

through the vascular wall toward the inflammation site. The migration is initiated and 

sustained by chemokines, a subgroup of cytokines (78).  

Once neutrophil granulocytes or macrophages successfully migrate into the inflammatory 

site, phagocytosis begins. Phagocytes capture pathogens by attaching to their membrane 

surface. Following attachment, the phagocytes form pseudopodia that envelop the foreign 

body, leading to the formation of phagosomes. The degradation of the pathogen starts 

when the phagosomes fuse with lysosomes to form phagolysosomes (80).  

Opsonization markedly enhances the phagocytic activity of phagocytes. Pathogens are 

marked with antibodies or complement factors to facilitate identification and elimination by 

the immune system (80-82). 

 

1.4.2 Adaptive immune system 

T and B cells constitute the cellular component of the adaptive immune system, whereas 

antibodies and cytokines form the humoral component.  
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The body's adaptive defense system precisely recognizes and eliminates foreign 

molecular structures known as antigens. This acquired immunity is primarily supported by 

cells, and characterized by the high specificity in recognizing antigens. This immunological 

memory and the ability to discern between self and non-self molecular structures 

accurately enables targeted protection while minimizing harm to the host (80, 82). 

 

T precursor cells exiting the bone marrow initially lack both the T cell receptor (TCR) and 

the CD4 and CD8 co-receptors. After the cells are transported to the thymus, T precursor 

cells mature and acquire their TCR. In addition to the TCR, CD4, and CD8 co-receptors 

are synthesized within each T cell in the subcapsular zone of the thymus. The T precursor 

cells without TCR, CD4, and CD8 (termed double-negative thymocytes) develop into 

double-positive thymocytes, expressing both CD4 and CD8 along with their TCR. These 

double-positive (CD4+ and CD8+) thymocytes migrate to the cortical region of the thymus 

and undergo positive and negative selection. Positive selection of T-cells occurs in the 

thymus, ensuring their ability to recognize self- major histocompatibility complex (MHC) 

molecules. 

MHC I molecules present endogenous antigens to CD8+ T cells, initiating cytotoxic 

responses. MHC II molecules present exogenous antigens to CD4+ T cells, initiating T 

cell activation.  

Negative selection eliminates autoreactive T-cells, preventing autoimmune diseases. 

These mechanisms ensure the development of functional, self-tolerant T-cells. During the 

selection process, the thymocytes lose either the CD4+ or CD8+ co-receptor. Upon 

completion of the maturation process, thymocytes migrate to secondary lymphatic organs. 

They reside as naive T cells, awaiting activation by contact with antigens. After stimulation 

by an antigen, CD4+ T cells differentiate into T helper cells and CD8+ T cells into cytotoxic 

T cells (78, 80).  

 

B cells are responsible for the specific humoral immune defense. 

Precursor cells mature in the bone marrow into naïve B cells. On the surface of the B cells 

are receptors located. These receptors are membrane-bound antibodies. The Activation 

of the naïve B cells is either independent or T cell-mediated.  
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Both pathways facilitate the differentiation of B cells into plasma cells. In the T cell-

independent pathway, the antigen binds directly to the B cell. Conversely, in the T cell-

dependent pathway, the antigen is phagocytized and presented to the B cell by a T helper 

cell. The T cell-dependent mechanisms generate a significantly more efficient immune 

response and additionally establish immunological memory. A small proportion of T-

effector cells and antibody-producing plasma cells can survive for many years in the body 

as T or B memory cells. A certain concentration of antibodies can be detected, even 

without an antigen stimulus. In the event of a re-infection with the same structure, memory 

cells can be activated directly by the pathogen much more rapidly than inactive cells since 

the maturation processes are already complete (78).  

 

1.4.3 Local inflammatory response 

An acute inflammation can be triggered by biological, chemical, and physical noxae, such 

as trauma resulting from tissue injuries or surgical interventions, as well as by necrotic cell 

death due to ischemia. Typically, this leads to the local migration of neutrophil 

granulocytes into the tissue. Subsequently, monocytes also migrate to the site, where they 

differentiate into macrophages. Both neutrophils and macrophages then eliminate 

bacteria, foreign bodies, or destroyed autologous material through phagocytosis (79, 80). 

1.4.4 Systemic inflammatory response 

Systemic inflammatory responses are generally associated with an increase in white 

blood cell count, primarily driven by an increase in the number of neutrophils in the 

peripheral blood. This increase, termed neutrophilia, results from enhanced production 

and release of neutrophil granulocytes from the bone marrow into the peripheral blood, 

along with a delayed apoptosis of these cells. The release of younger neutrophils shifts 

the distribution between young and older segmented neutrophils, known as a left shift in 

the distribution (80, 82). 
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1.5 Lymphatic organs 

Lymphatic organs are organs or tissue sections where lymphocytes differentiate or 

proliferate. The different function divides them into primary and secondary lymphatic 

organs.  

 

1.5.1 Primary lymphatic organs 

Primary lymphatic organs include the bone marrow and thymus. In these organs, 

lymphocytes differentiate from stem cells, proliferate, and mature (80). The stem cells for 

all blood cells, including lymphocytes, are located in the bone marrow. T cells leave the 

bone marrow early and mature in the thymus, where they acquire the ability to distinguish 

between self and non-self-antigens. B cells remain in the bone marrow longer to undergo 

an initial phase of their development. Here, B cells acquire specific antigen receptors that 

enable them to respond to antigens. B-lymphocytes acquire the ability to distinguish 

between self and non-self in both, primary and secondary lymphatic organs (81). 

 

1.5.2 Secondary lymphatic tissue  
The primary interception sites for pathogenic microorganisms are the secondary lymphatic 

organs, which include the spleen, lymph nodes, tonsils, and lymphatic tissues associated 

with the bronchi and intestines (83). These organs specialize in facilitating encounters 

between T cells and B cells with their specific antigens. Antigens reach these secondary 

lymphatic organs either through the afferent lymph flow or, are captured in the tissue by 

roaming dendritic cells, which, once loaded with antigens, migrate to these organs. 

Dendritic cells process these antigens and present them to the immunocompetent 

lymphocytes within the secondary lymphatic organs. The proliferation of these 

immunocompetent lymphocytes in these organs subsequently leads to the 

macroscopically observable swelling of lymph nodes or spleen enlargement during an 

infection (84). Additionally, macrophages of the mononuclear phagocytic system, 

stationed in many exposed organs such as the lung alveoli, joint spaces, spleen, lymph 

nodes, and brain. These tissue-resident macrophages play a role in detecting foreign 

antigens (80, 81). 
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1.6 Immune cell’s role in osteoporosis 
 

T cells 

CD8+ T cells are a subset of T cells, also referred as cytotoxic T cells, fulfilling an important 

role in cell-mediated immune responses. 

In this role, CD8+ T cells are responsible for regulating immune responses while also 

eliminating infected or mutated cells by lytic and non-lytic processes (85, 86).   

The current state of research offers no evidence regarding the involvement of CD8+ T 

cells in the pathogenesis of osteoporosis. Although this subset of Tregs is CD8+, the larger 

proportion in humans and rodents is CD4+ (87). Besides their general function of 

maintaining immunological self-tolerance and modulation of immune response, the bone-

specific function is suppression of osteoclastogenesis (14). CD4+ T-helper cells interact 

with other immune cells through surface receptors and secreted cytokines. Subtype Th1 

stimulates macrophages and therefore osteoclastogenesis (88), while subtype Th2 

stimulates B cells, mast cells, and granulocytes (89). Furthermore, T-helper cells are 

subclassified by their cytokine profile and receptor expression. Among these subtypes, 

Th1, and Th17 play a pivotal role by secreting TNF-α and IL-6 to stimulate 

osteoclastogenesis via RANKL. (88). Moreover, interferon (IFN)-γ is secreted by CD4+ 

and CD8+ T cells as well as natural killer (NK) cells and inhibits osteoclasts (90). 

 

B cells  
The role of B cells is context-dependent. While B cells play a crucial role in inhibiting 

osteoclasts through the secretion of OPG receptor decoys, inflammatory environments 

can shift the effect of B cells on bone remodeling towards bone resorption (91). Estrogen 

deficiency leads to an increase of B cells (92). Under inflammatory conditions, B cells 

secrete RANKL, which promotes the activation of osteoclasts (14, 93, 94). B cells in 

inflammatory environments also produce granulocyte colony-stimulating factor (G-CSF), 

which results in the proliferation of osteoclast progenitors. Additionally, G-CSF can 

upregulate neutrophil infiltration, which promotes inflammation (95). 
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Granulocytes 

Neutrophil senescence is implicated in various health conditions, including osteoporosis 

(96). several mechanisms were proposed to link neutrophil senescence and disrupted 

bone metabolism. One concept is the predictive value of the neutrophil-to-lymphocyte 

ratio. Older individuals often exhibit elevated circulating neutrophils, connected to 

changes in the pathways that regulate apoptosis. When neutrophils do not undergo 

apoptosis as expected, they accumulate, resulting in a higher neutrophil-to-lymphocyte 

ratio that is associated with osteoporosis (97). In postmenopausal conditions, the 

regulation of neutrophil activation, chemotaxis, and the production of reactive oxygen 

species is impaired by estrogen deficiency (98). There is a reduced mobilization  of 

neutrophils to inflammation sites, resulting in CD4+ T cells secreting cytokines like IL-17, 

inducing osteoclastogenesis (99). Moreover, neutrophils influence bone homeostasis by 

affecting the differentiation into osteoblasts, neutrophils also inhibit the secretion of 

extracellular (98). 

Eosinophils contribute to osteoporosis by releasing osteoclastogenic cytokines like TNF-

α, IL-6, and IL-31 (100, 101). In mice, high eosinophil numbers can effectively protect 

against postmenopausal and inflammatory bone loss by inhibiting osteoclast activity and 

maintaining bone mass. The amplification of bone loss was observed in conditions of 

impaired eosinophil function (102).  

 

Monocytes/Macrophages 

The primary functions of macrophages are phagocytosis and the induction of inflammatory 

responses. Macrophages are differentiated into tissue-resident or differentiated from 

blood monocytes, as a response to an inflammatory signal.  

Tissue-resident macrophages possess adapted properties customized to their location. 

Bone-specific macrophages include bone marrow macrophages, osteoclasts, and osteal 

macrophages (103).  

Furthermore, macrophages are divided based on their general function. M1 macrophages 

are related to the exacerbation of inflammation and are therefore characterized by the 

expression of proinflammatory cytokines. On the other hand, M2 macrophages are linked 

to anti-inflammatory reactions mediated through the expression of anti-inflammatory 
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cytokines (104). Additionally, M2 macrophages promote the differentiation of precursor 

cells into osteoblasts and hence bone formation (105, 106).  

Activated monocytes or bone marrow macrophage precursors adhere to the bone surface 

to form multinucleated osteoclasts. The proliferation and differentiation into osteoclasts 

are primarily stimulated by M-CSF and RANKL (107). Estrogen can inhibit the RANKL 

stimulation of M2 macrophages. As a result, estrogen deficiency promotes the 

differentiation of macrophages into osteoclasts (108). 

Activated, macrophages possess osteoclastogenic properties by expressing pro-

inflammatory cytokines such as IFN-γ, TNF-α, and IL-1 (109). 
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2 Hypothesis and Aims  
 

The increasing prevalence of osteoporosis not only leads to a higher incidence of fractures 

but also complicates osteosynthesis due to reduced bone mineral density and impaired 

bone regeneration (1, 2). To address this challenge, research into new implant materials 

has been pursued. Biodegradable magnesium (Mg)-based implants, such as ZX00, 

showed promising results in animal studies and initial clinical applications (110, 111). 

Previously, ZX00 was investigated in an ovariectomy-induced osteoporotic rat model, 

indicating enhanced ZX00 degradation when compared to old and juvenile healthy 

controls. Interestingly, ZX00 implant volume was significantly reduced even after 2 weeks 

post-surgery. Sommer et al. suggested an osteoporosis-linked low-grade inflammation 

that might change the pH locally, thereby enhancing the degradation rate of ZX00 (112). 

However, the impact of the immune system and low-grade inflammation on Mg implant 

degradation under osteoporotic conditions still needs further investigation. 

Accordingly, this study aimed to investigate the systemic osteoimmunomodulatory 

changes during osteoporosis development and osteogenic properties of ZX00 in a rat 

model. 

Therefore, we assessed 

(i) the systemic immunomodulatory response and the bone morphologic changes to 

the onset of osteoporosis 

(ii) the systemic immune response to Mg-based implant (ZX00) in osteoporotic and 

healthy conditions and implant in-growth. 

To test the hypothesis, SD rats were ovariectomized (OVX) and sacrificed in groups of 5 

at the timepoints 4, 8, and 12 weeks. The same procedure was performed with the non-

ovariectomized control groups. Blood, lymph node, and spleen samples were collected 

and quantitative FACS analysis of the immune cell population was performed. The tibiae 

were excised and ex vivo high resolution μCT was performed. Based on the μCT-images 

3D reconstructions of the 12 weeks groups were created and bone morphologic markers 

BV/TV, Tb.Th, Tb.N, Tb.Sp, and Conn.D were analysed.  

In the second part, 40 SD rats were equally subdivided in the groups OVX-ZX00, ZX00, 

OVX-sham, and sham. 12 weeks post ovariectomy ZX00 pins were implanted and sham 

surgery was performed. The animals were sacrificed at the timepoints 3 and 14 days. 
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Blood, lymph node, and spleen samples were collected and quantitative FACS analysis 

of the immune cell population was performed. Tibiae were excised, embedded in 

Technovit 9100 New and 100 µm thin-ground sections were stained after Levai and 

Laczko. 
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3 Material and Methods 
 

3.1 Ethical statement 

Small animal studies were approved by the Austrian Federal Ministry for Science and 

Research and followed the guidelines on accommodation and care of animals formulated 

by the European Convention for the Protection of Vertebrate Animals Used for 

Experimental and Other Scientific Purposes (GZ number: 2021-0.236.683). 

 

3.2 Material development 

The purified Mg was alloyed with Zn and Ca to synthesize the alloy Mg<0.5 

wt%Zn<0.5wt%Ca. After solution and aging heat treatments, indirect extrusion was 

performed at 325 C. Subsequently, pins were machined using polycrystalline diamond 

tools, taking special care to avoid any kind of surface contamination. Pins were then 

cleaned using ultrasonic waves, air dried in clean-room atmosphere and packaged 

airtight. Sterilization was performed by gamma irradiation (minimum dose 25 kGray). 

 

3.3 Animals and surgery 
 

Four-weeks old Sprague Dawley rats were purchased from Janvier Labs and housed at 

MUG (Biomedical Research Facility) under conventional conditions with free access to 

food (normal chow diet) and water, up to 9 months of age (skeletally mature (37) female 

SD rats). At 9 months of age, rats underwent ovariectomy (OVX) or served as healthy 

controls (Ctrl) as described by (112). 

 

3.3.1 Ovariectomy 

Volatile isoflurane (Forane®, Abbot AG, Baar, Switzerland) was administered for general 

anesthesia preceded by subcutaneous combined sedation, administering a mixture of 

Fentanyl (20 μg kg−1 Fentanyl®, Janssen-Cilag GmbH, Neuss, Germany), Midazolam 

(400 μg kg−1 Midazolam Delta®, DeltaSelect GmbH, Dreieich, Germany) and 

Medetomidine (200 μg kg−1 Domitor®, Pfizer Corporation Austria GmbH, Vienna, Austria) 

via intraperitoneal injection. After disinfection, an incision was made along the middle line 

of their respective abdomens. Rats from the ovariectomy (OVX) group were sutured layer 

https://www-1sciencedirect-1com-10013b5oq0de2.han.medunigraz.at/topics/biochemistry-genetics-and-molecular-biology/isoflurane
https://www-1sciencedirect-1com-10013b5oq0de2.han.medunigraz.at/topics/biochemistry-genetics-and-molecular-biology/fentanyl
https://www-1sciencedirect-1com-10013b5oq0de2.han.medunigraz.at/topics/biochemistry-genetics-and-molecular-biology/midazolam
https://www-1sciencedirect-1com-10013b5oq0de2.han.medunigraz.at/topics/biochemistry-genetics-and-molecular-biology/medetomidine
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by layer after complete removal of the bilateral ovaries. The general anesthesia will be 

then antagonized by an intraperitoneal injection of a mixture of Naloxone (120 lg kg1 ; 

Narcanti, Torrex Chiesi Pharma GmbH, Vienna, Austria), Flumazenil (50 lg kg1 ; Anexate, 

Roche Austria GmbH, Vienna, Austria) and Atipamezole (250 lg kg1 ; Antisedan, Pfizer 

Corporation, Vienna, Austria). Postoperatively all animals received 200 mg kg1 Caprofen 

(Rimadyl, Pfizer Corporation, Vienna, Austria), which was subcutaneously injected on the 

day of operation to ensure analgesia. During the first postoperative week (up to the 

seventh day) analgesia maintained by administration of 60 mg Piritramid (Dipidolor; 

Janssen-Cilag GmbH, Neuss, Germany) in 40 ml 5% glucose added to 500 ml drinking 

water. Postoperatively the rats were allowed to move freely in their cages without external 

support and unrestricted weight bearing. Daily clinical observation was performed 

throughout the study period.  

 

3.3.2 Transcortical implantation 

Three months after ovariectomy (12-months of age) rats underwent transcortical 

implantation (n=40 rats). Therefore, both hind legs were shaved, antisepticized with 

alcohol pads, and dried. A skin incision (length, 1-2 cm) was made medial over the 

proximal lateral tibial metaphysis, cleared from blood and connective tissue. For the sham- 

and ZX00 groups, a drill (1.55 mm) with ascending diameter (Synthes, Paoli, PA, USA) 

was used to prepare the bicortical implantation bed. Drilling was performed at a low 

rotational speed of 200 rpm and profuse physiological saline irrigation will be applied using 

a syringe in order to minimize frictional heat and thermal necrosis. For the ZX00 groups, 

the cylindrical implant (l=8 mm, d= 1.6 mm) was inserted by gentle tapping, resulting in a 

uniform press fit. The operating field was irrigated thoroughly with physiological saline 

solution and the wound was closed. The general anesthesia was then antagonized 

according to the section “ovariectomy”. 

 

3.3.3 Euthanasia and tissue collection 

After 3 and 14 days post-implantation/post-sham-surgery, 5 animals per group were 

euthanized with 25 mg sodium thiopental (Thiopental® Sandoz, Sandoz GmbH, Kundl, 

Austria) by injection into the cardiac ventricle leading to immediate cardiac arrest. Blood 
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will be drawn and plasma will be isolated for systemic analysis. Blood, tibiae, lymph nodes 

and spleen were explanted. Blood, lymph nodes and spleen were subsequently 

processed for cell isolation used in flow cytometry.  

 

3.3.4 Ex vivo micro-computed tomography (μCT) 
All excised tibiae underwent ex vivo high-resolution (~10µm per voxel) micro-computed 

tomography (µCT) using a Bruker Skyscan 1276 device. 

3D reconstruction of bone, implant and gas volume was performed to quantify the 

following parameters using CTAn and CTVox Software: BV/TV, Tb.N, Tb.Th and Tb.Sp.  

 

3.3.5 Flow cytometry  
Single-cell suspensions of blood, lymph nodes, and spleens were used for subsequent 

flow cytometric staining and analysis. For all groups, blood, lymph nodes, and spleens 

were excised and subsequently processed for cell isolation. In brief, total blood (~5-10 ml) 

was drawn, 3.8% sodium citrate was added to avoid coagulation and stored at 4°C. For 

red blood cell lysis, 1x RBC buffer (1:20) was mixed with 1 ml blood. After centrifugation, 

this step was repeated. 300 µl of cell lysate (in DMEM; complete medium) was prepared 

for flow cytometry. For lymph nodes and spleens, tissues were collected and placed in 

DMEM. placed on a 100 µm pore cell strainer and crush with the end of a syringe piston. 

The cell strainer was washed with 1xPBS. For spleens, red blood cells were lysed with 

RBC buffer. After centrifugation, cell pellets were resuspended in complete medium and 

300 µl were prepared for flow cytometry.  

 

3.3.6 Hard tissue embedding and histology 

According to the protocol established by Willibold and Witte (39), metaphyseal area of 

tibiae were embedded in Technovit 9100 (Technovit® 9100, Heraeus Kulzer, Frankfurt, 

Germany). 

Embedded samples were grinded to gain 100 µm slices for Levai-Laczko staining 

according to (112).  
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3.3.7 Statistical Analysis for all measurements 

For statistical analysis, GraphPad Prism 9 was used. To investigate differences between 

OVX and Ctrl in regard of bone quality, unpaired t-test was used, although sample size 

was below 10. In order to compare to literature, results are given as mean ± standard 

deviation (SD). To investigate differences between differently treated (ZX00 or sham) 

OVX and Ctrl at different time points, two way ANOVA was performed. A p-value < 0.05 

will be considered statistically significant. 
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4 Results 

 
4.1 Bone morphology is altered upon ovariectomy in rats 

OVX and Ctrl animals were sacrificed 4, 8 and 12 weeks post-ovariectomy. Tibiae were 

excised to undergo ex vivo high-resolution µCT. Images were 3-dimensionally 

reconstructed and histomorphometrical analysis was performed within a 700 µm region of 

interest. Therefore, cortical and trabecular bone were separated and prominent bone 

morphogenic markers were calculated. As expected, trabecular structure continuously 

diminished over 12 weeks in OVX compared to Ctrl rats (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Osteoporosis leads to reduced trabecular bone structure after ovariectomy in female 

Sprague Dawley rats. In vivo low-medium resolution µCT (a) 4, (b) 8 and (c) 12 weeks post-ovariectomy.  

Ex vivo high-resolution µCT highlights the deteriorated trabecular bone structure (d) 4, (e) 8 and especially 

(f) 12 weeks after ovariectomy compared to control animals (Ctrl; g-i). 
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Additionally, BV/TV, Tb.Th, Tb.N, Tb.Sp and Conn.D was calculated via CTan and CTVox 

Software. In line with the observation from the µCT images, we found a significant 

decrease in BV/TV, Tb.N, and Conn.D as well as a significant increase of Tb.Sp of OVX 

compared to Ctrl rats, 12 weeks after ovariectomy (Figure 2). 

 

 

Figure 2: Bone morphometric markers were altered upon ovariectomy 12 weeks after intervention . 

3D-reconstructed images underwent quantitative analysis of a) BV/TV, b) Tb.Th, c) Tb.N, d) Tb.Sp and e) 

Conn.D. 

 

4.2 Flow cytometry 4, 8, 12 weeks 

Unfortunately, 4 weeks after ovariectomy, cell isolation did not work. Therefore, we could 

not obtain flow cytometry results of this group. 

Eight weeks after ovariectomy (Figure 3a-c), there was no difference in immune cell 

populations isolated from blood between the OVX and Ctrl group (Figure 3a). Interestingly, 

B cell population was significantly decreased in lymph nodes isolated from the OVX 

compared to Ctrl rats and CD8+ T-cells showed an increased trend in OVX versus Ctrl 

rats, respectively (Figure 3b). Moreover, CD8+ T-cells were significantly increased in 

spleen isolated from the OVX compared to the Ctrl group (Figure 3c).  
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Figure 3: Quantitative analysis of immune cell population in percentage per CD45. Blood was drawn 

and lymph nodes and spleen were excised from OVX and Ctrl rats a-c) 8 and d-f) 12 weeks after 

ovariectomy. Results are presented as mean ± standard deviation. Statistical analysis was performed for 

the particular immune cell population with Student’s t-test. *p<0.05, ***p<0.001 

 

 

 

Twelve weeks after ovariectomy (Figure 3d-f), CD4+ T-cells were significantly increased 

in blood, isolated from OVX compared to Ctrl animals (Figure 3d). In lymph nodes, total 

CD3+ T-cells as well as the CD4+ and CD8+ sub-populations were significantly higher in 

OVX than Ctrl rats. Moreover, neutrophils isolated from OVX rats showed a marked trend 

in decrease (Figure 3e, p=0.066) when compared to Ctrl rats. There was no significant 

difference in immune cell population in spleen cells between the OVX and Ctrl groups. 

However, CD8+ T-cells showed an increased trend in OVX compared to Ctrl rats (Figure 

3f). 
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4.3 Hard tissue histology 

  

Figure 4: Histological staining after Levai-Laczko, 3 and 14 days post-implantation. Tibiae were 

excised, embedded in Technovit 9100 New and 100 µm thin-ground sections were stained after Levai and 

Laczko. 

 
 

Histological observation 3 and 14 days post-surgery confirmed preliminary data 

suggesting accelerated implant degradation in OVX compared to Ctrl rats. Moreover, 

qualitative analysis of sham-operated bones indicated more pronounced bone formation 

in Ctrl compared to OVX rats, supporting the slow healing capacity of bone under 

osteoporotic conditions. 

 

 

4.4 Flow cytometry after ZX00 implantation or sham surgery 

At the time point of 3 days, the percentage of T cells was almost identical across all four 

groups in the lymph node samples, with a slight reduction observed in the nOVX (non-

ovariectomized rats = Ctrl) ZX00 group. After 14 days, the OVX groups demonstrated an 

increased proportion of T cells, whereas the nOVX groups exhibited a decrease. The 

difference between OVX ZX00 and nOVX ZX00 at 14 days was highly significant. The 

sham groups at this time point displayed a similar trend, although the difference was less 
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significant (Figure 5a). To achieve better differentiation, T cells were subdivided into CD4-

positive and CD8-positive subsets. The results for CD+ T cells revealed a pattern similar 

to that observed in the overall T cell population, but with numerous highly significant 

differences. These differences include a decrease in the groups nOVX ZX00 from time 

point 3 days to time point 14 days, and nOVX sham from time point 3 days to time point 

14 days.  

Additionally, OVX ZX00 after 14 days exhibited a significantly higher percentage of CD4-

positive T cells compared to nOVX ZX00, as well as OVX sham compared to nOVX sham 

(Figure 5b). 

 

Figure 5: Percentage of total T cells and CD4+ T cells among CD45-positive immune cells in lymph 

node samples, at time points 3d and 14d. a) total T cells b) CD4+ T cells. Results are presented as mean 

± SD. Statistical analysis was performed for the particular immune cell population with one-way ANOVA. 

*p<0.05, **p<0.01, ***p<0.001 

 

 

The results for CD8-positive T cells indicated a significant decrease between the groups 

nOVX ZX00  3 and 14 days (Figure 6a). 

In regard of B cells, we did not observe any significant difference between all groups 

(Figure 6b). 
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Figure 6: Percentage of CD8+ T cells and B cells among CD45-positive immune cells in lymph node 

samples, at time points 3d and 14d. a) CD8+ T cells b) B cells. Results are presented as mean ± SD. 

Statistical analysis was performed for the particular immune cell population with one-way ANOVA. *p<0.05. 

 

In granulocytes, significant increases were observed in the nOVX ZX00 group at 14 days 

compared to the nOVX ZX00 group at 3 days and the OVX ZX00 group at 14 days. The 

proportion of granulocytes approached zero in all groups except for nOVX ZX00 and 

nOVX sham (Figure 7a). 

 

 

Figure 7: Percentage of Granulocytes and Mono/Macs among CD45-positive immune cells in lymph 

node samples, at time points 3d and 14d. a) Granulocytes b) Mono/Macs. Results are presented as mean 

± SD. Statistical analysis was performed for the particular immune cell population with one-way ANOVA. 

*p<0.05, **p<0.01. 
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FACS-analysis describing the proportion of Mono/Macs revealed no significant differences 

between the groups on day 3. However, Mono/Macs were significantly elevated in the 

group nOVX sham 14 days compared to OVX sham 14 days (Figure 7b).  
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Figure 8: Percentage CD45-positive immune cells in blood samples, subdivided by groups and time 

points. a) T cells b) CD4+ T cell c) CD8+ T cells d) B cells e) Granulocytes f) Mono/Macs. Results are 

presented as mean ± SD. Statistical analysis was performed for the particular immune cell population with 

one-way ANOVA. 
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We additionally investigated immune cell population in the blood via FACS analyses. 

Interestingly, we did not observe any differences between all groups at distinct time points 

or for particular immune cell population(Figure 8 a-f). 

 

The spleen also plays a key role in the immune system of individuals. Here we observed 

that the percentage of T cells was almost identical across all four groups at time point 3 

days, similarly to the lymph node samples. At the 14-day time point, the proportion of T 

cells in the OVX ZX00 and OVX sham groups showed a significant increase compared to 

their nOVX counterparts at the same time point. Besides, the OVX sham 14 days was 

highly elevated compared to the group after 3 days (Figure 9a).  

In further segmentation into CD4+ and CD8-positive T cells, the results for CD4-positive 

T cells were notably distinguished. At time point 14 days, OVX groups were even more 

elevated compared to their nOVX counterparts. Furthermore exhibited nOVX groups from 

3 days to 14 days a decrease of high significance. OVX ZX00 and OVX sham increased 

in percentage of CD4+ T cells from 3 days to 14 days, even though the change was of 

lower significance (Figure 9b).  

 

Figure 9: Percentage of total T cells and CD4+ T cells among CD45-positive immune cells in spleen 

samples, at time points 3d and 14d. a) total T cells b) CD4+ T cells. Results are presented as mean ± 

SD. Statistical analysis was performed for the particular immune cell population with one-way ANOVA. 

*p<0.05, **p<0.01, ***p<0.001 
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In the subset of CD8+ T cells showed no divergencies to point out. All groups ranged 

between 15% to 25% CD8-positive T cells (Figure 10a).  

The results for B cells showed a significantly higher percentage in nOVX ZX00 compared 

to OVX ZX00 at time pint 3 days. The group nOVX sham decreased from 3 days to 14 

days (Figure 10b).  

 

Figure 10: Percentage of CD8+ T cells and B cells among CD45-positive immune cells in spleen 

samples, at time points 3d and 14d. a) CD8+ T cells b) B cells. Results are presented as mean ± SD. 

Statistical analysis was performed for the particular immune cell population with one-way ANOVA. *p<0.05, 

**p<0.01. 

 

In granulocytes the biggest change appeared in the nOVX ZX00 group from 3 days to 14 

days with a highly significant increase. At the timepoint 14 days, nOVX ZX00 was 

significantly elevated compared to OVX ZX00 as well as nOVX sham to OVX sham (Figure 

11a).  

In the subdivision of Mono/macs, the proportions in the nOVX ZX00 and nOVX sham 

groups at the 14-day time point were significantly elevated compared to their OVX 

counterparts. Additionally, at this time point, the nOVX sham group was also significantly 

elevated compared to the nOVX sham group at the 3-day time point. A similar pattern was 

observed in the nOVX ZX00 group, where the proportion at 14 days was significantly 

elevated compared to the nOVX ZX00 group at 3 days (Figure 11b). 
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p 

Figure 11: Percentage of Granulocytes and Mono/Macs among CD45-positive immune cells in spleen 

samples, at time points 3d and 14d. a) Granulocytes b) Mono/Macs. Results are presented as mean ± 

SD. Statistical analysis was performed for the particular immune cell population with one-way ANOVA. 

*p<0.05, **p<0.01, ***p<0.001 
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5 Discussion 
 

Demographic change is trending toward an aging society. Hence, there is rising 

prevalence of postmenopausal and senile osteoporosis (1). Postmenopausal 

osteoporosis is related to estrogen deficiency and characterized by increased osteoclast 

activity (113), whereas senile osteoporosis predominantly develops due to aging and is 

characterized by decreased osteoblast activity and increased reactive oxygen species, 

impaired DNA repair and vitamin D deficiency (114). Pharmacotherapy with 

bisphosphonates and SERMs appears to be effective but is limited by wearing-off and 

underdiagnosis of the disease itself. Consequently, the number of osteoporotic fractures 

is rising. Due to prolonged disease courses with high treatment costs, this becomes not 

only a health issue, but also an economic problem (1, 10, 18).  

 

The osteosynthesis of osteoporotic-related fragility fractures is associated with several 

challenges: the bone healing capacity is reduced, which limits the implant anchorage due 

to decreased bone mineral density. Additionally, osteoporotic bone has a lower tolerance 

for implant side effects, such as stress shielding and toxicity of degradation particles (115). 

Accordingly, the demands on osteoconductivity, osteoinductivity, and the e-modulus are 

higher compared to healthy bone. Ti alloys, high-grade steel, and synthetic polymers are 

predominantly used to stabilize bone fractures. These materials insufficiently meet the 

requirements pinpointing to the high demand for innovative implant materials. In this 

context, Mg-based implants have gained significant attention. The properties were 

significantly improved in terms of corrosion behavior and biocompatibility by alloying and 

surface modulation (47, 116). For instance, Okutan et al. demonstrated favorable 

properties of Mg alloyed with Zn and Ca, designated as ZX00, when compared to 

ultrahigh-purity Mg (117). Although numerous studies examined ZX00, the majority was 

limited to research in healthy bone (118-121). Sommer et al. demonstrated increased 

ZX00 implant degradation with massive gas evolution in osteoporotic rats compared to 

old and juvenile healthy animals (112), indicating to a disease-related effect that enhances 

ZX00 degradation. Consequently, it is essential to investigate the interaction between 

implant materials and bone, as well as the immune response, under osteoporotic 

conditions. In the first part of our study, we ovariectomized 15 Sprague-Dawley rats at the 
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age of 9 months. In vivo low to medium resolution and ex vivo high-resolution μCT was 

performed at the timepoints 4, 8, and 12 weeks. The progression of osteoporosis was 

evident in the in vivo μCT images obtained at various time points. At 12 weeks, the OVX 

group exhibited a notably reduced trabecular bone structure compared to the Ctrl group. 

The bone morphometric markers 12 weeks after ovariectomy showed a concordant result 

to the μCT images. Previously, Sommer et al. showed the ovariectomy-induced 

osteoporosis progression in in vivo μCT for a period of 4, 8, and 12 weeks in rats that were 

ovariectomized at the age of 12 months. The result displayed a significant loss of 

trabecular density, especially after 12 weeks (112). The difference of the rats’ age at the 

time point of ovariectomy is 12 months in the study by Sommer et al., compared to 9 

months in this study. This difference has only a marginal impact on the results, as the 

skeletal maturation of rats is achieved between 3 to 6 months for cancellous bone and 9 

to 12 months for cortical bone, with peak bone mass being reached at 10 months (122, 

123). As expected, our results were concordant, which was also supported by the ex vivo 

images pinpointing to progressive loss of trabecular density.  

The calculated bone morphometric parameters, including bone volume fraction (BV/TV), 

trabecular number (Tb.N), and connectivity density (Conn.D), were significantly 

decreased in the OVX group compared to the control group, whereas trabecular 

separation (Tb.Sp) showed a significant increase. The concept of utilizing μCT imaging 

and bone morphometric parameters to display the development of osteoporosis in rodents 

for preclinical research is well-established and widely applied in many studies (124). Boyd 

et al. utilized μCT imaging and bone morphometric parameters to establish the normal 

time course of bone loss in OVX rats over a period of 6 months after ovariectomy (125). 

In another study, the rapid development of osteoporosis in OVX rats with a low-calcium 

diet, compared to sham rats and OVX rats, was demonstrated by an increase in Tb.Sp 

and a decrease in Tb.Th and Tb.N (126). Although these outcomes were anticipated, 

given that ovariectomized rats are a well-established model for simulating 

postmenopausal osteoporosis, confirmation was essential to examine the systemic 

immune response to Mg-based implants (ZX00) and to assess implant integration under 

both, osteoporotic and healthy conditions. Additionally, lymph node, spleen, and blood 

samples were excised at each sacrification time point to quantitatively analyze the immune 

cell population in percentage per CD45 using flow cytometry. After 8 weeks, B cells were 
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significantly lower in the lymph nodes of the OVX compared to the Ctrl group, whereas 

CD8+ T cells were significantly elevated in OVX compared to Ctrl. Twelve weeks post-

ovariectomy, CD4+ T-cells were significantly elevated in the blood of OVX compared to 

Ctrl animals. In lymph nodes, total CD3+ T-cells, along with CD4+ and CD8+ sub-

populations, were significantly higher in OVX rats. No significant differences in immune 

cell populations were observed in spleen cells, although CD8+ T-cells showed an 

increasing trend in OVX rats. The increase in T cell levels observed during the progression 

was expected, as multiple studies in humans and rodents have demonstrated a link 

between the rise in T cells and estrogen deficiency-induced osteoporosis (127, 128). 

Srivastava et al. highlighted the pivotal role of T cells in the pathogenesis of inflammatory 

bone disorders, such as osteoporosis, and identified these cells as potential therapeutic 

targets (90). 

After 8 weeks, a significant decrease in B cell levels was observed in the lymph nodes of 

OVX subjects compared to the Ctrl group. The significant difference in B cells did not 

progress over the period from 8 to twelve weeks. On the contrary, the B cell numbers 

converged in all specimens. This observation is consistent with studies that report an 

increase in B cell populations during the progression of estrogen deficiency-induced 

osteoporosis (129). However, other studies in mice and humans have indicated a 

decrease in B cell numbers, highlighting the complexity and variability of their role in this 

condition (91, 130). Although the involvement of B cells in estrogen deficiency-induced 

osteoporosis is considered well-established, their precise role remains incompletely 

understood (98, 130). 

Here we demonstrated that the immunological evidence supports the development of 

osteoporosis highlighted by bone alterations. In brief, we successfully visualized the bone 

morphological changes associated with the onset of osteoporosis using in vivo and ex 

vivo μCT imaging, complemented by bone morphometric markers derived from 3D 

reconstructions. The results of the quantitative analysis of immune cell populations 

showed a clear inflammatory state.  

 

Next, we randomly divided 40 Sprague-Dawley rats into four groups: OVX ZX00, 

nOVX(Ctrl) ZX00, OVX sham, and nOVX(Ctrl) sham. Animals were sacrificed at 3 and 14 

days post implantation.  
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We qualitatively observed reduced bone formation in the OVX-sham group compared to 

the nOVX(Ctrl) sham group. In a systematic review by Chen et al. reduced bone healing 

in fractures of ovariectomized rats was demonstrated (131). Chen et al. compared 25 

studies with fracture models in ovariectomized rats (131). Although the results are in line 

with our study, it is notable that a fracture model is not completely comparable to the sub-

critical size defect in our study. He et al. have demonstrated reduced bone healing of sub-

critical size defects in ovariectomized mice with drill holes created in the femur (132). 

Despite differences in defects or animal species the results are in accordance with Chen 

et al. and He et al. Study designs using ovariectomized rats are well-established for 

investigating metaphyseal fractures in osteoporotic bone, particularly in relation to 

decreased healing (e.g., Wong et al. (133)). Furthermore, the OVX group showed an 

increased implant degradation compared to the nOVX(Ctrl) group. Only previously, 

Sommer et al. showed accelerated degradation of ZX00 implants in osteoporotic rats 

compared to old healthy and juvenile healthy rats (112). Interestingly, Zhang et al. 

revealed the promoting effect of implant-derived Mg²⁺ ions on CGRP production in 

osteoporotic rats, thereby improving fracture healing by enhancing osteogenesis (134). 

Further studies addressed the impact of Mg-incorporated implant coating. Galli et al. 

demonstrated the beneficial influence of Mg2+ released from Mg coated Ti screws to the 

early phase of osseointegration in osteoporotic rats (135). Li et al. compared Mg-

incorporated hydroxyapatite (MgHA) coating with HA coating on Ti implants in OVX rats 

and described an enhancing effect of Mg-incorporated coatings on osseointegration as 

well (136).  With exception of Sommer et al., all authors primarily focused on the effect of 

Mg on the osteoporotic bone and bone-implant interface. Limited attention has been given 

to the possibility that the inflammatory process of osteoporosis might also affect implant’s 

behavior.  

Here, FACS analysis displayed major changes in T cells, which were primarily driven by 

CD4+ T cells. CD4+ T cells showed an initial increase in response to surgical trauma 

across all groups compared to results obtained 12 weeks post-ovariectomy, in both lymph 

nodes and spleen. An increase in CD4+ T cells in lymph nodes and spleen following 

trauma was also demonstrated by Yamakawa et al. in a mouse study with flow cytometry 

(137). Interestingly, ZX00 reduced the initial CD4+ response in the lymph nodes, even 
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significantly in the nOVX(Ctrl) group. The lymph nodes were harvested from the inguinal 

region, which is in closer anatomical proximity to the surgical site than the spleen. Thus, 

local immunomodulation by released Mg2+ might be less diluted and consequently more 

pronounced in the FACS analysis. Peng et al. demonstrated in mice with Mg-coated Ti 

implants a locally increased M2 polarization of macrophages, accompanied by elevated 

levels of the anti-inflammatory cytokines IL-10 and IL-4, as well as reduced levels of the 

pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 (138). Il-6 has been shown to be a 

major driver for CD4+ T cell expansion, as Nish et al. demonstrated in mice with IL-6Rα 

deficient T cells (139). The initial differences in CD4+ T cells between the ZX00 and sham 

groups were no longer observed in the spleen or lymph nodes after 14 days. The 

significant increase in CD4+ T cell population might be related to ovariectomy, since 

nOVX(Ctrl) groups’ CD4+ T cell levels significantly declined. This aligns with findings of 

Shao et al., who demonstrated elevated CD4+ T cell levels in flow cytometry analysis of 

the spleen in mice 8 weeks post-ovariectomy (140). Interestingly, at 3 days post-surgery 

(sham or ZX00) B cell levels decreased about 50% in spleen of OVX animals with ZX00 

pins, whereas nOVX(Ctrl) groups showed a slight increase when compared to baseline 

levels measured at 12 weeks in OVX and nOVX(Ctrl) animals. This suggests that Mg may 

reduce the systemic B cell response in osteoporotic condition. To the best of our 

knowledge there are no studies investigating the systemic immune response of Mg-based 

implants, especially in osteoporotic conditions. 

However, the cells of the innate immune system showed a more pronounced increase in 

the healthy condition. For instance, results indicated enhanced granulocyte response after 

14 days in both, lymph nodes and spleen, of healthy rats. . As mentioned earlier, there is 

a lack of studies investigating the systemic immune response to Mg-based implants in 

tissues like lymph nodes and spleen. Although the local reaction may not be directly 

transferable to the systemic level, it can be considered an interesting perspective for 

potential future studies. For example, Riyaz et al. investigated the immune response to 

Mg and Mg-10Gd implants in vivo using a rat femur fracture model. The study employed 

fluorescence molecular tomography (FMT) for inflammation imaging and flow cytometry 

to analyze T cell, B cell, and neutrophil populations around the implant. The findings 

revealed no significant increase in inflammation around the Mg and Mg-10Gd implants; 

however, there was a notable increase in neutrophils in the Mg group 28 days post-
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implantation (141). Accordingly, local effects around Mg-based implants might be affected 

in osteoporotic condition. Since we also observed an increase in neutrophils in the spleen 

and lymph nodes, future studies investigating neutrophils’ role under osteoporotic 

conditions are warranted. However, some studies investigated changes in blood samples. 

Castellani et al. compared biodegradable Mg implants to Ti implants in a rat model and 

analyzed granulocyte levels in the blood at 4, 12, and 24 weeks post-implantation (142). 

No significant changes were observed in any of these parameters. Similarly, Zhang et al. 

evaluated the effects of biodegradable Mg alloy bone implants during the first 6 months 

after implantation and found no relevant changes in red blood cell count, platelet count, 

or white blood cell count in the period from 6 to 26 weeks (143). The findings of both 

studies align with this study, although there is a difference in time points.  

Taken together, this study demonstrated that Mg released from implants can modulate 

the systemic immune response to surgery and implantation in osteoporotic bone, although 

just marginally, particularly during the first days. Differences between osteoporotic and 

healthy bone were evident, even over time. The major changes in the immune response 

appeared to be primarily due to the ovariectomy, regardless of ZX00 implants or sham 

surgery. A longer observation period may be beneficial to evaluate the potential for long-

term modulation by released Mg2+ ions. Importantly, the systemic immune response was 

assessed using samples from the spleen, lymph nodes, and blood. However, the local 

immune response might differ. This is suggested by the fact that results from the three 

tissue types varied, and in some cases, even contradicted one another.  

Limitations 

A notable limitation is the unsuccessful cell extraction from the 4-week specimens for 

FACS analysis. Including a third time point could have provided better contextualization 

of B cell changes, and extending the observation period may have offered additional 

insights. Furthermore, a direct comparison of systemic and local reactions within a single 

study could be useful. 
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6 Conclusion  
  

In summary, this study successfully demonstrated the implementation of an animal model 

using osteoporotic rats. The development of osteoporosis was confirmed through FACS 

analysis at the level of systemic immune response, as well as μCT imaging and bone 

morphometric markers. On this basis of this rat study the increased degradation of the 

ZX00 was shown in osteoporotic bone. The released Mg2+ ions marginally modulate the 

systemic reaction. In osteoporotic bone, differences to surgery were primarily observed in 

the early stage of inflammation. Over a longer observation period, this effect appears to 

diminish indicating the transition of acute to intermediate pro-inflammatory reaction. 

Further studies focusing on local changes in immune cells in response to Mg-based 

implants and a longer observation period would be valuable. This allows for a weighing of 

the benefits of the positive immunomodulatory effects of Mg against the potential negative 

aspects of faster implant degradation. 
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